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Abstract Hilsenhoff’s family-level index (FBI) combines information about the relative abundances of taxa
and their tolerances to pollution. Versions of this index
are used extensively in North America to assess water
quality. When faced with constraints on time, money, or
expertise, bioassessment practitioners have been
tempted to calculate a version of the FBI with very
coarse (e.g., order-level) taxonomy. Such an approach
requires a degree of within-taxon averaging of tolerance
values and raises questions about the degree to which
accuracy is compromised and bias is introduced. Data
from thousands of streams in Ontario (Canada) demonstrated that such tolerance-value averaging produces
index scores and associated water-quality classifications
that are not equivalent to those calculated with the
standard family-level taxonomic precision. Two
methods were used in an attempt to correct the orderElectronic supplementary material The online version of this
article (https://doi.org/10.1007/s10661-018-6817-x) contains
supplementary material, which is available to authorized users.
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level FBI scores to equivalence with the family-level
index: (1) tolerance scores for the orders included in the
calculation were calculated as abundance-weighted
means of the scores of their component families, and
(2) order-level FBI scores were estimated as predicted
values from a polynomial regression of the two versions
of the index. The use of abundance-weighted mean
tolerance scores greatly improved the accuracy of the
order-level index, and the regression-based correction
reduced bias by equalizing the distribution of errors
across the range of observed FBI values. Nonetheless,
equivalence of scores was not demonstrated, and water
quality was misclassified in 12 to 80% of cases. Practitioners are discouraged from the practice of tolerancevalue averaging and are advised to adhere to the standard family-level FBI.
Keywords Biotic index . Taxonomic precision .
Equivalence test . Classification success . Ontario .
Streams

Introduction
Biotic indices allow stream condition to be interpreted
(Chang et al. 2014) because they summarize the ecological information that is encoded in the occurrence frequencies, relative abundances, and sensitivities of the
taxa that comprise a community (Norris and Georges
1993). William Hilsenhoff formulated genus/specieslevel (Hilsenhoff 1977, 1987) and family-level
(Hilsenhoff 1988) versions of a biotic index, and
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tabulated interpretive biocriteria based on known sensitivities of arthropod taxa to organic enrichment (i.e.,
sewage pollution). His indices are scaled from 0 to 10,
and quantitative scores can be interpreted as waterquality classifications, ranging from excellent to very
poor (see leftmost three columns in Table 1).
Hilsenhoff’s family-level biotic index (FBI; Hilsenhoff
1988) has been widely used in North America to characterize the health of freshwater streams (Reynoldson
and Metcalfe-Smith 1992)―indeed, it helped to popularize rapid bioassessment, which is characterized by the
use of semi-quantitative sampling methods, coarse taxonomic precision, and fixed-count subsamples (e.g.,
Carter and Resh 2001).
Conservation authorities in Ontario, Canada, have
been employing bioassessment methods to monitor
stream condition since the mid-1990s. Following discussions with many conservation authority staff, Jones
and Wilcox (2003) proposed methods by which FBI
scores could be interpreted as water-quality letter grades
(Table 1) and synthesized as public summaries of water
quality at the watershed scale. The FBI indicator was
ultimately adopted by Conservation Ontario (a nonprofit organization that represents Ontario’s 36 conservation authorities) and has been used to produce
BWatershed Report Cards,^ which have been published
by most conservation authorities every fifth year since
2007.
Many authors have explored the trade-off that exists
between ecological information content and monitoring
program costs, which both increase as taxonomic precision increases (Carter and Resh 2001; King and
Richardson 2002; Jones 2008). Faced with constrained
resources, citizen scientists (e.g., Stanfield 2003;

