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Benthic Indicators, Monitoring Design and

Interpretation Issues

Overview

Chesapeake Bay accomplishments

1.   Index development 

2.   Index relationship to watershed stressors

3.   Sample allocation

4.   Index relationship to habitat quality

5.   Causes of degradation (diagnostics)

6.   Impaired waters designations – 303(d)

7.   Functional metric/index (Secondary productivity)

8.   BIBI recalibration

9.   International collaboration

3



(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)

(2) Establishing relationships between the BIBI and land use patterns, 

nutrient loads, low dissolved oxygen events, and sediment 

contaminants at watershed levels. (Dauer et al. 2000. Estuaries)
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)

(2) Establishing relationships between the BIBI and land use patterns, 

nutrient loads, low dissolved oxygen events, and sediment 

contaminants at watershed levels. (Dauer et al. 2000. Estuaries)

(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Alden et al. 1997. Marine Pollution Bulletin;  

Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)

(2) Establishing relationships between the BIBI and land use patterns, 

nutrient loads, low dissolved oxygen events, and sediment 

contaminants at watershed levels. (Dauer et al. 2000. Estuaries)

(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Alden et al. 1997. Marine Pollution Bulletin;  

Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )

(4) Quantifying the relationship 

between benthic biotic integrity 

and benthic habitat quality.

(Diaz et al. 2003. Journal of Experimental

Marine Biology and Ecology)
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(5)  Diagnostic approaches to causes of degradation of benthic communities. 

Low dissolved oxygen

Eutrophication

Sediment Contamination

(Dauer et al. 2002. EPA Technical Report)
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(5)  Diagnostic approaches to causes of degradation of benthic communities. 

Low dissolved oxygen

Eutrophication

Sediment Contamination

(Dauer et al. 2002. EPA Technical Report)

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d

(Llansó et al. 2009. Marine Pollution Bulletin)
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(5)  Diagnostic approaches to causes of degradation of benthic communities. 

Low dissolved oxygen

Eutrophication

Sediment Contamination

(Dauer et al. 2002. EPA Technical Report)

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d 

(Llansó et al. 2009. Marine Pollution Bulletin)

(7) Functional metric/index approach 

Benthic Secondary Productivity  

(Dauer et al. 2011. VADEQ Technical Report;

Sturdivant et al. 2014. Estuaries and Coasts;

Llansó et al. 2017. In Preparation)
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(7) Functional metric/index approach 

Benthic Secondary Productivity  

(Dauer et al. 2011. VADEQ Technical Report;

Sturdivant et al. 2014. Estuaries and Coasts;

Llansó et al. 2017. In Preparation)

(8) BIBI recalibration   

(Llansó et al. 2016. VADEQ Technical Report; de-la-Ossa et al. 2016. Ecological Indicators)
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(7) Functional metric/index approach 

Benthic Secondary Productivity  

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

(8) BIBI recalibration   

(Llansó et al. 2016. VADEQ Technical Report

de-la-Ossa et al. 2016. Ecological Indicators)

(9)   International collaboration  
(Borja and Dauer. 2008. Ecological Indicators; 

Borja et al. 2010. Estuaries and Coasts; 

Borja et al. 2012. Ecological Indicators)
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(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)
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(1) Benthic Index of Biotic Integrity (BIBI). 
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Benthic Index of Biotic Integrity

(B-IBI)
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(i) Defining criteria for degraded and undegraded sites 

based on nonbiological measures such as bottom-water 

dissolved oxygen and sediment contaminant 

concentrations; 

(ii) identifying biological measures which respond to (and 

differ among) degraded and undegraded sites; 

(iii) adjusting these responses for habitat differences, if 

necessary;

(iv) combining responsive measures into an index; and

(v)     validating the index using independent data. 

Indices formulated on ecological principles and properly 

validated will better communicate the complexity of ecological 

integrity.

