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a b s t r a c t

Macroinvertebrates are commonly used as biomonitors to detect pollution impacts in estuaries. The goal
of this research was to identify estuarine benthic invertebrates that could be used as indicator species
to detect presence or absence of pollution in the Virginian Biogeographic Province using available moni-
toring data from the U.S. Environmental Protection Agency’s Environmental Monitoring and Assessment
Program. The data were first subdivided by habitat. Then we summarized the benthic community using
principal coordinates analysis and projected the results onto a pollution gradient. Then we compared
medians and corrected interquartile ranges to identify indicator species that were sensitive to pollution
(or lack thereof) and showed low variation in response. Our data set was divided into smaller subsets that
ranged from 108 to 532 stations per habitat. Out of 707 species in the Virginian Province, 67 were identi-
fied as pollution indicator species; 37 pollution sensitive taxa and 30 pollution tolerant taxa. The pollution
sensitive taxa were represented by more phyla than were the pollution tolerant taxa. The pollution tol-
erant taxa were dominated by deposit feeders while the pollution sensitive taxa were not dominated by
animals using any one feeding strategy. The pollution sensitive taxa included many crustaceans, known
to be sensitive to pollution, while the pollution tolerant taxa included many tubificid oligochaetes, which
are common indicators of pollution. Our empirically based results corresponded well with other studies
that identified tolerance values or indicator species. One advantage of this technique is that it can be
used on smaller data sets, assuming that there are not major habitat differences among the samples. We
believe that this parsimonious technique can be applied to other coastal areas where mid-size (100–500
stations) monitoring data sets are available.

Published by Elsevier Ltd.

1. Introduction

Macroinvertebrates are commonly used as biomonitors to
detect pollution impacts in estuaries (Smith et al., 2001) due to
their unique characteristics. First, they are abundant and easy
to collect. Second, estuarine macroinvertebrate communities are
very diverse, with representatives from many different phyla
(Snelgrove, 1998) utilizing many different habitats and feeding
strategies (Rhoads, 1974; Fauchald and Jumars, 1979; Weisberg
et al., 1997; Little, 2000). Finally, these assemblages respond pre-
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dictably to pollution (Pearson and Rosenberg, 1978; Hart and Fuller,
1979), are relatively sedentary, and act as integrators of stress over
months to years (Weisberg et al., 1997; Paul et al., 2001).

Because of this sensitivity to pollution, aquatic benthic inver-
tebrates have commonly been used as indicator organisms
(Hilsenhoff, 1977, 1987; Word, 1979; Lenat, 1993; Weisberg et al.,
1997; Van Dolah et al., 1999; Borja et al., 2000; Smith et al., 2001).
Tolerance values have been developed based on life history using a
variety of techniques. These tolerance values are commonly com-
bined or used within a biotic index to allow assessment of gradients
of environmental condition.

Determination of indicator organism status is commonly based
on information found in the literature or professional judgement.
For example, Hilsenhoff (1977) first generated tolerance values
based on stream samples to assess invertebrate response to organic
pollution in freshwater. These values were assigned based on best
professional judgement. The list of tolerance values generated by
Hilsenhoff (1987) was modified by expert opinion for streams

1470-160X/$ – see front matter. Published by Elsevier Ltd.
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Fig. 1. Map of Virginian Biogeographic Province.

in North Carolina. To improve reliability, Lenat (1993) developed
an empirical technique to generate tolerance values. Sites were
classified into water quality categories based on Ephemeroptera,
Plecoptera, Tricoptera (EPT) taxa richness. Higher values are seen in
pristine streams, while degraded streams have lower values. Using
EPT taxa richness allowed the tolerance values to respond to gen-
eralized stress rather than just organic pollution. Species were then
categorized as intolerant, facultative or tolerant.

Species feeding strategy based on literature information and
personal knowledge has also been used to categorize organisms.
These categories have been weighted and summed to produce
indices to assess organic enrichment (Word, 1979; Bascom et al.,
1979) and pollution (Borja et al., 2000). Word (1979) suggested
using feeding guilds to develop an index that would respond to
organic enrichment. As organic materials increase, feeding should
shift from suspension feeders (Group I) to deposit feeders (Group
IV). Group IV organisms contained species commonly thought of
as pollution indicators due to their tolerance. Although the final
index was designed to assess organic enrichment, it has been used
to assess pollution. Maurer et al. (1999) criticized Word’s index
as it was sensitive to depth, grain size, season, and did not take
flexible feeding strategies into account (e.g., organisms can fil-
ter feed and surface deposit feed depending upon environmental
conditions). Grall and Glémarec (1997) also used feeding guilds
to develop an index. Their categorization explicitly linked these
categories to organic enrichment and life history strategies. For
example, Group I organisms, which include specialist carnivores
and scavengers, are very sensitive to organic enrichment and are
present in normal conditions, while Group V organisms are consid-
ered first-order opportunists and include deposit feeders that are
abundant in highly reduced sediments. Borja et al. (2000) adopted
Grall and Glémarec’s (1997) approach, expanded their species list,
and developed AZTI’s Marine Biotic Index (AMBI), which has been
extensively used under the European Water Framework Directive
(Borja et al., 2009). More recently this index has also been applied to

U.S. waters (Borja et al., 2008). Salas et al. (2006) noted that AMBI’s
continuously updated species list and application in different geo-
graphic areas makes it very useful.

Other authors (Weisberg et al., 1997; Van Dolah et al., 1999)
used both feeding strategies and explicit identification of pollution
sensitive and pollution tolerant species to create a benthic index of
biotic integrity (Kerans and Karr, 1994). Weisberg et al. (1997) clas-
sified species as either opportunistic or equilibrium based on the
literature and professional judgement and then compared species
abundance in reference or impaired sites. To be selected as indi-
cators, opportunistic species needed to have higher abundance
in impaired sites, while equilibrium species needed be higher in
unimpaired sites. Van Dolah et al. (1999) identified pollution sen-
sitive species based on life history and professional judgement.