EcoSpark 2013) and some conservation authorities involved in the Watershed Report Card program have
conducted rapid bioassessments using relatively coarse
(e.g., order-level) taxonomic precision. Reporting on
stream condition using a version of the FBI calculated
with order-level taxonomy requires a degree of
tolerance-value averaging and raises questions about
bias, accuracy, and agreement with family-level scores
(Bailey et al. 2001; Bouchard et al. 2005).
In this paper, we use benthic invertebrate community
data from thousands of southern Ontario streams to
investigate the equivalence of FBI scores calculated
with coarse taxonomy (and tolerance-value averaging),
and FBI scores calculated as per the standard familylevel version of the index (i.e., Hilsenhoff 1988;
Conservation Ontario 2011). Specifically, we pose the
following questions: Does the use of family-level and
coarse taxonomy result in equivalent FBI scores and
water-quality classifications? If not, how large are the
discrepancies, at what frequencies do they occur, and
can index values calculated with the coarsest taxonomic
detail be corrected to equivalence with the FBI?

Methods
Survey design
Different samples are generally made up of different
types and numbers of benthic invertebrates, across
which tolerance scores must be averaged to calculate a
coarse taxonomy version of the FBI. For these reasons,
we hypothesized that the amount of bias introduced by
the use of coarse taxonomy should be different for

Table 1 Categorical classifications of the Hilsenhoff family biotic index and corresponding conservation authority letter grades, as specified
by Conservation Ontario (2011)
FBI score

Narrative interpretation

Indicated degree of organic pollution

Conservation authority letter grade

0.00–3.75

Excellent

Organic pollution unlikely

A

3.76–4.25

Very good

Possible slight organic pollution

A

4.26–5.00

Good

Some organic pollution probable

B

5.01–5.75

Fair

Fairly substantial pollution likely

C

5.76–6.50

Fairly poor

Substantial pollution likely

D

6.51–7.25

Poor

Very substantial pollution likely

F

7.26–10.00

Very poor

Severe organic pollution likely

F
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Fig. 1 Sampled locations, regional context

different samples. In order to make generalizations
about the consequences of using coarse taxonomy, we
compiled a dataset that represented the broad range of
stream conditions that exist in Ontario, Canada (Fig. 1).
This province contains a variety of ecoregions with
different mixtures of natural habitat features and land
uses and correspondingly variable benthic macroinvertebrate communities.
Taxa counts from 5047 stream benthic invertebrate
samples were obtained from collaborators representing
nine conservation authorities and three regional-scale
bioassessment projects. These samples were collected
in pool and riffle habitats, on one or multiple occasions
between 2006 and 2013, using the traveling-kick-andsweep method of Jones et al. (2007). Samples were
collected at different times throughout the year, a majority (two thirds) being collected in either May or
October.

Taxa collected in each sample were diagnosed to
their Bfamilies,^1 enumerated, and assigned tolerance values (Electronic Supplement 1) so that FBI
scores could be calculated as per Conservation
Ontario’s Guide to Developing Watershed Report
Cards (Smith et al. 2009; Conservation Ontario
2011).2