Benthic Index of Biotic Integrity

(B-IBI)
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Benthic Index of Biotic Integrity

(B-IBI)

Summer Index period July 15 – Sept. 30

17 Candidate Metrics

Test Candidate Metrics (reference against degraded)

Scaled scoring (1-3-5- or 1-3-5-3-1)

Independent data set
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Benthic Index of Biotic Integrity

(B-IBI)

Summer Index period July 15 – Sept. 30

17 Candidate Metrics

Eleven metrics are used to calculate the B-IBI:

 Shannon-Wiener species diversity index

Total species abundance

Total species biomass

 Percent abundance of pollution-indicative taxa

 Percent abundance of pollution-sensitive taxa

Percent biomass of pollution-indicative taxa

Percent biomass of pollution-sensitive taxa

Percent abundance of carnivore and omnivores

Percent abundance of deep-deposit feeders

Tolerance Score

Tanypodini to Chironomidae percent abundance ratio
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Benthic Index of Biotic Integrity

(B-IBI)

Metric selection and scoring thresholds habitat specific

(7 habitats determined)

Habitat

Bottom Salinity 

(psu)

Silt-clay (<63 µ) content by 

weight (%)

Tidal freshwater < 0.5 N/A

Oligohaline ≥ 0.5 - 5 N/A

Low Mesohaline ≥ 5 – 12 N/A

High Mesohaline sand ≥ 12 - 18 0 - 40

High Mesohaline mud ≥ 12 - 18 > 40

Polyhaline sand ≥ 18 0 - 40

Polyhaline mud ≥ 18 > 40
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Index of Biotic Integrity (IBI)
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• Value is the mean of the metric scores

• Range is 1-5

• Values < 3 represent degraded benthos

• Values ≥ 3 represent undegraded benthos

Chesapeake Bay - B-IBI

24



B-IBI Thresholds

Example of Polyhaline Sand Habitat

Score

5 3 1

Shannon-Wiener ≥3.5 2.7-3.5 <2.7

Abundance (m–2) ≥3,000-5,000 1,500-3,000 or 

≥5,000-8,000

<1,500 or 

≥8,000

Biomass (g m-2) ≥5-20 1-5 or ≥20-50 <1 or ≥50

Pollution Indicative 

species biomass (%)

≤ 5 5-15 > 15

Pollution Sensitive species 

abundance (%)

≥50 25-50 <25

Deep deposit feeder 

abundance (%)

≥25 10-25 <10

25



Summary Advantages

Simple communication 

Binomial categories

≥ 3 represent undegraded condition

< 3 represent degraded condition

Additional categories

≥ 3 represent undegraded condition

2.9 – 2.7 – Marginal

2.6 – 2.1 – Degraded

≥ 2.0 – Severely degraded

B-IBI

All Sites

Value of Metric

F
re

q
u

en
cy

Degraded Reference
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Summary Advantages

Simple communication 

Binomial categories

≥ 3 represent undegraded condition

< 3 represent degraded condition

Additional categories

≥ 3 undegraded 

2.9 – 2.7 – Marginal

2.6 – 2.1 – Degraded

≥ 2.0 – Severely degraded

B-IBI
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Summary Advantages

1.  Simple communication 

2.   Metric thresholds become Restoration Goals

3.   Metrics can be examined for additional insight   

into causes of degradation

B-IBI

All Sites

Value of Metric
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Degraded Reference
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)

(2) Establishing relationships between the BIBI and land use patterns, 

nutrient loads, low dissolved oxygen events, and sediment 

contaminants at watershed levels. (Dauer et al. 2000. Estuaries)
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BIBI and Land Use

Percent Forested Land Use
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BIBI and Land Use 32



BIBI and Land Use

Percent Forested Land Use
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BIBI and Land Use

Percent Forested Land Use
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BIBI and Land Use

Population Density per Acre
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BIBI and Land Use

% of low dissolved oxygen events
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BIBI and Land Use

Urban land use -

contaminants

Percent urban land use
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BIBI and Land Use

Chl a  - Agricultural land use
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Summary Relationships