Tolerance values have also been calculated based on diversity.
Both Rygg (2002) and Rosenberg et al. (2004) used Hurlbert’s (1971)
diversity. This diversity measure, Esxx (where xx representing the
investigator defined total abundance), is calculated using rarefac-
tion and yields expected number of species shared (Legendre and
Legendre, 1998). In both cases, the lower portion of the distribution
across all stations was used to define the tolerance value. Smith et
al. (2001) calculated species scores using principal coordinate anal-
ysis. This ordination technique summarizes the benthic abundance
data onto a few principal coordinate axes. The ordination station
scores for the first two axes were projected onto a pollution vector,
which was based on the average of reference and impaired sites.
Tolerance values for each species were obtained by averaging the
station values for those stations with the highest taxa abundance.
These scores were used to generate an index used by the South-
ern California Coastal Water Resource Project. This technique was
useful because it summarized the entire benthic community (using
ordination) as well as incorporated response along a pollution gra-
dient.

Most of these studies required knowledge of life history data
either through best professional judgement, the literature, or both
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(e.g., Hilsenhoff, 1977; Word, 1979; Weisberg et al., 1997; Borja
et al., 2000). Empirical techniques such as those employed by Rygg
(2002) and Rosenberg et al. (2004) have the disadvantage of requir-
ing a large amount of data, but the advantage of not requiring
extensive knowledge of the specific species tolerances.

For this study we used a modification of the approach of Smith et
al. (2001) to identify pollution sensitive and tolerant species for the
Virginian Biogeographic Province using data from the Environmen-
tal Monitoring and Assessment Program (EMAP). This program was
developed by U.S. Environmental Protection Agency (U.S. EPA) to
assess ecological condition over time (Strobel et al., 1995). Physical,
chemical and biological data were collected for EMAP. More specifi-
cally, benthic invertebrates were selected as “cumulative response
indicators” that would respond to contaminants and eutrophica-
tion as well as integrate overall water quality (Scott, 1990). The
data were subdivided by habitat. Benthic abundance was sum-
marized by principal coordinates analysis and projected onto a
pollution gradient. Since a good indicator organism has “narrow
and specific environmental tolerances” reflecting environmental
conditions (Johnson et al., 1993), we wanted to identify species
found at the extreme ends of the pollution gradient that had low
variance (Haase and Nolte, 2008). Thus, species with high median
scores and low variance needed to be identified. The goal of this
research was to identify benthic invertebrates that could be used
as indicator species to detect presence or absence of pollution in
the Virginian Biogeographic Province (Fig. 1). We also validated our
results using life history characteristics, ecotoxicology information
and results from other indicator studies.

2. Materials and methods

2.1. Macroinvertebrate, physical and chemical data

Data from EMAP (http://www.epa.gov/emap) were assembled
for this study (1856 stations). These data encompassed five differ-
ent monitoring efforts between 1990 and 2001 during the summer
index period (July through early October) in the Virginian Biogeo-
graphic Province (Fig. 1). These monitoring efforts used similar gear
and sampling/analysis methods. Data from stations sampled more
than one time during a single year were averaged. Data from sta-
tions sampled over multiple years (12 stations over a 4-year period)
were treated as independent samples. These data were not use-
ful for detection of temporal trends because more than 99% of
the stations were sampled only once. Variables used in our anal-
ysis included benthic invertebrate abundance, sediment chemistry
(organic and inorganic analytes), sediment grain size and total
organic carbon, bottom dissolved oxygen and salinity measures,
and sediment toxicity tests using the amphipod Ampelisca abdita.
Strict quality assurance protocols were followed for samples col-
lected in the field (U.S. EPA, 2001) and analyzed in the laboratory
(U.S. EPA, 1995).

All macroinvertebrate data were collected using a 0.04 m2

Young-modified Van Veen grab. Samples were sieved though a
0.5 mm screen, preserved in formalin and then enumerated and
identified to the lowest possible taxonomic level, generally genus
or species. Both sorting and counting required that 10% of all sam-
ples processed by each technician were rechecked. In addition,
a voucher specimen collection was maintained (U.S. EPA, 1995).
For this study, species nomenclature was standardized against the
ITIS database (http://www.itis.gov). With the exception of Class
Oligochaeta, only organisms identified to genus or species level
were retained for analysis. Pelagic and epifaunal organisms were
also eliminated as they are more motile and less directly exposed
to in situ pollution at the sampling site. This reduced the species
list from 1199 to 707 species. The benthic abundance data used for

Table 1
Benthic habitat categories.

Habitat Salinity (ppt) Grain size (% silt/clay)

Tidal freshwater 0–0.05 n/a
Oligohaline ≥0.05–5 n/a
Low mesohaline ≥5–12 n/a
High mesohaline ≥12–18 n/a
Polyhaline mud ≥18 ≥40
Polyhaline sand ≥18 0–40

analyses (see Section 2.2) consisted of numbers of individuals of a
given species at each station.

All stations within the data set were assessed to identify ‘refer-
ence’ and ‘impaired’ sites using concurrently collected EMAP data
based on sediment contaminant threshold values (Effects Range
Median (ERM) and Effects Range Low (ERL); Long et al., 1995),
amphipod toxicity, total organic carbon (TOC), and dissolved oxy-
gen (D.O.) levels (see Weisberg et al., 1997; Hale et al., 2004). At
reference sites, none of the following criteria were violated: no
ERMs and less than 4 ERLs exceeded, amphipod survival greater
than 80%, TOC less than or equal to 2%, and bottom D.O. greater than
or equal to 5 mg/L. At impaired sites, one or more of the following
conditions existed: 10 or more ERLs or one or more ERM exceeded,
amphipod survival less than 80%, or bottom D.O. less than or equal
to 2 mg/L.