1
Our family-level taxonomy is more precisely referred to as a Bmixedlevel taxonomic aggregation^ (Jones 2008) in which insects, crustaceans, molluscs, and leeches were diagnosed as families, and the
Coelenterata, Platyhelminthes, Nemata, Hydrachnidia, and
oligochaetous Clitellata were assigned only to these coarse taxonomic
ranks.
2
FBI values were assigned according to the list of taxa-specific sensitivities reported by Smith et al. (2009), meaning that the conservation
authorities’ formulation of the FBI includes several taxa that were
excluded from Hilsenhoff’s (1988) index (e.g., Hydrachnidia,
Hemiptera, Decapoda, Oligochaeta, Bivalvia, Hirudinea).
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Of the 5047 records shared with us by our collaborators,
mites were excluded from enumerations in 837 samples. In
order to include the corresponding samples in our dataset,
we approximated mite abundances in each sample as the
global mean relative abundance of Hydrachnidia that was
observed among the 4210 samples in the dataset for which
these animals were enumerated.
A coarse taxonomy version of the dataset (FBI27)
was then assembled by lumping groups in a way that
reflected the 27 taxa (a mix of phyla, classes, orders, and
families) that constitute the minimum acceptable taxonomic precision for the Ontario Benthos Biomonitoring
Network (Jones et al. 2007; Electronic Supplement 1).
Tolerance values were assigned to these taxa as the
average of the scores associated with their component
families.
All samples in the resulting FBI and FBI27 datasets
(Electronic Supplement 2) satisfied two criteria: (1) after
removing taxa for which FBI tolerance values are not
assigned, total sample abundance was at least 90 individuals (i.e., sample size was sufficiently large to allow
the relative abundances of the community’s component
taxa to be quantified); and (2) after removing taxa for
which FBI tolerances are not assigned, a minimum of
80% of the sample’s total abundance was retained in the
FBI calculation (i.e., the abundance of taxa that contributed to the FBI calculation was a reasonable approximation of the sample’s total abundance).
Statistical analyses
We treated the FBI as a reference standard because it
was calculated according to the method specified in
Conservation Ontario’s Guide to Developing Watershed
Report Cards (Conservation Ontario 2011). Against this
standard, FBI27 values constitute calculated values that
are subject to error arising from tolerance-value
averaging.3
In order to achieve the best possible agreement between these two datasets, we recalculated FBI27 scores
by applying two different corrections: (1) To improve
accuracy, we recalculated tolerance scores for each of
the 27 taxa as the weighted average of the scores
assigned to their component families (weights reflected
the relative abundances of the component taxa in the
3
We acknowledge that sampling error in FBI estimates also exists, but
this source of variance is not pertinent to the questions addressed in the
present study.

entire 5047-record dataset; Electronic Supplement 1);
(2) to reduce bias by equalizing inaccuracies across the
range of FBI values, we then recalculated FBI27 as fitted
values from the second-order polynomial regression of
FBI against FBI27. Polynomial regression was selected
because the relationship between FBI and FBI27 was
best characterized as curvilinear, and addition of a
squared predictor in the regression model allowed the
sign and magnitude of the correction to vary across the
observed range of FBI values. The effect of the
regression-based correction was to optimally align
FBI27corrected values to the FBI/FBI27 1:1 line of equivalence. Water quality was then classified using two
different interpretations: Hilsenhoff’s narrative scheme
(Hilsenhoff 1988), and the letter-grade system used by
Conservation Ontario (Conservation Ontario 2011,
Table 1).4
We assessed equivalence of FBI and FBI27corrected
according to their raw index scores and their associated
water-quality classifications. The equivalence of the raw
scores was examined using the regression-based equivalence test proposed by Robinson et al. (2005). Test
statistics included both the slope (m) and intercept (b)
of the FBI27corrected = m(FBI) + b + error regression
model. The Robinson et al. (2005) test was useful because it reversed the traditional null hypothesis of no
difference by postulating that the two populations being
compared were different, and using the data to prove
otherwise. The test had two possible outcomes: (1)
rejection of the null hypothesis (i.e., FBI27corrected values
are significantly equivalent to FBI values) or (2) acceptance of the null hypothesis (i.e., there is insufficient
evidence to conclude that FBI and FBI27corrected values
are equivalent). Testing equivalence in a regression context, rather than an ANOVA context, further allowed the
goodness of fit between individual HBIfam and their
corresponding HBI27corrected scores to be evaluated directly (whereas ANOVA only allows the equivalence of
means to be assessed).
The major difficulty with the Robinson et al. (2005)
approach is that setting a critical effect size or
4