B-IBI relationships
39



Summary Relationships

1.  Exposure variables

Low dissolved oxygen events

Sediment contaminants

2.  Negative with anthropogenic inputs & activities

Population density

Point source loads

Total nitrogen loads

3.  Positive with forested land use

B-IBI relationships
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)

(2) Establishing relationships between the BIBI and land use patterns, 

nutrient loads, low dissolved oxygen events, and sediment 

contaminants at watershed levels. (Dauer et al. 2000. Estuaries)

(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid;

Alden et al. 1997 )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring and Assessment; Dauer and Llansó. 2003. Ibid;

Alden et al. 1997 )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring and Assessment; Dauer and Llansó. 2003. Ibid;

Alden et al. 1997 )

The Chesapeake Bay Benthic Monitoring Team:

(1)   Evaluated the sampling design of the EMAP-VA program. 

(2) Recognized the essential importance of areal based estimates of benthic 

community condition with known confidence intervals unavailable with a 

fixed-point station design.

(3) Adding probability-based sampling would require reduction in intra-annual 

seasonal sampling (zero sum budgeting).

(4) An effort to optimize spatial interpretation and minimize reduction in 

statistical power to detect long-term trends in benthic community condition. 
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring and Assessment; Dauer and Llansó. 2003. Ibid;

Alden et al. 1997 )

Tested 

(1)   Homogeneity among seasons.

(2) Power to detect trends in (a) abundance, (b) biomass, (c) diversity and (d) 

proportional abundance of opportunistic taxa.  

(3) Magnitude of differences between reference and degraded sites.

(4) Summer was the optimal season to sample for both power and magnitude of 

difference between reference and degraded sites. 
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )

Samples allocated among 10 strata

25 random sites per stratum

Data can be summarized 

A.  Bay-wide

B.  State-wide

C.  Tributary

D.  Segment
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )

Samples from 1994 – 2000

n = 1,446

Samples allocated among 10 strata

25 random sites per stratum

Data can be summarized 

A.  Bay-wide

B.  State-wide

C.  Tributary

D.  Segment
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )
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Isoplething of condition is 

possible

Probability (Random) Sampling
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Summary Advantages

1.  Areal estimates of strata with known CIs

2.  Data can be post-hoc stratified

3. Strata can be combined by areal weighting

Probability (Random) Sampling
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(1) Benthic Index of Biotic Integrity (BIBI). 
(Weisberg et al. 1997. Estuaries; Alden et al. 2002. Environmetrics)

(2) Establishing relationships between the BIBI and land use patterns, 

nutrient loads, low dissolved oxygen events, and sediment 

contaminants at watershed levels. (Dauer et al. 2000. Estuaries)

(3) Implementation of probability-based sampling to generate areal 

estimates of levels of degraded benthos.

(Alden et al. 1997. Marine Pollution Bulletin;  

Llansó et al. 2003. Environmental Monitoring 

and Assessment; Dauer and Llansó. 2003. Ibid )

(4) Quantifying the relationship 

between benthic biotic integrity 

and benthic habitat quality.

(Diaz et al. 2003. Journal of Experimental

Marine Biology and Ecology)
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(4) Quantifying the relationship 

between benthic biotic integrity 

and benthic habitat quality.

(Diaz et al. 2003. Journal of Experimental

Marine Biology and Ecology)
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Summary Relationships

1. Independent estimates of habitat quality 

and biotic integrity 

2. Logical relationships confirmed

Habitat Quality and Biotic Integrity
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(5)  Diagnostic approaches to causes of degradation of benthic communities. 