2.2. Overview of analysis

First, the data were subdivided by habitat (salinity and grain
size, Table 1). All analyses were then performed on the individ-
ual habitats. The benthic abundance data (number of individuals of
each species at a given station) were screened to remove epibenthic
species, rare species and outliers. The data were then square root
transformed and standardized. Bray-Curtis dissimilarly was calcu-
lated from the benthic abundance data. The dissimilarity matrix
shows how different the stations are based on species composi-
tion. This allowed assessment of how different sites were from one
other. A principal coordinates analysis was performed on the Bray-
Curtis dissimilarity matrix which summarized the differences in
species composition as points in multidimensional space. Points
(stations) that were less similar were further apart from each other
(Smith et al., 2001). A pollution gradient (assumed to be related to
the observed differences in species composition) was created by
first drawing a vector defined by the reference and impaired sites.
The stations (points) were then projected onto the pollution vector,
yielding positions of the samples along the pollution gradient. This
value (position) was applied to all species at that station, then mul-
tiplied by the abundance of the given species. This was repeated
for all stations. Then, for each species, the median and interquar-
tile range were calculated across all stations. Indicator species were
those species that were very sensitive to pollution (or its absence)
that also had low variability in response.

2.3. Classification by habitat

Because habitat differences can cause large differences in com-
munity structure, the invertebrate data were classified by habitat.
Salinity is one of the major controlling factors in estuaries (Little,
2000). Sediment grain size has also been identified as an important
factor (Weisberg et al., 1997; Llansó et al., 2002). Reference sites
were used to assess habitat to avoid additional variation caused by
anthropogenic stressors. The ANOSIM procedure in Primer (Clarke
and Gorley, 2006) was used to determine whether the eight a priori
salinity and grain size habitat groupings (tidal freshwater, oligoha-
line, low mesohaline mud, low mesohaline sand, high mesohaline
mud, high mesohaline sand, polyhaline mud and polyhaline sand)
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from Weisberg et al. (1997) were appropriate for use in this study.
Prior to analysis, data were visualized using multidimensional scal-
ing (MDS; Clarke and Warwick, 2001) to identify outliers. Two
outliers were removed prior to analysis. The species abundance
data (number of individuals) were square root transformed, and
assessed using the Bray-Curtis similarity index. MDS ordination
was subsequently used to visualize the different habitat groupings.
Species composition in the low mesohaline sand and low mesoha-
line mud habitats were not significantly different (p = 0.216) and
therefore were combined. Similarly, species composition in the
high mesohaline sand and high mesohaline mud habitats were
not significantly different (p = 0.696) and were combined. ANOSIM
on the ‘new’ habitat classifications indicated that all six habitats
were significantly different (˛ = 0.05) from each other. All remain-
ing habitats (tidal freshwater, oligohaline, low mesohaline, high
mesohaline, polyhaline mud and polyhaline sand; Table 1) con-
tained both reference and impaired sites.

2.4. Calculation of species pollution scores

Species pollution scores were calculated separately for each
individual habitat using data from the entire Virginian Biogeo-
graphic Province. Infaunal macroinvertebrate abundances (number
of individuals) were summarized using Bray-Curtis dissimilarity
and analyzed using principal coordinate analysis (Legendre and
Legendre, 1998). Prior to calculation of the Bray-Curtis coefficient,
all species occurring in fewer than 2 samples were eliminated. Out-
liers were removed to make sure that the overall benthic response
was not skewed by a few extreme stations. The species abundance
matrix was square root transformed to reduce the importance of
abundant species (Clarke and Warwick, 2001) and the species mean
in each sample subtracted from each value to provide a standard-
ized abundance.

Principal coordinates analysis, in conjunction with a step-across
procedure, was performed on the Bray-Curtis dissimilarity matrix
(Smith et al., 2001) in SAS Version 9.1 (SAS Institute, 2002–2003).
As samples become less similar, the Bray-Curtis dissimilarity
approaches an asymptote. The step-across procedure corrects for
this loss of sensitivity and allows gradients to be accurately rep-
resented as linear gradients (Smith et al., 2001). This is important
because the principal coordinate scores are later projected onto a
linear pollution gradient. These analyses yield principal coordinate
scores summarizing the benthic community at each station.

A pollution gradient for each habitat was constructed using the
first two principle coordinate axes (representing x and y coordi-
nates, respectively) connecting the mean of the reference sites with
the mean of the impaired sites. By projecting the principal coordi-
nate scores onto this pollution gradient, we related the response of
the entire benthic invertebrate community to pollution. For each
station in a particular habitat, the scores from the first two princi-
pal coordinate axes were projected onto the pollution vector using
the following equation:

Projected score = PCOOR 1 × cos(�) + PCOOR 2 × sin(�)

where PCOOR 1 and 2 are the scores for principal coordinates 1 and
2 and � is the arctangent of the pollution vector slope.

To aid in interpretation, the station scores were rescaled so that
the average reference sites had a value of zero and the average
impaired sites had a value of 100 using the following equation:

Rescaled score = 100 × projected score − X̄R

X̄I − X̄R

where X̄I is the mean of the projected scores at impaired sites and
X̄R is the mean of the projected scores at reference sites.

Fig. 2. Inflection point determination using the polyhaline mud habitat as an exam-
ple. (a) The abundance-weighted median station scores. Values above the positive
inflection point indicated potential pollution tolerant taxa. Those below the nega-
tive inflection point identified potential pollution sensitive taxa. (b) The corrected
interquartile range (IQR) divided by the median. Values between the inflection
points indicated those species with low variance.

Calculation of species scores was done separately for each habi-
tat for the entire Virginian Province. The species scores were
calculated using information for that species across all stations
within the habitat. First, the rescaled score for that station was
assigned to all species present within that station. Then, the
rescaled score for each species in a given station was multi-
plied by its abundance at that station. The final species scores
were calculated using the median and interquartile range of the
abundance-weighted rescaled scores for that species across all sta-
tions.

2.5. Identification of pollution sensitive and pollution tolerant
species

The abundance-weighted species score medians from all sites
within a given habitat were sorted and graphed to identify inflec-
tion points (Fig. 2). The inflection points were determined through
visual examination of the data. Species whose medians fell above
or below these inflection points were determined to be poten-
tial pollution indicators. To find species with lower variability in
response, the interquartile range of the species score was divided
by the median (similar to a coefficient of variation). The resulting
‘corrected’ interquartile range was sorted and graphed as above to
identify inflection points (Fig. 2).