We recognize that classifying FBI values introduces an assessment
bias by potentially splitting similar index values into different interpretive classes or lumping quite different index values into the same
interpretive class. Nonetheless, most practitioners interpret the FBI
by splitting its range into ordinal classes. Conservation authorities
use this approach in their Watershed Report Card process, and we also
use it, so that the methods of these water management agencies can be
appropriately evaluated.
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Bequivalence region^ is a subjective exercise. The critical effect size can be defined in real units of the predicted variable, and we reasoned that an effect size equal
to half the width of the narrowest interpretive waterquality class (i.e., Hilsenhoff’s (1988) BVery Good^
class, which includes FBI values between 3.76 and
4.25, a width of 0.5 units) would be an acceptable
amount of model bias. Given a one-tailed equivalence
region, this suggested a critical effect size for the regression intercept of 0.125 FBI units; but it was not clear
how to translate this intercept-based criterion into a
slope-based criterion. For this reason, we defaulted to
a proportional critical effect size (i.e., 5% of the intercept, and 5% of the slope), which matches the 5%
significance level that is standard in science. Although
FBI and FBI27corrected appeared to be approximately
normally distributed (Fig. 2), we sidestepped any potential violation of the probabilistic equivalence test, by
calculating confidence limits for regression parameters
non-parametrically using bootstrapping.
We evaluated equivalence of FBI and FBI27 narrative
and letter-grade classifications according to the frequency of misclassifications―misclassifications being defined as cases in which a sample’s FBI and FBI27corrected
scores were not identically classified―which we report
in contingency tables and as overall mean misclassification rates. For both the letter-grade and narrative
interpretive schemes, the overall misclassification rate
was calculated as the weighted mean of the percentage
of incorrect classifications occurring in each interpretive
category (each percentage weighted by the number of

Fig. 2 Probability densities of FBI scores
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observed values in its corresponding FBI category).
Complementary evidence was provided by Cohen’s
Kappa (K, a measure of inter-rater agreement [i.e., correlation] that accounts for the probability of chance
agreements), and the p value from chi-square tests (estimated by the Monte Carlo process with 1000 simulated replicates), which represented the likelihood that
narrative or letter-grade FBI27corrected classifications were
drawn from their expected distributions (i.e., from the
observed distribution of FBI results).
The FBI and FBI27 datasets were compiled in
Microsoft Excel. All analyses were completed for the
full (n = 5047) dataset, with calculations performed
using scripts written in the R language and environment
for statistical computing (R Core Team 2016; Robinson
2016; Electronic Supplement 3). The α-level for all
hypothesis tests and confidence intervals was 0.05.

Results
Simple graphical summaries of FBI and FBI27 indicated
non-equivalence of these two indices. For this reason,
the following results focus solely on comparisons between the FBI and FBI27corrected datasets.
FBI and FBI27corrected values had similar means of
approximately 6 (suggesting fairly poor water-quality
conditions, or a D letter grade; Table 1 or Fig. 2). The
two versions of the index were strongly correlated (R2 =
0.89, Fig. 3), but FBI was more variable (variance =
0.68, coefficient of variation = 14%) than FBI27corrected
(variance = 0.61, coefficient of variation = 13%).
Bootstrapped 95% confidence intervals for the regression model’s intercept (0.00–0.01) fell within the defined equivalence region; however, those of the slope
coefficient (0.80–0.83) did not. Non-equivalence of FBI
and FBI27corrected was, therefore, demonstrated. The pattern of agreement was inconsistent across the observed
range of FBI values: FBI27corrected values in the range of
approximately 3–5 (good to excellent) were generally
higher and made water quality appear worse than what
was indicated by their corresponding FBI values. To the
contrary, FBI27corrected values between approximately 5
and 7 (fair to poor) were generally lower and made
water quality appear better than what was indicated by
their corresponding FBI values (Figs. 2 and 3).
Lack of equivalence of index values resulted in a
large number of water-quality misclassifications
(Tables 2 and 3). The percentage of FBI27corrected
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Fig. 3 Goodness of fit of FBI27
and FBI27corrected scores, relative
to those of FBI. The dashed line
represents the best fit secondorder polynomial regression of
FBI27 against FBI (coefficients
from this equation were used to
calculate FBI27corrected). The solid
line represents the 1:1 line of
equivalence (scatter about this
line demonstrates nonequivalence, and uneven
distribution of residuals about this
line demonstrates bias)

