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The index of biotic integrity (IBI) is a commonly used bioassessment tool that integrates abundance and
richness measures to assess water quality. In developing IBIs that are both responsive to human
disturbance and resistant to natural variability and sampling error, water managers must decide how to
weigh information about rare and abundant taxa, which in turn requires an understanding of the
sensitivity of indices to rare taxa. Herein, we investigated the inﬂuence of rare ﬁsh taxa (within the lower
5% of rank abundance curves) on IBI metric and total scores for stream sites in two of Minnesota’s major
river basins, the St. Croix (n = 293 site visits) and Upper Mississippi (n = 210 site visits). We artiﬁcially
removed rare taxa from biological samples by (1) separately excluding each individual taxon that fell
within the lower 5% of rank abundance curves; (2) simultaneously excluding all taxa that had an
abundance of one (singletons) or two (doubletons); and (3) simultaneously excluding all taxa that fell
within the lower 5% of rank abundance curves. We then compared IBI metric and total scores before and
after removal of rare taxa using the normalized root mean square error (nRMSE) and regression analysis.
The difference in IBI metric and total scores increased as more taxa were removed. Moreover, when
multiple rare taxa were removed, the nRMSE was related to sample abundance and to total taxa richness,
with greater nRMSE observed in samples with a larger number of taxa or sample abundance. Metrics
based on relative abundance of ﬁsh taxa were less sensitive to the loss of rare taxa, whereas those based
on taxa richness were more sensitive, because taxa richness metrics give more weight to rare taxa
compared to the relative abundance metrics.
ß 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
In any snapshot of a biological community there will be a suite
of taxa at varying degrees of abundance. The relative contribution
of taxa richness and abundance to the integrity of ecosystems is a
central question in ecology (Loreau, 2000; Gessner et al., 2004), and
has important implications for the design of management tools
that track ecosystem quality. In particular, the signiﬁcance of rare
taxa (i.e., few in numbers or absent from most samples) to
assessments of aquatic system health has been the object of some
debate (Cao et al., 1998; Marchant, 1999, 2002; Cao and Williams,
1999; Cao et al., 2001; Van Sickle et al., 2007; Lavoie et al., 2009).
On the one hand, common or abundant taxa may provide an
adequate indication of ecosystem health, with rare taxa not
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contributing signiﬁcant additional information (Marchant, 1999,
2002; Van Sickle et al., 2007; Lavoie et al., 2009). Moreover, efforts
to account for the true abundance of rare taxa in the ﬁeld are prone
to large sampling variance, which in turn may create statistical
noise that bias observed patterns in biological communities; more
time is also required to identify rare taxa (Gauch, 1982).
Alternatively, rare taxa may exhibit higher sensitivity to environmental disturbances and have more specialized habitat requirements, and serve as early indicators of water quality degradation or
of the loss of particular habitat types (Cao et al., 1998; Cao and
Williams, 1999).
The index of biological integrity (IBI) is a multi-metric tool used
to evaluate aquatic ecosystem health and water quality (Karr,
1981; Karr et al., 1986; Karr and Chu, 1997). The component
metrics of the IBI typically measure either taxa richness (i.e.,
number of taxa) or relative abundance of speciﬁc taxa; and are
selected to represent different aspects of community ecology, such
as tolerance to pollution, trophic structure and the health of
individual organisms (Karr and Chu, 1997). The values or scores of
the component metrics vary in response to human disturbance,
and together, provide an overall picture of ecosystem condition.
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The IBI has been widely adopted by water management agencies in
the US to support water quality impairment decisions under the
Clean Water Act (Environmental Protection Agency, 2002). In
Minnesota, for example, the IBIs for ﬁsh assemblages (F-IBI) are
used in conjunction with other relevant habitat, water chemistry
and catchment data to determine whether stream sites should be
listed as impaired as required by the section 303(d) of Clean Water
Act.
The effect of rare taxa on bioassessments has been studied most
commonly for macroinvertebrate assemblage indicators (reviewed
by Lavoie et al., 2009), but the inﬂuences of rare taxa on a ﬁsh
assemblage index are relatively unknown. The objective of this
study was to investigate the sensitivity of ﬁsh metrics and F-IBI
scores to rare taxa. To conduct this analysis, we used F-IBIs
developed by the Minnesota Pollution Control Agency (MPCA) for
stream systems in two of Minnesota’s major river basins (Niemela
and Feist, 2000, 2002). We quantiﬁed the effect of rare taxa by
comparing F-IBI metric and total scores calculated from original
ﬁeld samples with those calculated after rare taxa had been
removed. For each sample in our dataset, we assessed the inﬂuence
of rare taxa using three different approaches: (1) separately
excluding each individual taxon that fell within the lower 5% of
rank abundance curves; (2) simultaneously excluding all taxa that
had an abundance of one (singletons) or two (doubletons); and (3)
simultaneously excluding all taxa that fell within the lower 5% of
rank abundance curves.
2. Data and methods
2.1. Data
We analyzed ﬁsh data and IBI scores from 378 stream sites in
two major river basins of Minnesota: the St. Croix and Upper
Mississippi (Fig. 1). Each sampling site was visited between one
and seven times, for a total of 293 site visits for the St. Croix basin
and 210 site visits for the Upper Mississippi basin (hereafter, we
use sample and site visit interchangeably). There were 100 taxa in
the dataset with a mean  SE: 19.38  7.30 per sample. The
maximum and minimum numbers of taxa in one sample were 36
and 3, respectively. The IBIs were developed exclusively for warmwater streams; thus, no coldwater streams are included in our
analysis. To stratify natural variability across warmwater stream
sites, the MPCA classiﬁed the IBIs by major river basin, drainage area
and ecoregion. The IBIs for sites in each of these classes include
slightly different metrics and metric scoring criteria (Tables 1 and 2),
and the total scores for IBIs in all classes were scaled to the range 0–
100. Stream sites included in this study spanned a broad range of F-IBI
scores and sizes of drainage area, as well as two ecoregions (Niemela
and Feist, 2000, 2002; Table 2). Fish samples used in IBI calculations
were collected by the MPCA during summer low-ﬂow conditions
from 1996 to 2006. Fish were captured using electroﬁshing and were
subsequently identiﬁed to the lowest possible taxonomic level
(typically species).
2.2. Statistical analyses
The concept of rare taxa is relative and is deﬁned in practice
according to taxonomic group, assessment method and speciﬁed
research goal (Cao et al., 1998; Magurran, 2004). In this study, rare
taxa were deﬁned as those taxa within the lower 5% of the rank
abundance curve for a sample (Murray et al., 1999). We assessed
the inﬂuence of rare ﬁsh taxa on the Minnesota F-IBI metric and
total scores using three different resampling procedures. In the
ﬁrst procedure, an individual taxon identiﬁed as rare was removed
and the resampled IBI score was calculated. This procedure was
repeated for each rare taxon in the sample and for all samples in