Medians above the positive inflection point were considered
potential pollution tolerant species, while those below the nega-
tive inflection point were considered potential pollution sensitive
species. Species identified as potentially pollution sensitive or
tolerant were compared to the list of species between the two
‘corrected’ interquartile range inflection points (the area of lower
variance) (Fig. 3). If the species identified as potential indicators
also had low variance, they were labeled as pollution tolerant or
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Fig. 3. Identification of pollution tolerant or pollution sensitive species using the polyhaline mud habitat as an example. Species above the median inflection point (i.e., 457)
were identified as potential pollution tolerant species. Species below the median inflection point (i.e., −917) were identified as potential pollution sensitive species. If the
species identified as potential indicator species also had low variance (i.e., their variance was between the corrected IQR inflection points; −29 to 19), they were confirmed
to be pollution tolerant or intolerant. If variance was high, the potential indicator was eliminated (i.e., Ampharete finmarchica, Streblospio benedicti).

pollution sensitive. This procedure was applied within each habi-
tat. The results from each habitat were compiled to yield lists of
pollution sensitive and pollution tolerant taxa for the Virginian
Biogeographic Province.

2.6. Examination of pollution gradient

To verify that the pollution gradient reflected adverse envi-
ronmental conditions, the average Effects Range Median Quotient
(ERMQ; Long et al., 2006) was graphed against the rescaled sta-
tion scores from the ordination analysis. ERMQs are calculated
by dividing each individual sediment chemical analyte value by
its ERM value (Long et al., 1995), then averaging the results.
The ERMQs (log transformed to reduce skew) at reference and

impaired sites were compared in SPSS (Version 12) using t-
tests.

3. Results

3.1. Identification of pollution sensitive and pollution tolerant
species

A total of 37 pollution sensitive taxa and 30 pollution tolerant
taxa were identified using inflection points of the abundance-
weighted species scores medians and corrected interquartile
ranges. Pollution sensitive taxa were dominated by arthropods and
polychaetes (Table 2) while pollution tolerant taxa were dominated
by polychaetes and oligochaetes (Table 3). These species were iden-
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Table 2
Pollution sensitive taxon with habitat, taxonomic and feeding guild information. The hashed boxes indicate where the species was present in a given habitat (TF = tidal
freshwater, O = oligohaline, HM = high mesohaline, P M = polyhaline mud, P S = polyhaline sand), but not identified as an indicator species. The solid boxes indicate where the
species was present and identified as an indicator species.

aChesapeake Bay Program (2000).
bRouse and Pleijel (2001).
cFauchald and Jumars (1979).
dGlasby and Fauchald (2003).
eBousfield (1970).
fBrusca and Brusca (2003).
gChesapeake Bay Program (1994).
hRuppert et al. (2004).
iLippson and Lippson (2006).
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Table 3
Pollution tolerant taxon with habitat, taxonomic and feeding guild information. The hashed boxes indicate where the species was present in a given habitat (TF = tidal
freshwater, O = oligohaline, HM = high mesohaline, P M = polyhaline mud, P S = polyhaline sand), but not identified as an indicator species. The solid boxes indicate where the
species was present and identified as an indicator species.

aChesapeake Bay Program (2000).
bRouse and Pleijel (2001).
cMazurkiewicz (1975).
dBrusca and Brusca (2003).
eRuppert et al. (2004).
fChesapeake Bay Program (1994).

tified as indicator species in one or more habitats, but were often
present in multiple habitats (Tables 2 and 3). The lists of indicator
species were compiled from all habitats except the low mesohaline
habitat. The low mesohaline species were eliminated because the
salinity stress in this habitat overwhelmed effects of the pollution
gradient. This resulted in classifications that were not consistent
with results from other habitats or literature information (see Sec-
tion 4). The polychaete Lumbrineris impatiens was also eliminated
because it was identified as pollution sensitive in the polyhaline
mud habitat but pollution tolerant in the polyhaline sand habitat.

3.2. Examination of pollution gradient

Effects Range Median Quotients (ERMQs) increased along the
pollution gradient with lower variation seen at the less polluted

end of the pollution gradient than at the more polluted end (Fig. 4).
Impaired sites had significantly higher contaminant levels than
reference sites (p < 0.0005; Fig. 5). In addition, species richness
declined with increasing ERMQ values in all habitats (Fig. 6). The
high variation in species richness at lower ERMQ values is due
to habitat differences and other confounding factors such as low
dissolved oxygen.

4. Discussion

Knowledge of the pollution tolerance of benthic invertebrates
will enhance bioassessment in estuaries. Benthic invertebrates are
commonly collected by monitoring programs, but the data may be
examined by analysts who are not benthic ecologists. By provid-
ing information on indicator organisms expected in reference and
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Fig. 4. Relationship between contaminant levels and the pollution gradient
(rescaled station scores). ERMQ is the Effects Range Median Quotient, which is a
summary measure of chemical contaminants.

impaired sites, interpretation can be improved. In addition, pol-
lution tolerance and pollution sensitivity are common metrics in
successful benthic indices. In our study we were able to identify
pollution tolerant and pollution sensitive species, and validate our
results using life history characteristics, ecotoxicology information
and results from other indicator studies.

For this study we used the approach of Smith et al. (2001) in that
the benthic abundance was summarized by ordination and pro-
jected onto a pollution gradient. We modified the approach in a few
ways. First, as was done by Weisberg et al. (1997), we subdivided
by habitat. Second, we used comparison of medians and corrected
interquartile ranges to identify indicator species that were sensi-
tive to pollution (or its lack) and showed low variation in response.
Our data set, while large, was divided into smaller subsets by habi-
tat. We believe that this technique can be applied to other coastal
areas where similar monitoring data are available.

Fig. 5. Comparison of contaminant levels in impaired versus reference sites. ERMQ
is the Effects Range Median Quotient, which is a summary measure of chemical
contaminants. The box encompasses the interquartile range. The line within the
box is the median. The whiskers encompass the highest and lowest values that are
not outliers (∼99% of the distribution). Note: Some extreme values not shown for
clarity.

Fig. 6. Species richness declines with increasing contaminant levels. ERMQ is the
Effects Range Median Quotient, which is a summary measure of chemical contami-
nants.