narrative results that were correctly classified ranged
from 20% (very good) to 86% (fair), and the overall
mean misclassification rate was 21% (Table 2). Designations of poor water quality arose with approximately
equal frequency in the FBI and FBI27corrected datasets,
whereas excellent, very good, good, fairly poor, and
very poor designations occurred less frequently, and fair
designations occurred more frequently in the
FBI27corrected dataset (K = 0.90; chi-square p value <
0.001; Fig. 4).
Similarly, when FBI scores were expressed as Conservation Ontario’s letter grades, the frequency of

correct assignments ranged from 44% (A) to 87% (F),
and the overall mean misclassification rate was 20%
(Table 3). A, B, D, and F letter grades arose less frequently, and C grades arose more frequently in the
FBI27corrected dataset than in the FBI dataset (K = 0.89;
chi-square p value < 0.001; Fig. 5).
FBI narrative water-quality categories were distributed among 3–4 of the corresponding FBI27corrected categories, meaning that misclassification errors were severe
in some cases. For example, very good FBI results were
classified as excellent in 11% of cases, as good in 60%
of cases, and as fair in 10% of cases (Table 2). Similarly,

Table 2 Distribution of FBI narrative results among corresponding FBI27corrected categories. The percentages of family-level results that
were correctly classified with 27-group taxonomy are shown on the diagonal in italics
FBI27corrected
Excellent
Very good
Good
Fair
Fairly poor
Poor
Very poor
(n = 50) (%) (n = 41) (%) (n = 367) (%) (n = 1620) (%) (n = 1985) (%) (n = 703) (%) (n = 281) (%)
FBI Excellent (n = 67)

57

9

30

4

0

0

0

11

20

60

10

0

0

0

Good (n = 395)

0

3

53

44

0

0

0

Very good (n = 114)
Fair (n = 1348)

0

0

5

86

9

0

0

Fairly poor (n = 2119)

0

0

0

13

82

5

0

Poor (n = 694)

0

0

0

0

16

80

4

Very poor (n = 310)

0

0

0

0

5

12

82
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Table 3 Distribution of FBI letter-grade results among corresponding FBI27corrected categories. The percentages of family-level results that
were correctly classified with 27-group taxonomy are shown on the diagonal in italics
FBI27corrected

FBI

A (n = 50) (%)

B (n = 41) (%)

C (n = 367) (%)

D (n = 1620) (%)

F (n = 1985) (%)

A (n = 181)

44

49

8

0

0

B (n = 395)

3

53

44

0

0

C (n = 1348)

0

5

86

9

0

D (n = 2119)

0

0

13

82

5

F (n = 1004)

0

0

0

13

87

FBI letter grades were distributed among 2–3 of the
corresponding FBI27corrected classes. For example, FBI
A-grades were classified as Bs in 49% of cases, and as
Cs in 8% of cases (Table 3).
The coefficients used to create the FBI27corrected
dataset are shown in Eq. 1.



FBI27corrected ¼ 1:66ðFBI27 Þ−0:05 FBI27 2 −2:18 n ¼ 5047; R2 ¼ 0:89 :

ð1Þ

Applying this polynomial correction did not reduce
scatter about the 1:1 line of FBI/FBI27corrected equivalence, but served to equalize error rates across the interpretive classes (Tables 4 and 5, Fig. 3).
Fig. 4 Occurrence frequencies of
FBI and FBI27corrected narrative
interpretive results