Fig. 1. Stream sites in the Upper Mississippi and St. Croix River basins that were
used to estimate the effect of rare taxa on the ﬁsh index of biotic integrity in
Minnesota.

the dataset (N = 3101). The second procedure investigated the
inﬂuence of all taxa that had an abundance of one (singletons) or
two (doubletons). In this analysis, all the singletons and
doubletons were removed from the ﬁsh sample and the resampled
IBI score was calculated. The procedure was repeated for all the
samples that contained singletons and/or doubletons (N = 467). In
the last procedure, we investigated the role that all rare taxa had on
the IBI by removing all rare taxa from each sample in the dataset
(N = 503) and recalculating IBI scores.
We compared the resampled metric and total scores to the
corresponding original scores using two methods. The ﬁrst method
calculated the normalized root mean square error (nRMSE)
between the suite of metric scores in the original sample and
the suite of metric scores in the resampled sample. This statistic is a
relative measure of the difference between the original and
resampled IBI scores. The nRMSE was deﬁned as follows:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
P
100  ð ki¼1 ðIBIO;i  IBIR;i Þ2 Þ=k
nRMSE ¼
maxðIBIi Þ  minðIBIi Þ
where IBIO,i is the IBI ith metric score from the original sample and
IBIR,i is the IBI ith metric score from the resampled sample, and k is
the number of metrics employed. The max(IBIi) and min(IBIi)
are the maximum and minimum metric scores across all the
metrics in the original and resampled samples. The nRMSEs were
then categorized by taxa richness and sample total abundance to
examine the effects of sample size.
Although nRMSEs have the advantage of representing change
by a single number, it does not capture possible trends in
resampled IBI scores over the range of the original IBI scores. For
this reason, we also determined the best ﬁt linear regression (R2,
slope, and intercept) between the original IBI and the corresponding resampled scores for each of the IBI metrics, thereby providing
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Table 1
IBI metrics used in the Minnesota ﬁsh index of biotic integrity. Metrics are ordered based on their types: taxa richness, normalized total abundance and relative abundance.
Taxa richness indicates a suite of metrics used to assess the number of speciﬁed taxa in a sample, the only normalized total abundance metric standardizes the total
abundance of a sample by distance, and relative abundance indicates a suite of metrics used to assess the proportion of the speciﬁed taxa in abundance.
Type

Name

Meaning

Taxa richness

BenInsect
CountofTaxa
Darter
DarterSculpNot
Insect-Tolerant
Headwater-Tolerant
Minnows-Tolerant
Omnivore
Piscivore
Sensitive
WetlandTolerant