Our approach used an empirical technique to identify indicator
species. Generally the results were consistent with what might be
expected based on life history strategies and other studies in the
literature. Pearson and Rosenberg (1978) suggested that ‘normal’
macrobenthic communities would be diverse, and characterized
by larger ‘climax’ organisms with deeper oxygen penetration into
the sediment. With organic enrichment, oxygen penetration would
diminish, and the community would become less diverse and dom-
inated by smaller, more opportunistic taxa. The ‘normal’ areas
should have more suspension feeders while the enriched areas
should be dominated by deposit feeders. This pattern was seen
in those species selected as indicators in our study. The pollu-
tion sensitive indicators were very diverse, with representatives
from five phyla: Annelida, Anthropoda, Echinodermata, Mollusca
and Phoronida (Table 2). In contrast, the pollution tolerant species
were only from three phyla: Annelida, Arthropoda and Mollusca
(Table 3). There was a relatively even distribution of feeding strate-
gies in the pollution sensitive group. Thirty-two percent were
carnivores or omnivores, 10% had a mixed feeding strategy of
deposit and suspension feeding, 30% were deposit feeders, and 27%
were suspension feeders. In addition, some polychaetes (Cirratul-
idae, Flabelligeridae, Magelonidae) are primarily deposit feeders
but can also suspension feed (Rouse and Pleijel, 2001). The pol-
lution tolerant species were dominated by deposit feeders (53%);
only 10% were suspension feeders. The rest utilized mixed sus-
pension/deposit feeding strategies (17%) or were carnivores or
omnivores (20%).

There was a large number of crustaceans (amphipods, isopods,
tanaids) in the pollution sensitive taxa. Crustaceans are known to
be very sensitive to pollution (Rand and Petrocelli, 1985), espe-
cially relative to polychaetes (Pearson and Rosenberg, 1978). In
contrast, there were few crustaceans among the pollution toler-
ant taxa. However, there were many tubificid worms, also called
sludgeworms, which can be very common in areas of high pollution
(Brusca and Brusca, 2003).

Results of this study were compared to other studies that simi-
larly determined either tolerance values or pollution tolerance and
sensitivity. The AMBI index (Borja et al., 2000, http://www.azti.es)
is based on benthic macroinvertebrate feeding guilds and response
to organic enrichment. Group I (sensitive to pollution) and II
(indifferent to pollution) corresponded to our ‘pollution sensi-
tive’ species. Groups III, IV and V organisms (tolerant to pollution,
second-order opportunists, first-order opportunist, respectively)
are progressively sensitive to organic matter and correspond to the
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Table 4
Pollution sensitive species (this study) compared with other studies. AMBI is the AZTI’s Marine Biotic Indexa. Chesapeake Bay Indicators were species were used in the
Chesapeake Bay Benthic Index of Biotic Integrityb. Chesapeake Bay TV are tolerance values developed for the southeastern United Statesc. ES100 min5 represents Norway
tolerance valuesd while ES50 005 represents Swedish tolerance valuese. Boxes indicate agreement with categorization.

aBorja et al. (2000), AZTI species list, July 2009 (www.azti.es); AMBI ranges from I to V. I is pollution sensitive, V is very pollution tolerant.
bWeisberg et al. (1997); PS = pollution sensitive, PI = pollution tolerant.
cLlansó (2002); tolerance values range from 1 to 10. Low values indicates pollution sensitivity, high values indicate pollution tolerance.
dRygg (2002); values greater than 7.5 indicate pollution sensitivity, values below 6 indicate pollution tolerance.
eLabrune and Grémare (2007); values range from 1 to 24. High values indicate pollution sensitivity, low values indicate pollution tolerance.
fDifferent species of same genus.
gGenus-level value/category.
hAverage of multiple species.
iOligochaete value.

‘pollution tolerant’ species. Pollution tolerant and pollution sen-
sitive species used in the Chesapeake Bay Benthic Index of Biotic
Integrity (B-IBI) were identified based on life history characteris-
tics and abundance at reference and impaired sites (Weisberg et
al., 1997). The Chesapeake Bay Program also utilized tolerance val-
ues, where a tolerance value of 2 indicates a pollution sensitive
species while a value of 10 indicates a pollution tolerant species
(Llansó, 2002). An indicator species index based on tolerance val-
ues was developed for Norwegian marine waters (Rygg, 2002) using
the average of the lowest five ES100 values for each species. The

index cutoffs were used to compare the average ES100 min5 values
to our results. Values of 7.5 or higher indicated good or high quality,
corresponding to pollution sensitive species. Values of 6 or below
indicated poor or bad ecological quality and corresponded to pollu-
tion tolerant species. In Sweden, Rosenberg et al. (2004) calculated
ES50s for all stations. For each species, the lower 5% of the distribu-
tion of the ES50s was selected as the tolerance value (ES500.05). Low
values indicate pollution tolerant species while high values indicate
pollution sensitive species. The ES500.05 data were obtained from
Labrune and Grémare (2007).



Author's personal copy

1046 M.C. Pelletier et al. / Ecological Indicators 10 (2010) 1037–1048

Table 5
Pollution tolerant species (this study) compared with other studies. AMBI the AZTI’s Marine Biotic Indexa. Chesapeake Bay Indicators were species were used in the Chesapeake
Bay Benthic Index of Biotic Integrityb. Chesapeake Bay TV are tolerance values developed for the southeastern United Statesc. ES100 min5 represents Norway tolerance valuesd

while ES50 005 represents Swedish tolerance valuese. Boxes indicate agreement with categorization.

aBorja et al. (2000), AZTI species list, July 2009 (www.azti.es); AMBI ranges from I to V. I is pollution sensitive, V is very pollution tolerant.
bWeisberg et al. (1997); PS = pollution sensitive, PI = pollution tolerant.
cLlansó (2002); tolerance values range from 1 to 10. Low values indicates pollution sensitivity, high values indicate pollution tolerance.
dRygg (2002); values greater than 7.5 indicate pollution sensitivity, values below 6 indicate pollution tolerance.
eLabrune and Grémare (2007); values range from 1 to 24. High values indicate pollution sensitivity, low values indicate pollution tolerance.
fDifferent species of same genus.
gGenus-level value/category.
hOligochaete value.