Low dissolved oxygen

Eutrophication

Sediment Contamination

(Dauer et al. 2002. EPA Technical Report)
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Anoxia or Hypoxia

Eutrophication 

without low DO

Contaminants

Exposure 

Variables
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Anoxia or Hypoxia

Eutrophication 

without low DO

Contaminants

Linear 

Discriminant 

function

Excessive 

Abundance

Insufficient 

Abundance

Exposure 

Variables
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Causes of 

benthic community degradation

I.  Sediment contamination

Discriminant function

II.  Organic enrichment (absent low DO)

Excessive abundance metric

III.  Low dissolved oxygen

Insufficient abundance metric
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Causes of 

benthic community degradation

I.  Sediment contamination

Discriminant function
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Causes of benthic community degradation

I.  Sediment contamination

Linear discriminant function

63 benthic metrics

Two stress groups

Contaminant

Others

Validation rate – 85%
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Causes of 

benthic community degradation

I.  Sediment contamination

Discriminant function

II.  Organic enrichment (absent low DO)

Excessive abundance metric

III.  Low dissolved oxygen

Insufficient abundance metric
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata

Contaminant (Cont)

Cont & Excessive Abundance

Cont & Insufficient Abundance

Excessive Abundance
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Degradation Categories
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Degradation Categories
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata

Contaminant (Cont)
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Eutrophication

86



Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata

0

5

10

15

W
es

te
rn

Pat
uxe

nt

Pot
om

ac

Eas
te

rn

R
ap

pa
Yor

k

Ja
m

es

Pag
an

Add Pagan River data

Pagan River
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Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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River data
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James River

Pagan River
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Pagan River prior to 1996

TN annual mean -1.8 mg/L 

(summer mean - 3.5 mg/L) 

TP annual mean - 0.8 mg/L 

(summer mean  1.3 mg/L)

Chlorophyll a levels 30 - 140µg/L

(summer mean  100 µg/L)

Secchi depth 0.4m 

Little vertical stratification

One sewage treatments plant 

Two meat packing plants in Smithfield

90



Degradation Categories
Contaminant effect (p > 0.9) 

in samples with a BIBI < 3.0

Tributary strata
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Summary 
1. Sediment contamination

Linear discriminant function

2. Moderate eutrophication
Single metric (excessive abundance)

3. Low dissolved oxygen
Single metric (insufficient abundance)

Diagnostic approaches to causes of degradation 
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(5)  Diagnostic approaches to causes of degradation of benthic communities. 

Low dissolved oxygen

Eutrophication

Sediment Contamination

(Dauer et al. 2002. EPA Technical Report)

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d

(Llansó et al. 2009)
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(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d

(Llansó et al. 2009) 

Years 2000-2004

1,430 samples

85 segments
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(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d

(Llansó et al. 2009) 

To meet the requirements of the Clean Water Act, the States of Maryland

and Virginia are using benthic biological criteria for identifying impaired

waters in Chesapeake Bay and reporting their overall condition.

1. The impaired waters decision approach combines multiple benthic habitat-

dependent indices in a Bay segment (equivalent to water bodies) with a

statistical test of impairment.

2. The method takes into consideration uncertainty in reference conditions,

sampling variability, multiple habitats, and sample size.

3. Twenty-two segments were considered impaired for benthic community

condition.

95



303D Assessment 2000-2004 

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

Impaired Segment

Impaired but BIBI ≥ 3.0
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(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

Impaired Segment

Impaired but BIBI ≥ 3.0

New impaired segment

303D Assessment 2009-2014 
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303d Assessment 2000-2004 

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

Impaired Segment

Impaired but BIBI ≥ 3.0

New impaired segment

303D Assessment 2000-2004 
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303d Assessment 2009-2014 

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

Impaired Segment

Impaired but BIBI ≥ 3.0

New impaired segment

303D Assessment 2009-2014 
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303d Assessment 2000-2004 

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

Impaired Segment

Impaired but BIBI ≥ 3.0

New impaired segment

303D Assessment 2000-2004 
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303d Assessment 2009-2014

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

Impaired Segment

Impaired but BIBI ≥ 3.0

New impaired segment

303D Assessment 2009-2014 
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(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2009) 

23 impaired segments in 2009-2014 

22 segments in 2000-2004

15 impaired segments in common

The previous five impaired segments of the 

Elizabeth River watershed are not listed –

inadequate sample size. 
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Causes of 

benthic community degradation

I.  Sediment contamination

Discriminant function

II.  Organic enrichment (absent low DO)

Excessive abundance metric 

III.  Low dissolved oxygen

Insufficient abundance metric
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Add diagnostics elements