The
The
The
The
The
The
The
The
The
The
The

Normalized total abundance

NumberPer100m-Tolerant

The abundance of ﬁsh per 100 m minus that of tolerant taxa

Relative abundance

DomTwoPct
FishDELTPct
OmnivorePct
PiscivorePct
SlithoPct
TolerantPct

The
The
The
The
The
The

number of benthic insectivore taxa
total number of taxa
number of darter taxa
number of taxa designated as darter, sclupin, and madtoms taxa
number of insectivore taxa minus the number of tolerant taxa
number of headwater taxa minus the number of tolerant taxa
number of minnow taxa minus the number of tolerant taxa
number of omnivore taxa
number of piscivore taxa
number of sensitive taxa
number of wetland taxa minus the number of tolerant taxa

percentage
percentage
percentage
percentage
percentage
percentage

of
of
of
of
of
of

total abundance of the two most dominant taxa
individuals with deformities, lesions, or tumors
total abundance of the omnivore taxa
total abundance of the piscivore taxa
total abundance of the lithophilic taxa
total abundance of the tolerant taxa

Table 2
The scoring metrics used in each type of ﬁsh index of biotic integrity (F-IBI) calculation in Minnesota. See Table 1 for description of the metrics.
Drainage basin

Drainage area
(DA, km2)

Saint Croix

DA < 52

Ecoregion

Metrics used

Northern Lakes
and Forests
North Central
Hardwood Forest

CountofTaxa, Headwater-Tolerant, Minnows-Tolerant, TolerantPct,
DomTwoPct, Insect-Tolerant, SLithopPct, NumberPer100m-Tolerant, FishDELTPct
CountofTaxa, Sensitive, Minnows-Tolerant, TolerantPct, DomTwoPct, BenInsect,
SLithopPct, NumberPer100m-Tolerant, FishDELTPct
CountofTaxa, Darter, Sensitive, TolerantPct, BenInsect, Omnivore, PiscivorePct,
SLithopPct, NumberPer100m-Tolerant, FishDELTPct
CountofTaxa, Darter, Sensitive, TolerantPct, BenInsect, Omnivore, PiscivorePct,
SLithopPct, NumberPer100m-Tolerant, FishDELTPct
CountofTaxa, Darter, Sensitive, TolerantPct, BenInsect, Omnivore, PiscivorePct,
SLithopPct, NumberPer100m-Tolerant, FishDELTPct

52  DA < 140
140  DA  699
DA > 699
DA > 699

Upper Mississippi

DA < 13
13  DA < 91
91  DA  518
DA > 518

CountofTaxa, Wetland-Tolerant, TolerantPct, DomTwoPct, Insect-Tolerant,
NumberPer100m-Tolerant, FishDELTPct
CountofTaxa, Wetland-Tolerant, Minnows-Tolerant, Sensitive, TolerantPercent,
DomTwoPct, Insect-Tolerant, SLithopPercent, NumberPer100m-Tolerant, FishDELTPCt
CountofTaxa, DarterSculpNot, Wetland-Tolerant, Sensitive, TolerantPct,
SLithopPct, Piscivore, SLithopPct, NumberPer100m-Tolerant, FishDELTPct
CountofTaxa, DarterSculpNot, Sensitive, TolerantPct, LithopPct, Piscivore,
SLithopPercent, NumberPer100m-Tolerant, FishDELTPCt, OmnivorePct

an indication of the similarity between the original metric scores
and the resampled metric scores. The coefﬁcient of determination
(R2) is a dimensionless measure of goodness-of-ﬁt of the regression
line between the two sets of IBI scores. The slope and intercept
demonstrated whether the scores increased or decreased after rare
taxa were removed, and are therefore important in interpreting the
regression results.
Finally, we sought to understand how the impacts of rare taxa
on IBI scores might be affected by the drainage area of stream site.
We used box plots to demonstrate how taxa richness, total
abundance, and nRMSEs for the three rare taxa removal
procedures varied with drainage area across the following ﬁve
drainage area classes (km2): <5, 5–15, 15–30, 30–115, and >115,
respectively.
3. Results
3.1. Single rare taxa removal
The removal of single rare taxa generally resulted in a slight
reduction in IBI metric scores. Slopes of regression lines and R2