Most of the species identified as pollution sensitive agreed with
the classification used in other studies (85% correspondence). Those
species classified as pollution sensitive (based on the Chesapeake
Bay B-IBI), were coded as AMBI I or II, or had high ES100 or ES50
values, corresponding with pollution sensitivity (Table 4). For Poly-
cirrus haematodes, there was conflict between the different sources.
Other species (i.e., Polypedilum simulans, Tubificoides wasselli) were
classified as pollution tolerant by other studies.

Most of the species identified as pollution tolerant also agreed
with the classification used in other studies (76% correspondence).
Species were classified as pollution tolerant (based on the Chesa-
peake Bay B-IBI), were coded as AMBI III, IV or V, had high
Chesapeake tolerance values, or had low ES100 or ES50 values, cor-
responding with pollution tolerance (Table 5). For some species,
there were conflicts between the different sources. Marenzelleria
viridis was classified as pollution sensitive by other studies.

One advantage of this technique is that it can be used on smaller
data sets, assuming that there are not major habitat differences

among the samples. Although we started with 1856 stations, once
divided by habitat and with rare species removed, the final sub-
sets on which the analysis was conduced were much smaller (tidal
freshwater = 146 stations, oligohaline = 108 stations, low meso-
haline = 163 stations, high mesohaline = 279 stations, polyhaline
mud = 474 stations, polyhaline sand = 532 stations). In contrast,
Lenat (1993), Rygg (2002), Rosenberg et al. (2004) and Smith et
al. (2001) did not subdivide by habitat and used their entire data
set for analysis.

The low mesohaline habitat was not used to derive indicator
species because the classifications did not correspond with results
from other habitats or results from the literature. For example, in
this study, the tubificid worms, Limnodrilus and Tubificoides were
classified as pollution sensitive in the low mesohaline habitat. In the
tidal fresh and oligohaline habitats, Limnodrilus was identified as
pollution tolerant. In the high mesohaline habitat, Tubificoides was
classified as pollution tolerant. Both Limnodrilus and Tubificoides
were classified as AMBI V (Borja et al., 2000), indicating pollution
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Fig. 7. The low mesohaline habits corresponds with the area of lowest species
richness corresponds with where both marine species and freshwater species expe-
rience the highest salinity stress. This salinity stress masked the pollution signal in
this habitat. The points are data from this study. A modified Remane diagram has
been hand drawn over the data, showing the estuarine ecocline (after Attrill and
Rundle, 2002).

tolerance. Tubificoides has an ES100 min5 values of 2.430, also indi-
cating pollution tolerance. In contrast, the bivalve Tellina agilis was
identified as pollution tolerant in the low mesohaline habitat in
this study, although it was classified as AMBI I, a pollution sensi-
tive species. The Chesapeake Bay B-IBI similarly identified T. agilis
as pollution sensitive (Weisberg et al., 1997).

The low mesohaline environment encompasses salinities
between 5 and 12 ppt. Physiologically this is difficult for many
organisms (Wolff, 1983) and roughly corresponds with the area
of lowest species richness (between 5 and 10 ppt) in a Remane dia-
gram (Barnes, 1989) where both marine and freshwater species
coexist. Attrill and Rundle (2002) suggested that estuaries repre-
sent a two ecocline model, with harshest conditions existing at
the intersection between freshwater dominated and marine dom-
inated waters (∼5–10 ppt) where freshwater species are stressed
by saline water and marine species are stressed by freshwater. Our
data show a similar pattern (Fig. 7). Attrill (2002) pointed out that
salinity variation is more stressful than a constant salinity regime
such as that found in the Baltic Sea and used to develop the original
Remane diagram. Although our salinity measures were single point
measures taken at the time of the benthic sampling, these stations
are also those expected to be most affected by salinity fluctuations
due to high freshwater flow.

Our data showed that in the low mesohaline habitat there was
higher variation in salinity in the reference end of the gradient, so
the organisms were likely more influenced by salinity than by pol-
lution. The salinity variation likely caused the anomalous results
seen in identification of pollution sensitive and tolerant species.
This points out the importance of accounting for habitat variation
before attempting to isolate pollution effects. This point was made
by Weisberg et al. (1997), who also wanted to be able to distin-
guish between natural and anthropogenic stress. By accounting for
major habitat variation (except in the low mesohaline group), we
likely improved our ability to correctly identify pollution tolerant
or sensitive species.

This technique to identify indicator species is an empirical one,
so determinations are based on the available data and not based
on causation. This may result in some classifications which may
appear counterintuitive (e.g., T. wasselli classified as pollution sen-
sitive), or conflicts between studies (e.g., P. haematodes). However,
it would be impossible to experimentally test each species’ pollu-

tion sensitivity, much less their sensitivity to every environmental
stress. This parsimonious technique utilizes available monitoring
data, which gave information about environmental stressors in the
field along with coupled biological response, and appeared to agree
with other studies which had good life history information or a very
large amount of data.

5. Conclusion

This technique utilizes readily available monitoring data to iden-
tify indicator species. Principal coordinate analysis allows summary
of the entire community present while projection onto a pollution
axis relates community response to pollution. Subdivision by habi-
tat reduces variation and gives greater confidence in our results.
The subdivision reduces the size of the data set needed to generate
these values, and suggests that this technique may be amenable
to smaller, more localized data sets. The results made sense eco-
logically and corresponded well with other studies that identified
tolerance values or indicator species. This parsimonious technique
is applicable to other areas where similar monitoring data are avail-
able.