Causes of 

benthic community degradation

I.  Sediment contamination

Discriminant function

II.  Organic enrichment (absent low DO)

Excessive abundance metric 

III.  Low dissolved oxygen

Insufficient abundance metric
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SCDT
Sediment Contaminant 

Discriminant Tool

p > 0.5

NO

Excessive 

Abundance

YES NO

Eutrophication 

without low DO

Develop TMDL to 

reduce nutrients

Nutrients corrected
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SCDT
Sediment Contaminant 

Discriminant Tool

p > 0.5

NO

Insufficient

Abundance

YES NO

Eutrophication 

with low DO

Develop TMDL to 

reduce nutrients

Nutrients corrected
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(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2003) 

Summary 
1. Water body test developed

2. Compares recent benthic samples 
with original reference sample

3. Combines different habitats

4. Diagnostic approaches can be applied
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(5)  Diagnostic approaches to causes of degradation of benthic communities. 

Low dissolved oxygen

Eutrophication

Sediment Contamination

(Dauer et al. 2002. EPA Technical Report)

(6)  Impaired waters designations of Maryland DNR and Virginia DEQ

303d (Llansó et al. 2003) 

(7)  Functional metric/index approach
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(7) Functional metric/index approach

Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report. 
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(7) Functional metric/index approach

Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report. 

114



(7) Functional metric/index approach

Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report. 
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(7) Functional metric/index approach

Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report. 
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Edgar (1990) 

P = 0.0049 × B 0.80 T 0.89

P - per sample daily macrobenthic production

B - per sample standing crop biomass (mg AFDW) 

T - water temperature in C 
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters Brey’s (2001)

log10 (P/B) = 7.947 -2.294 × log10 (w) - (2409.856 × 1/T) + 

(0.168 × 1/D) + (0.194 × Subtid) + (0.180 × InfEpi ) + (0.174 ×

Tax1) - (0.188 × Tax2 ) + (0.330 × Tax3) + (582.851 × log10 (w) 

× 1/T)

w - mean body mass per individual expressed in kJ

D sample depth in meters

T - temperature in K and several discrete (dummy) variables which took the following form:

Dummy variables

Subtid increases the P/B ratio with a  a depth of > 1 meter

InfEpi is set to 1 if the organism is infaunal also resulting in an increase in the P/B ratio

Tax1, Tax2 and Tax3 are dummy variables that identify specific taxon effects - (1)  annelid 

or crustacean; (2) echinoderm or (3) an insect, respectively, and 0 if otherwise.
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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Figure 6.  Mean standing stock biomass (gC/m2) by the habitat types of Weisberg et al. (1997).  Bar indicates one standard error. All random data from 
1996 -2009 n =  3,919.

(7) Functional metric/index approach - Benthic secondary productivity

Estuarine pattern of benthic secondary production

Low to High salinity habitats 10:1
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Figure 5.  Mean secondary production (gC/m2/yr) by the habitat types of Weisberg et al. (1997).  
Bar indicates one standard error. All random data from 1996 -2009 n = 3,919.

(7) Functional metric/index approach - Benthic secondary productivity

Estuarine pattern of benthic secondary production

Low to High salinity habitats 2:1
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(7) Functional metric/index approach - Benthic secondary productivity

Estuarine pattern of benthic secondary production
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(7) Functional metric/index approach - Benthic secondary productivity

Estuarine pattern of benthic secondary production
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(7) Functional metric/index approach - Benthic secondary productivity

Estuarine pattern of benthic secondary production
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Low dissolved oxygen effects
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Figure  14.  Mean community abundance by the CBP benthic strata.  Bar indicates one standard error. UPB – Upper Mainstem, MWT – Maryland Western Tributaries, MET 
Figure 15.  Mean B-IBI by the habitat types by the CBP benthic strata.  Bar indicates one standard error. UPB – Upper Mainstem, MWT – Maryland Western Tributaries, MET 