values were close to one for most metrics (mean  SE R2:
0.93  0.05, Table 3). The lowest R2 (0.82 and 0.84) and slope (0.90
and 0.89) values were observed for the Wetland-Tolerant and
Headwater-Tolerant metrics, respectively. Resampled metric scores
based on richness were more likely to deviate from the original scores
(mean  SE R2: 0.90  0.04) relative to resampled metric scores based
on relative abundance, which corresponded closely to the original
scores (mean  SE R2: 0.99  0.01). Regression intercept values for
the regression analysis were generally close to zero, except for the
Omnivore and CountofTaxa metrics (0.59 and 0.36, respectively). A
positive intercept indicated an increase in the resampled IBI metric
score for, at least, small original IBI metric scores.
A summary of the impact of the removal of single rare taxa on
the IBI total score is shown in Fig. 2A. Changes in the resampled
scores relative to original scores ranged from a 7-point increase to
a 17-point decrease. The median change in IBI total score was
approximately 0. Finally, the nRMSE between original and
resampled IBI metric scores reﬂected a relatively minor impact
of the removal of single rare taxa. The nRMSE values did not appear
to be related to the number of taxa in the sample and the total
abundance in the sample (Fig. 3A).
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Table 3
Fit (R2) between original IBI metric scores and resampled IBI metric scores. The three scenarios examined were: (1) single taxa were removed one at a time from the sample,
(2) all singletons and doubletons were removed from the sample, and (3) all rare taxa within the lower 5% of the rank abundance curve were removed from the sample. N is the
number of samples where a metric was employed.
Metric

BenInsect
CountofTaxa
Darter
DarterSculpNot
Insect-Tolerant
Headwater-Tolerant
Minnows-Tolerant
Omnivore
Piscivore
Sensitive
Wetland-Tolerant
NumberPer100m-Tolerant
DomTwoPct
FishDELTPct
OmnivorePct
PiscivorePct
SLithopPct
TolerantPct

Single taxon

Singletons and doubletons

All rare taxa

N

R2

Slope

Intercept

N

R2

Slope

Intercept

N

R2

Slope

Intercept

1691
3101
1248
870
1410
242
948
1248
870
2824
643
3101
983
3101
525
1248
3066
3101

0.88
0.90
0.93
0.92
0.88
0.84
0.92
0.95
0.89
0.94
0.82
0.93
0.97
0.98
1.00
0.99
0.99
0.99

0.97
0.99
0.97
0.97
0.93
0.89
0.93
0.94
0.94
0.98
0.90
1.00
1.00
0.98
1.00
1.00
1.00
1.00

0.18
0.36
0.08
0.07
0.00
0.16
0.04
0.59
0.06
0.11
0.19
0.00
0.11
0.19
0.00
0.00
0.04
0.00

214
467
130
114
253
62
206
130
114
388
133
467
223
467
58
130
450
467

0.54
0.62
0.54
0.57
0.65
0.70
0.75
0.57
0.45
0.68
0.53
0.88
0.92
0.92
0.99
0.98
0.98
0.98

0.70
0.77
0.73
0.71
0.68
0.80
0.80
0.52
0.52
0.74
0.70
0.99
0.98
0.93
1.01
1.00
1.01
1.00

0.05
1.24
0.07
0.05
0.13
0.03
0.29
4.89
0.00
0.10
0.10
0.00
0.37
0.73
0.08
0.11
0.02
0.09

216
503
130
115
287
77
233
130
115
401
152
503
258
503
58
130
478
503

0.38
0.37
0.39
0.40
0.52
0.60
0.64
0.32
0.16
0.49
0.41
0.81
0.91
0.99
0.99
0.95
0.97
0.98

0.51
0.43
0.58
0.49
0.53
0.64
0.60
0.29
0.26
0.55
0.55
0.97
0.95
1.00
1.01
1.01
1.01
1.00

0.09
0.46
0.08
0.58
0.02
0.21
0.01
7.11
0.25
0.03
0.06
0.00
0.31
0.00
0.08
0.37
0.02
0.10

3.2. Removal of all singletons and doubletons
Singletons and doubletons typically comprised less than 2% of
total sample abundance. Nevertheless, the removal of all
singletons and doubletons caused resampled metric scores based
on taxa richness to deviate from the original scores, indicated by
relatively low R2 values (mean  SE R2: 0.60  0.09, Table 3). The
greatest change was observed for the Piscivore metric, indicated by a
relatively poor ﬁt between the original and resampled scores
(R2 = 0.45). Alternatively, the Minnows-Tolerant metric was relatively
insensitive to the removal of singletons and doubletons (R2 = 0.75). As
opposed to the taxa richness metrics, the resampled scores of relative
abundance metrics corresponded closely to the original scores
(mean  SE R2: 0.96  0.03). The OmnivorePct, PiscivorePct, SlithoPct,
and TolerantPct metrics were particularly insensitive to the removal of
singleton and doubletons (R2 = 0.99, 0.98, 0.98 and 0.98, respectively).