Acknowledgements

We would like to thank Ananda Ranasighe for providing us with
the SAS codes to perform the PCOOR analysis and step-across pro-
cedure, the EMAP field crews and IT staff for providing the data used
in this study, Doug McGovern for map production, Trish Decastro
for graphics support and Candace Oviatt, Eric Weissberger, Henry
Walker, and Giancarlo Cicchetti and two anonymous reviewers
for their technical reviews. This manuscript has been reviewed
by U.S. EPA’s National Health and Environmental Effects Research
Laboratory, Atlantic Ecology Division, Narragansett, Rhode Island
and approved for publication. Approval does not signify that the
contents necessarily reflect the views and policies of the Agency.
Mention of trade names or commercial products does not consti-
tute endorsement or recommendation for use. This is Contribution
# AED-09-004.

References

Attrill, M.J., 2002. A testable linear model for diversity trends in estuaries. Journal of
Animal Ecology 71, 262–269.

Attrill, M.J., Rundle, S.D., 2002. Ecotone or ecocline: ecological boundaries in estu-
aries. Estuarine, Coastal and Shelf Science 55, 929–936.

Barnes, R.S.K., 1989. What, if anything, is a brackish-water fauna? Transactions of
the Royal Society of Edinburgh, Earth Sciences 80, 235–240.

Bascom, W.A. Mearns, A.J., Word, J.Q., 1979. Establishing boundaries between nor-
mal changed and degraded areas. In: SCCWRP 1978 Annual Report, Southern
California Coastal Water Research Project. El Segundo, CA, pp. 81–94.

Borja, A., Franco, J., Pérez, V., 2000. A Marine Biotic Index to establish the eco-
logical quality of soft-bottom benthos within European estuarine and coastal
environments. Marine Pollution Bulletin 40, 1100–1114.

Borja, A., Dauer, D.M., Diaz, R., Llansó, Muxika, I., Rodríguez, J.G., Schaffner, L., 2008.
Assessing estuarine benthic quality conditions in Chesapeake Bay: a comparison
of three indices. Ecological Indicators 8, 395–403.

Borja, A., Miles, A., Occhipinti-Ambrogi, A., Berg, T., 2009. Current status of macroin-
vertebrate methods used for assessing the quality of European marine waters:
implementing the Water Framework Directive. Hydrobiologia 633, 181–196.

Bousfield, E.L., 1970. Adaptive radiation in sand-burrowing amphipod crustaceans.
Chesapeake Science 11, 143–154.

Brusca, R.C., Brusca, G.J., 2003. Invertebrates. Sinauer Associates, Sunderland, MA,
936 pp.

Chesapeake Bay Program, 1994. Chesapeake Bay Program Benthic Community
Restoration Goals. CBP/TRS 107/94. Chesapeake Bay Program, Annapolis, MD,
94 pp.

Chesapeake Bay Program, 2000. The 2000 User’s Guide to Chesapeake Bay Pro-
gram Biological and Living Resources Monitoring Data. Chesapeake Bay Program,
Annapolis, MD, 132 pp.

Clarke, K.R., Warwick, R.M., 2001. Change in Marine Communities: An Approach
to Statistical Analysis and Interpretation, 2nd ed. PRIMER E, Plymouth Marine
Laboratory, Plymouth, UK, 172 pp.



Author's personal copy

1048 M.C. Pelletier et al. / Ecological Indicators 10 (2010) 1037–1048

Clarke, K.R., Gorley, R.N., 2006. PRIMER v6: User Manual/Tutorial. PRIMER-E, Ply-
mouth, UK, 172 pp.

Fauchald, K., Jumars, P.A., 1979. The diet of worms: a study of polychaete feeding
guilds. Oceanography and Marine Biology Annual Review 17, 193–284.

Glasby, C.J., Fauchald, K., 2003. POLiKEY. Version 2. Australian Biological Resources
Study, Canberra, Australia (August 2008) http://www.environment.gov.au/
biodiversity/abrs/online-resources/polikey/index.html.

Grall, J., Glémarec, M., 1997. Using biotic indices to estimate macrobenthic commu-
nity perturbations in the Bay of Brest. Estuarine, Coastal and Shelf Science 44,
43–53.

Haase, R., Nolte, U., 2008. The invertebrate species index (ISI) for streams in southeast
Queensland, Australia. Ecological Indicators 8, 599–613.

Hale, S.S., Paul, J.F., Helshe, J.F., 2004. Watershed landscape indicators of estuarine
benthic condition. Estuaries 27, 283–295.

Hart, C.W., Fuller, S.L.H. (Eds.), 1979. Pollution Ecology of Estuarine Invertebrates.
Academic Press, New York, p. 406.

Hilsenhoff, W.L., 1977. Use of Arthropods to Evaluate Water Quality in Streams. Tech-
nical Bulletin No. 100, Wisconsin Department of Natural Resources, Madison,
WI.

Hilsenhoff, W.L., 1987. An improved biotic index of organic stream pollution. The
Great Lakes Entomologist 20, 31–39.

Hurlbert, S.N., 1971. The non-concept of species diversity: a critique and alternate
parameters. Ecology 52, 577–586.

Johnson, R.K., Weiderholm, T., Rosenberg, D.M., 1993. Freshwater biomonitoring
using individual organisms, populations, and species assemblages of benthic
macroinvertebrates. In: Rosenberg, D.M., Resh, V.H. (Eds.), Freshwater Biomon-
itoring and Benthic Invertebrates. Chapman & Hall, Routledge, New York, pp.
40–158.

Kerans, B.L., Karr, J.R., 1994. A benthic index of biotic integrity for rivers of the
Tennessee Valley. Ecological Applications 4, 768–785.

Labrune, C., Grémare, A., 2007. Benthic Quality Index Values for European Mac-
robenthos Species, Available on-line at: http://www.marbef.org/data/erms.php.
Consulted on 2008-06-24.

Legendre, P., Legendre, L., 1998. Numerical Ecology, second English edition. Elsevier
Science B.V., Amsterdam, 853 pp.

Lenat, D.R., 1993. A biotic index for the southeastern United States: derivation and
list of tolerance values, with criteria for assigning water-quality ratings. Journal
of the North American Benthological Society 12, 279–290.

Lippson, A.J., Lippson, R.L., 2006. Life in the Chesapeake Bay. John Hopkins University
Press, Baltimore, MD, 324 pp.

Little, C., 2000. The Biology of Soft Shores and Estuaries. Oxford University Press,
New York, NY, 252 pp.