Conclusion and discussion
We conclude that FBIs calculated with coarse (i.e., 27group) taxonomy are not equivalent to the standard
family-level index. Calculating tolerance values as
abundance-weighted means of component taxa greatly
improves accuracy relative to using unweighted means,
and regression-based correction reduces bias by equalizing error rates across the range of FBI values. Nonetheless, we caution biomonitoring practitioners that the
tolerance-value weighting factors and regression coefficients used to create our FBI27corrected dataset may not be
equally appropriate in all watersheds (i.e., the corrective
performance of these measures will depend on the richness and relative abundances of the different invertebrate families, which likely differ markedly from the
provincial averages in some localities). In general, even
when both of these corrections are used, FBI27corrected
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Fig. 5 Occurrence frequencies of
FBI and FBI27corrected letter
grades, as assigned in the
Conservation Ontario (2011)
Watershed Report Card process

values do not capture all of the variation in the FBI
dataset, and practitioners can expect narrative or lettergrade interpretations to be off by at least one ordinal
class in 12–80% of cases.
Results from our case study dataset suggest that differences in the nature of the coarse taxonomy bias depend on
whether one is interested in the FBI value itself or in its
corresponding narrative or letter-grade water-quality classification. It is unsurprising that the degree and type of bias
depends on the interpretive scheme, given that the

narrative classes and letter grades partition the range of
FBI values differently, and because, in our study, the
different water-quality classes were represented by different numbers of sampled locations.
This paper highlights the use of coarse taxonomy and
tolerance-value averaging as a source of potential bias in
bioassessments. Specific to Ontario, we advise conservation authorities involved in watershed reporting to avoid
this practice. Our review of Conservation Ontario’s watershed reporting guidance document (Conservation Ontario

Table 4 Effect of regression-based correction on classification
success―narrative interpretations (i.e., the change in the percent
of cases for which FBI and FBI27corrected narrative interpretations

match, relative to the percent of cases for which FBI and FBI27
interpretations match; NC, no change)

Change in classification success: FBI27corrected vs FBI27
Excellent
FBI

Very good

Good

Fair

Fairly poor

Poor

Very poor

Excellent

+ 12%

− 10%

+ 3%

− 4%

NC

NC

NC

Very good

+ 11%

NC

− 2%

− 9%

NC

NC

NC

Good

NC

+ 2%

+ 12%

− 14%

NC

NC

NC

Fair

NC

NC

+ 2%

− 3%

+ 1%

NC

NC

Fairly poor

NC

NC

NC

NC

− 2%

+ 2%

NC

Poor

NC

NC

NC

NC

− 5%

+ 3%

+ 3%

Very poor

NC

NC

NC

NC

− 2%

− 1%

+ 3%
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Table 5 Effect of regression-based correction on classification
success―letter grades (i.e., the change in the percent of cases for
which FBI and FBI27corrected letter grades match, relative to the
percent of cases for which FBI and FBI27 grades match; NC, no
change)
Change in classification success:
FBI27corrected vs FBI27
A
FBI

B

C

D

F

A

+ 7%

NC

− 7%

NC

NC

B

+ 2%

+ 12%

− 14%

NC

NC

C

NC

+ 2%

− 3%

− 1%

NC

D

NC

NC

NC

− 2%

+ 2%

F

NC

NC

NC

− 4%

+ 4%

2011) suggests a need to investigate other potential sources
of bias associated with survey design and indicator selection. A key challenge of regional monitoring programs is
to make inferences about the population of streams from
site-scale data. As noted by several authors (e.g., Herlihy
et al. 2000; Stevens 1994; Thompson 2002), accuracy may
be enhanced by randomizing site selection and proportionally representing stream types. Finally, given that the FBI
was developed in Wisconsin, with tolerance scores
assigned based on taxa-specific responses to organic enrichment, questions remain about its suitability as the
singular indicator for reporting on water quality in streams
draining southern Ontario’s mixed-use watersheds. Modeling studies that investigate the FBI’s response to multiple
stressors of interest in the Ontario region are warranted.
Such studies could facilitate the development of locally
relevant interpretive criteria and might suggest the need to
consider other indicator metrics.
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