The slopes indicated similar patterns to the R2 values (Table 3). The
slopes for the taxa richness metrics were much less than one
(mean  SE slope: 0.70  0.10), with the lowest slope values
observed for the Piscivore and Omnivore metrics (0.52 and 0.52,
respectively). The slopes for all relative abundance metrics were
approximately one (mean  SE slope: 0.99  0.03). As for the removal
of single taxa, the Omnivore and CountofTaxa metrics had the largest
absolute intercepts (4.89 and 1.24, respectively).
Removal of all singletons and doubletons from the sample
indicated a general decrease in the IBI total score (Fig. 2B). Changes
in the resampled scores ranged from a 5-point increase to a 33point decrease. The median decrease in IBI total score was 8. The
nRMSE between original and resampled IBI metric scores increased
in response to the taxa richness of the sample; the nRMSE had
slight trend of increasing for the ﬁrst ﬁve abundance classes,
indicated either by the lower quantile, higher quantile or median
on the boxplot (Fig. 3B).
3.3. Removal of all rare taxa

Fig. 2. Original IBI total score (black solid circles) and resampled IBI total score (grey
solid diamonds) after the removal of (A) a single rare taxon, (B) removal of all
singletons and doubletons, and (C) removal of all rare taxa. The x-axis denotes the
ranks of the original scores and the y-axis denotes the score values.

The removal of all rare taxa caused the largest change in
resampled metric scores relative to original metric scores (Table 3).
Metrics based on taxa richness exhibited a greater lack of ﬁt
between the original and resampled IBI scores (mean  SE R2:
0.43  0.13). The resampled Piscivore scores deviated most from the
original scores (R2 = 0.16). As with the other resampling procedures,
the metrics based on relative abundance did not deviate signiﬁcantly
from the original values when all rare taxa were excluded (mean  SE
R2: 0.97  0.03). The slopes indicated similar patterns as R2 values.
The slopes for the taxa richness metrics were much less than one
(mean  SE slope: 0.49  0.12) with the lowest slope values observed
for the Piscivore and Omnivore (0.16 and 0.32, respectively). The slopes
for all relative abundance metrics were close to one (mean  SE slope:
1.00  0.02). The Omnivore had the largest absolute intercept (7.11).
Removal of all rare taxa from the sample caused a general
decrease in the IBI total score (Fig. 2C). The changes in the score
ranged from a 5-point increase in the resampled score to a 38-point
decrease. The median decrease in IBI total score was 11. When all
rare taxa were removed, the nRMSE between original and
resampled metric scores responded strongly to the taxa richness
and total abundance (Fig. 3C). The nRMSE increased as the number
of taxa and total sample abundance increased.
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Fig. 3. Box plots of normalized RMSE and number of taxa and abundance for (A) removal of single rare taxa, (B) removal of all singletons and doubletons, and (C) removal of all
rare taxa. The y-axis denotes nRMSE values. The x-axis of the left panel denotes the richness classes: <5, 5–9, 10–14, and >15 taxa in a sample, respectively; the x-axis of the
right panel denotes the abundance classes: <50, 50–250, 250–500, 500–750, 750–1000, and >1000 individuals in a sample, respectively. The lower and upper boundaries of a
box are placed at the ﬁrst and third quartiles of the nRMSE values for each class, and the thick line within the box is the median nRMSE value for each class.

3.4. Impacts of drainage area
Median taxa richness at the smallest drainage areas (<5 km2)
was 7 and increased gradually to 24 at the largest drainage areas
(>115 km2) (Fig. 4A). Median taxa abundance at the smallest
drainage areas was 184 and increased gradually to 484 at the
fourth (30 km2 < area < 115 km2) drainage area class, with a
similar median value of 474 at the largest drainage areas (Fig. 4B).
Median nRMSE for the single rare taxa removal procedure did not
indicate a trend as drainage area increased (Fig. 4C). Median
nRMSE for the removal procedure of all singletons and doubletons
increased gradually from 15.12 at the smallest drainage areas to
24.29 at the largest drainage areas (Fig. 4D). Median nRMSE for the
removal procedure of all rare taxa within the lower 5% of rank
abundance curve increased from 17.95 at the smallest drainage
areas to 31.62 at the largest drainage areas, with similar values of
22.71 and 21.45 at the second and third drainage area classes
(5 km2 < area < 15 km2, 15 km2 < area < 30 km2), respectively
(Fig. 4E).
4. Discussion
4.1. Metric sensitivity
Evaluation of metric sensitivity is an essential process in
developing sound bioassessment tools (Hughes et al., 1998).
Ideally, managers should seek indicators of stream health that