Llansó, R.J., Scott, L.C., Dauer, D.M., Hyland, J.L., Russell, D.E., 2002. An estuarine
benthic index of biotic integrity for the mid-Atlantic region of the United States:
classification of assemblages and habitat definition. Estuaries 25, 1219–1230.

Llansó, R.J., 2002. Methods for Calculating the Chesapeake Bay Benthic Index of Biotic
Integrity. Versar, Inc., Columbia, MD, http://www.baybenthos.versar.com.

Long, E.R., MacDonald, D.D., Smith, S.L., Calder, F.D., 1995. Incidence of adverse bio-
logical effects within ranges of chemical concentrations in marine and estuarine
sediments. Environmental Management 19, 81–97.

Long, E.R., Ingersoll, C.G., McDonald, D.D., 2006. Calculation and uses of mean sedi-
ment quality guideline quotients: a critical review. Environmental Science and
Technology 40, 1726–1736.

Maurer, D., Nguyen, H., Robertson, G., Gerlinger, T., 1999. The infaunal trophic index
(ITI): its suitability for marine environmental monitoring. Ecological Applica-
tions 9, 699–713.

Mazurkiewicz, M., 1975. Larval development and habits of Leonereis culveri (Web-
ster) (Polychaeta: Nereididae). Biological Bulletin 149, 186–204.

Paul, J.F., Scott, K.J., Campbell, D.E., Gentile, J.H., Strobel, C.S., Valente, R.M., Weisberg,
S.B., Holland, A.F., Ranasinghe, J.A., 2001. Developing and applying a benthic
index of estuarine condition for the Virginian Biogeographic Province. Ecological
Indicators 1, 83–99.

Pearson, T.H., Rosenberg, R., 1978. Macrobenthic succession in relation to organic
enrichment and pollution of the marine environment. Oceanography and
Marine Biology Annual Review 16, 229–311.

Rand, G.M., Petrocelli, S.R., 1985. Fundamentals of Aquatic Toxicology. Hemisphere
Publishing, Washington, DC, 666 pp.

Rhoads, D.C., 1974. Organism-sediment relations on the muddy sea floor. Oceanog-
raphy and Marine Biology Annual Review 12, 263–300.

Rosenberg, R., Blomquist, M., Nilsson, H.C., Cederwell, H., Dimming, A., 2004. Marine
quality assessment by use of benthic species-abundance distributions: a pro-
posed new protocol within the European Water Framework Directive. Marine
Pollution Bulletin 49, 728–739.

Rouse, G.W., Pleijel, F., 2001. Polychaetes. Oxford University Press, New York, 354
pp.

Ruppert, E.E., Fox, R.S., Barnes, R.D., 2004. Invertebrate Zoology: A Functional Evolu-
tionary Approach, 7th ed. Brookes/Cole-Thompson Learning, Belmont, CA, 963
pp.

Rygg, B., 2002. Indicator Species Index for Assessing Benthic Ecological Quality in
Marine Waters of Norway. NIVA Report SNO 4548-2002. Norwegian Institute
for Water Research, Oslo, Norway.

Salas, F., Marcos, C., Neto, J.M., Patricío, J., Pérez-Ruzafa, A., Marques, J.C., 2006.
User-friendly guide for using benthic ecological indicators in coastal and marine
quality assessment. Ocean and Coastal Management 49, 308–331.

SAS Institute, 2002–2003. Version 9.1. SAS Institute, Cary, NC, USA.
Scott, K.J., 1990. Indicator strategy for near-coastal waters. In: Hunsaker, C.T., Car-

penter, D.E. (Eds.), Ecological Indicators for the Environmental Monitoring and
Assessment Program. EPA/600/3-90/060. U.S. Environmental Protection Agency,
Research Triangle Park, NC, 432 pp.

Smith, R.W., Weisberg, S.B., Cadien, D., Dalkey, A., Montagne, D., Stull, J.K., Velarde,
R.G., 2001. Benthic response index for assessing infaunal communities on the
southern California Coastal Shelf. Ecological Applications 11, 1073–1087.

Snelgrove, P.V.R., 1998. The biodiversity of macrofaunal organisms in marine sedi-
ments. Biodiversity and Conservation 7, 1123–1132.

Strobel, C.J., Buffum, H.W., Benyi, S.J., Petrocelli, E.A., Reifsteck, D.R., Keth, D.J.,
1995. Statistical Summary: EMAP-Estuaries Virginian Province 1990–1993.
EPA/620/R-94/026. U.S. Environmental Protection Agency, Narragansett, RI, 72
pp.

U.S. EPA, 1995. Environmental Monitoring and Assessment Program (EMAP): Lab-
oratory Methods Manual—Estuaries, vol. 1: Biological and Physical Analyses.
EPA/620/R-95/008. United States Environmental Protection Agency, Office of
Research and Development, Narragansett, RI, 128 pp.

U.S. EPA, 2001. National Coastal Assessment: Field Operations Manual. EPA/620/R-
01/003. United States Environmental Protection Agency, Office of Research
and Development, National Health and Environmental Effects Laboratory, Gulf
Breeze, FL, 72 pp.

Van Dolah, R.F., Hyland, J.L., Holland, A.F., Rosen, J.S., Snoots, T.R., 1999. A benthic
index of biological integrity for assessing habitat quality in estuaries of the
southeastern USA. Marine Environmental Research 48, 269–283.

Weisberg, S.B., Ranasighe, J.A., Schaffner, L.C., Diaz, R.J., Dauer, D.M., Frithsen, J.B.,
1997. An estuarine index of biological integrity (B-IBI) for Chesapeake Bay.
Estuaries 20, 149–158.

Wolff, W.J., 1983. Estuarine benthos. In: Ketchum, B.H. (Ed.), Ecosystems of the World
26: Estuaries and Enclosed Seas. Elsevier, Amsterdam, pp. 151–182.

Word, J.Q., 1979. The infaunal trophic index. In: SCCWRP 1978 Annual Report, South-
ern California Coastal Water Research Project, El Segundo, CA, pp. 19–39.