Figure 16.  Mean species per sample ) by the CBP benthic strata.  Bar indicates one standard error
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

90% reduction in 

benthic production
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Sigmoid DO – benthic 

production relationship
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Taxocene patterns

(Used Edgar’s equation)

Low dissolved oxygen effects
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Polychaete tolerance

Low dissolved oxygen effects
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(7) Functional metric/index approach - Benthic secondary productivity

Low dissolved oxygen effects
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Sample Depth (m)

Lower Potomac River (POTMH)

Water 

Depth (m) 

Mean Secondary 

Productivity 

(gC/m2/yr) n

% of samples 

with no benthos

5.00 243.00 75 8.0

10.00 43.11 103 39.8

15.00 14.94 48 41.7

20.00 4.96 18 72.2
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Contaminant effects
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Contaminant effects

10 benthic strata

BIBI

Biomass

Benthic Productivity
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Figure 15.  Mean B-IBI by the habitat types by the CBP benthic strata.  Bar indicates one standard error. 

ELR – Elizabeth River
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Figure 13.  Mean standing stock biomass (gC/m2) by the CBP benthic strata.  Bar indicates one standard error. 

ELR – Elizabeth River
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Figure 12.  Mean secondary production (gC/m2/yr) by the CBP benthic strata.  Bar indicates one standard error. 
UPB – Upper Mainstem, MWT – Maryland Western Tributaries, MET – Maryland Eastern Tributaries, PMR – Potomac River, RAP – Rappahannock River, 
PXR – Patuxent River, JAM – James River, MMS – Middle Mainstem, YRK – York River, ELR – Elizabeth River, VBY – Virginia Mainstem.

ELR – Elizabeth River

142



(7) Functional metric/index approach - Benthic secondary productivity
143



(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Production equation matters

Estuarine pattern of benthic secondary production

Low dissolved oxygen effects

Contaminant effects

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks

Develop species specific estimates of potential availability of the 

benthic production to higher trophic levels. 

Important ecological factors are 

(1) protective coverings such has molluscan shells and crustacean 

exoskeletons that reduce predation, 

(2) depth of dwelling within the sediment that might provide a 

refuge from predation, 

(3) body size factors that affect strength of protective coverings 

and/or age-related sediment depth dwelling location, and 

(4) general behaviors that can modify susceptibility to predation, 

e.g.  rapid motility. 

145



(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks

Anoxia

Contaminants  
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(7) Functional metric/index approach - Benthic secondary productivity

Dauer et al. 2011. VADEQ Technical Report

Trophic transfer challenges

Susceptibility to predation 

Microbial sinks

Anoxia

Contaminants  

151



(8) BIBI recalibration   

(Llansó, et al. 2016. VADEQ Technical Report; de-la-Ossa et al. 2016. Ecological Indicators)

All Sites

Value of Metric

F
re

q
u

en
cy

Degraded Reference
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Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Tidal Freshwater

Reference 55 40 72.7

Degraded 161 58 36.0

Total 216 98 45.4

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Oligohaline

Reference 24 17 70.8

Degraded 111 70 63.1

Total 135 87 64.4

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Low Mesohaline

Reference 92 51 55.4

Degraded 214 156 72.9

Total 306 207 67.6

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

High Mesohaline Sand

Reference 189 91 48.2

Degraded 58 32 55.2

Total 247 123 49.8

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

High Mesohaline Mud

Reference 106 30 28.3

Degraded 309 241 78.0

Total 415 271 65.3

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Polyhaline Sand

Reference 240 163 67.9

Degraded 46 23 50.0

Total 286 186 65.0

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Polyhaline Mud

Reference 47 18 38.3

Degraded 179 164 91.6

Total 226 182 80.5

Overall 1831 1154 63.0

Table 5. Classification efficiencies within habitat type and across all habitat
types for both Reference and Degraded sites based on B-IBI values scored using
thresholds defined in Weisberg et al. (1997) and Alden et al. (2002) and the
entire calibration and validation datasets assembled for this project.
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Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Tidal Freshwater