exhibit maximum sensitivity to human disturbance and minimal
sensitivity to sampling error and natural variability. In striking this
balance, decisions about the emphasis given to rare taxa can be
particularly difﬁcult, since these taxa may be both highly sensitive
to water quality condition and especially prone to sampling error.
At the very least, such decisions should be supported by the
knowledge of how sampling errors related to rare taxa could affect
overall assessment outcome.
In our study of two watersheds in Minnesota, we sought to
understand how rare taxa could affect IBI metric and total scores
by comparing scores before and after rare taxa were removed. Our
analysis indicated that the sensitivity of ﬁsh metrics to rare taxa
depends on whether these metrics are based on taxa richness or
relative abundance. Taxa richness metrics (i.e., BenInsect, CountofTaxa, Darter, DarterSculpNot, Insect-Tolerant, Headwater-Tolerant,
Minnows-Tolerant, Omnivore, Piscivore, Sensitive, WetlandTolerant,
Minnows-Tolerant) were more sensitive to the removal of rare taxa
than abundance metrics (i.e., DomTwoPct, FishDELTPct, OmnivorePct, PiscivorePct, SlithopPct, TolerantPct), particularly when multiple rare taxa were removed. This outcome is not surprising because
taxa richness metrics assign the same weight to all the taxa,
regardless of whether they are rare, whereas relative abundance
metrics are determined primarily by abundant (non-rare) taxa. For
example, singletons and doubletons usually accounted for less
than 2% of total abundance of a sample. The removal of these taxa
would thus not be expected to strongly affect abundance metrics.
The resampled scores of all the metrics tended to be lower than the
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Fig. 4. Box plots of drainage area impacts. The y-axes denote (A) taxa richness, (B) log abundance, (C) nRMSE for the removal of single taxa, (D) nRMSE for the removal of all
singletons and doubletons, and (E) nRMSE for the removal of all rare taxa, respectively. The x-axes denote the drainage area classes (km2): <5, 5–15, 15–30, 30–115, and >115,
respectively. The lower and upper boundaries of a box are placed at the ﬁrst and third quartiles of the y-values for each drainage area class, and the thick line within the box is
the median values for each class.

original scores, except the Omnivore metric, because it was
designed to have a higher score for lower abundance. The Piscivore
metric demonstrated the greatest sensitivity to the removal of
multiple taxa, likely because piscivorous species typically occur as
only a few individuals in any given sample (i.e., most piscivore
species are rare).
4.2. Removal levels
The inﬂuence of rare taxa on the Minnesota F-IBI was related to
the number of rare taxa excluded from ﬁsh samples. Removal of a
single taxa from a sample resulted in a relatively small change in
IBI total score. When all singletons and doubletons were removed,
however, there was a marked inﬂuence on IBI total score. This
decrease in scores is of practical importance for managers, given
that a large percentage of ﬁsh samples in our dataset (93%) had at
least one taxon that occurred only as a singleton or doubleton, and
that failure to capture taxa that occur with such rarity could easily
result from sampling error. Changes in IBI scores were greatest
following the removal of all taxa within the lower 5% of the rank
abundance curves. Although failure to capture all rare taxa at a
stream site may not represent a likely outcome, the large change in
IBI scores that can occur when rare taxa are excluded illustrates
that ﬁsh IBI scores in Minnesota tend to greatly weight the
importance of rare taxa.
In Minnesota, IBI total scores are used to determine whether
stream sites should be placed on the Clean Water Act 303(d)
impaired waters list. To make these water quality determinations,
the Minnesota Pollution Control Agency (MPCA) has established an

‘‘impairment threshold’’ or an IBI total score below which streams
communities can be considered impaired, for each stream class in
Minnesota. The MPCA also designates a conﬁdence limit around
the impairment threshold (9 points for the St. Croix River basin and
13 points for the Upper Mississippi River basin) that is based on
variability of IBI total scores at least impacted sites over time (MPCA,
2007). IBI total scores falling above and below this conﬁdence region
are considered unimpaired or impaired in relation to the given
threshold, respectively. IBI total scores within the conﬁdence region
of the threshold are considered potentially impaired, with additional
evidence required to verify status. Our analyses indicated that the
median decrease in IBI total scores resulting from the exclusion of
multiple rare taxa is proximate to the magnitude of the conﬁdence
limits around the impairment thresholds used by the MPCA, and the
maximum decreases from all three levels of rare taxa removal far
exceed that. Thus, failure to capture rare taxa as the result of
inadequate sampling (e.g., Reynolds et al., 2003) could alter the
outcome of impairment decisions based on F-IBIs.
4.3. Taxa richness, total abundance and drainage area
The inﬂuence of rare taxa on metric scores was also related to
the taxa richness and total abundance of the sample and the
drainage area of the stream site. The amount of error associated
with the removal of all rare taxa was higher for samples that had
greater ﬁsh abundance. This relationship likely reﬂects the fact
that, in large assemblages, there tend to be more rare taxa than a
log-normal model predicts (Nee et al., 1999; Magurran and
Henderson, 2003). Other studies have also suggested that richness
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metrics are sensitive to sample abundance. In a study of
macroinvertebrate metrics, Barbour and Gerritsen (1996) found
that richness metrics were more affected by sample abundance
than relative abundance metrics. A higher proportion of rare taxa
in large assemblages relative to small assemblages could cause
taxa richness metrics in large samples to vary relatively more in
response to the exclusion of rare taxa.
Metric error following taxa removal was also higher for samples
that had higher taxa richness, likely because more diverse ﬁsh
samples are more likely to contain rare taxa. Greater taxa richness
tends to indicate less human impact, and presumably rare taxa are
more likely to thrive in unimpacted conditions. In contrast,
samples with few taxa are likely to be more disturbed and harbor
few sensitive rare taxa. For example, Oberdorff and Hughes (1992)
described entire families extirpated or threatened in basins with a
history of anthropogenic disturbance. An increased number of rare
taxa in taxa-rich samples would render metrics and IBI scores for
these samples more sensitive to rare taxa removal.
We found an indication that the number of ﬁsh taxa and the ﬁsh
abundance were related to drainage area. Not surprisingly (see
Connor and McCoy, 1979), smaller drainage areas had fewer ﬁsh
taxa than larger drainage areas; there was more than a threefold
increase in the number of taxa from the smallest to the largest
drainage area classes in our study. As the result, rare taxa account
of larger portion of IBI variance at the sites with larger drainage
areas. Indeed, in an analysis of F-IBI sensitivity to random sampling
error, Dolph et al. (2010) suggested that IBI sensitivity was related
to the number of rare taxa in a sample, which was in turn strongly
related to stream drainage size. Therefore, we suggest that greater
effort and care should be placed on streams with larger drainage
areas to effectively sample all the available taxa.
5. Conclusions
Our assessment of the effect of rare taxa on F-IBIs using
resampling procedures indicated that rare taxa contribute much of
the information to ﬁsh assemblage metrics based on taxa richness.
When managers create multi-metric indices, they may thus want
to carefully consider the weight given to metrics that rely on rare
taxa. In designing sampling protocols for ﬁsh, our analyses point to
the need to understand the relationship between sampling effort
and the likelihood of capturing one or more additional rare taxa,
especially in larger streams. If IBIs include many taxa richness
metrics, it may be beneﬁcial to spend additional time capturing
rare taxa, especially in more diverse or abundant communities.
Rare taxa are often viewed as indicative of higher biodiversity
and a well-functioning ecosystem. Indeed, Davies and Jackson
(2006) listed ‘‘sensitive-rare taxa’’ as one of the ten attributes of
a stream system that deﬁne the Biological Condition Gradient
(BCG), which is rapidly becoming the foundation of bioassessment approaches. However, an effective bioassessment tool
must operate not only with sensitivity, but also with precision
and efﬁciency. Our study, combined with the existing scientiﬁc
literature, suggests that each taxonomic group, e.g., macroinvertebrate, periphyton, or ﬁsh, may need to be considered
differently with regards to these factors. For example, we have
shown that the removal of all ﬁsh that occur as singletons and
doubletons can substantially affect the IBI metric and total
scores, despire the fact that these individuals usually account for
no more than 2% of sample abundance. In contrast, Lavoie et al.
(2009) demonstrated that a bioassessment tool using diatoms
was not markedly affected by removing 40% of the taxa, likely
because diatoms have much higher biodiversity. We suggest a
meta-analysis could be conducted to evaluate how rare taxa
might differentially affect bioassessment based on different
types of assemblages.