Reference 22 15 68.2

Degraded 161 49 30.4

Total 183 64 35.0

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Oligohaline

Reference 9 5 55.6

Degraded 111 32 28.8

Total 120 37 30.8

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Low Mesohaline

Reference 33 25 75.8

Degraded 214 101 47.2

Total 247 126 51.0

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

High Mesohaline Sand

Reference 65 53 81.5

Degraded 58 18 31.0

Total 123 71 57.7

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

High Mesohaline Mud

Reference 39 32 82.1

Degraded 309 159 51.5

Total 348 191 54.9

Correctly Classified

Habitat
a priori Classification Sample # Number Percentage

Polyhaline Sand

Reference 81 77 95.1

Degraded 46 9 19.6

Total 127 86 67.7

Correctly Classified

Habitat a priori Classification Sample # Number Percentage

Polyhaline Mud

Reference 15 15 100

Degraded 179 70 39.1

Total 194 85 43.8

Overall 1342 660 49.2

Table 6. Classification efficiencies within habitat type and across all habitat 
types for both Reference and Degraded sites based on B-IBI values scored 
using new thresholds and the validation dataset assembled for this project. 
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Figure 1. Comparison of thresholds between 
the original Reference dataset of 
Weisberg et al. (1997) and the new 
Reference dataset assembled for this 
project for Shannon index (H’).
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Figure 2. Comparison of thresholds between the
original Reference dataset of Weisberg et al.
(1997) and the new Reference dataset assembled
for this project for abundance (#/m2)
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Figure 3. Comparison of thresholds between the
original Reference dataset of Weisberg et al.
(1997) and the new Reference dataset assembled
for this project for biomass (g AFDW/m2)
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Figure 4. Comparison of thresholds between the
original Reference dataset of Weisberg et al.
(1997) and the new Reference dataset assembled
for this project for abundance of pollution
indicative taxa (%)
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Figure 5. Comparison of thresholds between the 
original Reference dataset of Weisberg et al. 
(1997) and the new Reference dataset assembled 
for this project for abundance of pollution 
sensitive taxa (%)
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Figure 6. Comparison of thresholds between the original
Reference dataset of Weisberg et al. (1997) and the new
Reference dataset assembled for this project for biomass of
pollution indicative taxa (%)
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Figure 7. Comparison of thresholds between the original Reference dataset of
Weisberg et al. (1997) and the new Reference dataset assembled for this
project for biomass of pollution sensitive taxa (%)
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Figure 8. Comparison of thresholds between the original Reference dataset of
Weisberg et al. (1997) and the new Reference dataset assembled for this
project for abundance of carnivore and omnivores (%)
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Figure 9. Comparison of thresholds between the original Reference dataset of
Weisberg et al. (1997) and the new Reference dataset assembled for this
project for abundance of deep-deposit feeders (%)
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Figure 10. Comparison of thresholds between the original Reference dataset of Weisberg 
et al. (1997) and the new Reference dataset assembled for this project for 
abundance of pollution indicative freshwater and oligohaline taxa (%, upper panel),
and abundance of pollution sensitive oligohaline taxa (%, lower panel)
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(7) Functional metric/index approach 

Benthic Secondary Productivity  

Dauer et al. 2011. VADEQ Technical Report

Sturdivant et al.  2014. Estuaries and Coasts

(8) BIBI recalibration   

(Llansó, et al. 2016. VADEQ Technical Report

de-la-Ossa et al. 2016. Ecological Indicators)

(9)     International collaboration  
(Borja and Dauer. 2008. Ecological Indicators; 

Borja et al. 2010. Estuaries and Coasts; 

Borja et al. 2012. Ecological Indicators)

166



(9)     International collaboration  
(Borja and Dauer. 2008. Ecological Indicators; 

Borja et al. 2010. Estuaries and Coasts; 

Borja et al. 2012. Ecological Indicators)

Index Characteristics

Adaptive Monitoring
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(9)     International collaboration  
(Borja and Dauer. 2008. Ecological Indicators; 

Borja et al. 2010. Estuaries and Coasts; 

Borja et al. 2012. Ecological Indicators)
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Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function

Index development
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Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Benthic recovery rates

Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Benthic recovery rates

Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Reference Conditions

Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Reference Conditions

Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function
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Summarize European Water Framework Directive approaches

Ecosystem services and ecosystem function

The development of indices, their comparison and the assessment of the causes of

their discrepancies have been largely discussed but less attention has been paid to the 

methods used for the setting of adequate reference conditions, although this step is 

clearly crucial for the sound assessment of ES. 

This contribution reviews the approaches available in setting both 

reference conditions:

Pristine areas

Hindcasting

Modelling and 

Best Professional Judgment

and targets: 

Baseline set in the past

Current baseline and 

Directional/trends

We scored the use of pristine or minimally impacted conditions as the best single 

method.
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Benthic Indicators, Monitoring Design and

Interpretation Issues

Overview

Chesapeake Bay accomplishments

1.   Index development 

2.   Index relationship to watershed stressors

3.   Sample allocation

4.   Index relationship to habitat quality

5.   Causes of degradation (diagnostics)

6.   Impaired waters designations – 303(d)

7.   Functional metric/index (Secondary productivity)

8.   BIBI recalibration

9.   International collaboration
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(9)     International collaboration  
(Borja and Dauer. 2008. Ecological Indicators; 

Borja et al. 2010. Estuaries and Coasts; 

Borja et al. 2012. Ecological Indicators)

(10) Index comparisons - Chesapeake Bay
(Ranasinghe et al. 2002. Environmetrics; 

Llanso et al. 2009. Environmental Monitoring and Assessment;

Borja et al. 2008. Ecological Indicators)
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(10) Index comparisons - Chesapeake Bay
(Ranasinghe et al. 2002. Environmetrics)
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(10) Index comparisons - Chesapeake Bay
(Ranasinghe et al. 2002. Environmetrics)
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(10) Index comparisons - Chesapeake Bay
(Ranasinghe et al. 2002. Environmetrics)

182



1. B-IBI includes several community measures and weights them 

equally using a simple scoring system that compares them against 

values expected for undegraded sites. It includes measures of 

species diversity, productivity, indicator species and trophic 

composition. 

2. The EMAP-VP BI uses discriminant function coefficients to weight 

contributions of species diversity and the abundances of two indicator 

families. 

3. The two indices agreed on degraded or undegraded classifications 

for benthos at 81.3% of the sites. 

4. The B-IBI was more conservative than the EMAP-VP BI, classifying 

72.7% of the disagreements as degraded. Many of the classification 

disagreements were at sites with index values close to, but on 

opposite sides of, the degraded–undegraded thresholds

(10) Index comparisons - Chesapeake Bay
(Ranasinghe et al. 2002. Environmetrics)
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(10) Index comparisons - Chesapeake Bay
(Llanso et al. 2009. Environmental Monitoring and Assessment)
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Compared (1) BIBI, (2) MAIA, and (3) EMAP_VP

1. Higher level of degradation with BIBI

2. Other indices classified degraded samples as good at 

higher rate

3. There were sample design interactions with level of 

degradation.

(10) Index comparisons - Chesapeake Bay
(Llanso et al. 2009. Environmental Monitoring and Assessment)
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(10) Index comparisons - Chesapeake Bay
(Llanso et al. 2009. Environmental Monitoring and Assessment)
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(10) Index comparisons - Chesapeake Bay
(Llanso et al. 2009. Environmental Monitoring and Assessment)
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(10) Index comparisons - Chesapeake Bay
(Borja et al. 2008. Ecological Indicators)
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(10) Index comparisons - Chesapeake Bay
(Borja et al. 2008. Ecological Indicators)
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(10) Index comparisons - Chesapeake Bay
(Borja et al. 2008. Ecological Indicators)
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