787

Acknowledgments
The authors thank David Wright and the Minnesota Department of Natural Resources for providing funding for this research,
and Scott Niemela, Joel Chirhart, and Mike Feist at the Minnesota
Pollution Control Agency for providing biomonitoring data, as well
as assistance in developing and carrying out project objectives.
Michael Barbour and Isabelle Lavoie provided helpful comments
on an earlier draft of this manuscript. The use of trade, product,
industry or ﬁrm names or products or software or models, whether
commercially available or not, is for informative purposes only and
does not constitute an endorsement by the U.S. Government or the
US Geological Survey.
References
Barbour, M.T., Gerritsen, J., 1996. Subsampling of benthic samples: a defense of the
ﬁxed count method. J. N. Am. Benthol. Soc. 15, 386–391.
Cao, Y., Williams, D.D., Williams, N.E., 1998. How important are rare species in
aquatic community ecology and bioassessment? Limnol. Oceanogr. 43, 1403–
1409.
Cao, Y., Williams, D.D., 1999. Rare species are important in bioassessment (Reply to
the comment by merchant). Limnol. Oceanogr. 44, 1841–1842.
Cao, Y., Larsen, D., Thorne, R.S., 2001. Rare species in multivariate analysis
for bioassessment: some considerations. J. N. Am. Benthol. Soc. 20, 144–
153.
Connor, E.F., McCoy, E.D., 1979. The statistics and biology of the species–area
relationship. Am. Nat. 113, 791–833.
Davies, S.P., Jackson, S.K., 2006. The biological condition gradient: a descriptive
model for interpreting change in aquatic ecosystems. Ecol. Appl. 16, 1251–
1266.
Dolph, C.L., Sheshukov, A.Y., Chizinski, C.J., Vondracek, B., Wilson, B., 2010. The index
of biological integrity and the bootstrap: can random sampling error affect
stream impairment decisions? Ecol. Indic. 10, 527–537.
Environmental Protection Agency (EPA), 2002. Summary of biological assessment
programs and biocriteria development for states, tribes, territories, and interstate commissions: streams and wadeable rivers. EPA 822-R-02-048. U.S.
Environmental Protection Agency, Ofﬁce of Environmental Information and
Ofﬁce of Water, Washington, DC.
Gauch, H.G., 1982. Multivariate Analysis in Community Ecology. Cambridge University Press, New York.
Gessner, M.O., Inchausti, P., Persson, L., Raffaelli, D.G., Giller, P.S., 2004. Biodiversity
effects on ecosystem functioning: insights from aquatic systems. Oikos 104,
419–422.
Hughes, R.M., Kaufmann, P.R., Herlihy, A.T., Kincaid, T.M., Reynolds, L., Larsen, D.P.,
1998. A process for developing and evaluating indices of ﬁsh assemblage
integrity. Can. J. Fish. Aquat. Sci. 55, 1618–1631.
Karr, J.R., 1981. Assessment of biotic integrity using ﬁsh communities. Fisheries 6,
21–27.
Karr, J.R., Fausch, K.D., Angermeier, P.L., Yant, P.R., Schlosser, I.J., 1986. Assessing
biological integrity in running waters, a method and its rational. Special
Publication 5. Illinois Natural History Survey, Champaign, IL.
Karr, J.R., Chu, E.W., 1997. Biological monitoring and assessment: using multimetric indexes effectively. EPA 235-R97-001. University of Washingtom,
Seattle.
Lavoie, I., Dillon, P.J., Campeau, S., 2009. The effect of excluding diatom taxa and
reducing taxonomic resolution on multivariate analyses and stream bioassessment. Ecol. Indic. 9, 213–225.
Loreau, M., 2000. Biodiversity and ecosystem functioning: recent theoretical
advances. Oikos 91, 3–17.
Magurran, A.E., Henderson, P.A., 2003. Explaining the excess of rare species in
natural species abundance distributions. Nature 422, 714–716.
Magurran, A.E., 2004. Measuring Biological Diversity. Blackwell Publishing, Malden,
MA.
Marchant, R., 1999. How important are rare species in aquatic community ecology
and bioassessment?—A comment on the conclusions of Cao et al.. Limnol.
Oceanogr. 44, 1840–1841.
Marchant, R., 2002. Do rare species have any place in multivariate analysis for
bioassessment? J. N. Am. Benthol. Soc. 21, 311–313.
Minnesota Polution Control Agency (MPCA), 2007. Guidance manual for assessing
the quality of Minnesota surface waters for the determination of impairment:
305(b) report and 303(d) list. Minnesota Pollution Control Agency, Environmental Outcomes Division, St. Paul, MN.
Murray, B.R., Rice, B.L., Keith, D.A., Myerscough, P.J., Howell, J., Floyd, A.G., Mills, K.,
Westoby, M., 1999. Species in the tail of rank-abundance curves. Ecology 80,
1806–1816.
Nee, S., Harvey, P.H., May, R.M., 1999. Lifting the veil on abundance patterns. Proc.
Roy. Soc. B: Biol. Sci. 243, 161–163.
Niemela, S., Feist, M., 2000. Index of Biotic Integrity (IBI) Guidance for Coolwater
Rivers and Streams of the St. Croix River Basin in Minnesota. Minnesota
Pollution Control Agency, Biological Monitoring Program, St. Paul.

788

H. Wan et al. / Ecological Indicators 10 (2010) 781–788

Niemela, S., Feist, M., 2002. Index of Biotic Integrity (IBI) Guidance for Coolwater
Rivers and Streams of the Upper Mississippi River Basin. Minnesota Pollution
Control Agency, Biological Monitoring Program, St. Paul.
Oberdorff, T., Hughes, R.M., 1992. Modiﬁcation of an index of biotic integrity based
on ﬁsh assemblages to characterize rivers of the Seine Basin, France. Hydrobiologia 228, 117–130.

Reynolds, L., Herlihy, A., Kaufmann, P., Gregory, S., Hughes, R., 2003. Electroﬁshing
effort requirements for assessing species richness and biotic integrity in western Oregon streams. N. Am. J. Fish. Manage. 23, 450–461.
Van Sickle, J., Larsen, D., Hawkins, C., 2007. Exclusion of rare taxa affects
performance of the O/E index in bioassessments. J. N. Am. Benthol. Soc.
26, 319–331.

