
EEOS 630

Biol. Ocean. Processes

Chapter 6

Class 11-14

Revised: 12/4/08

E. D. Gallagher ©2008 

BENTHIC POLLUTION BIOLOGY


TABLE OF CONTENTS 
Page: 

List of Tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 


List of Figures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 


Assignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Topic  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Required  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Gallagher, E. D. & K. E. Keay. 1998 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Grassle, J. F. and J. P. Grassle. 1974  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Grassle, J. F. and W. K. Smith. 1976.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Rosenberg, R. 2001  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Supplemental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

Gray J. M. Aschan, M. R. Carr, K. R. Clarke, R. H. Green, T. H. Pearson, R. Rosenberg, and R. M.


Warwick. 1988.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Pearson, T. H. and R. Rosenberg. 1978  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Rhoads, D. C., P. L. McCall, and J. L. Yingst. 1978 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4


Warwick, R. M. 1993 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 


Comments on the Readings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 


Comments on applied benthic ecology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 


The what, why & where of benthic monitoring  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 


What is monitoring? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 


Why monitor the benthos? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 


Statistics & sampling designs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 


Type I & Type II error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 


Beyond Type II error & ‘the Oscar Wilde test’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11


Dubious indices, statistics & the Kurt Vonnegut test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14


Ecotoxicology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16


Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16


Predicting pollutant effects at the community level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16


Bioavailability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17


Metals & the SEM/AVS ratio  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17


Nonionic hydrophobic organic compounds  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17


What is the route of exposure? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18


Colloids, fecal pellets, and soot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19


Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20


The West Falmouth oilspill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20


Station 9: a heavily oiled inshore station  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20


Station 35: a lightly oiled offshore station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24


Conclusions from West Falmouth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27


The Exxon Valdez oilspill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28


The GEEP workshop: analyzing benthic samples from a  Norwegian fjord . . . . . . . . . . . . . . . . . . . .  31


Ecotoxicology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34


Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34


IT
Stamp



EEOS 630

Biol. Ocean. Processes

Pollution, P. 2 of 97


Predicting pollutant effects at the community level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34


Bioavailability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35


Metals & the SEM/AVS ratio  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35


Nonionic hydrophobic organic compounds  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35


What is the route of exposure? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36


Colloids, fecal pellets, and soot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37


Terms & concepts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38


Outlines  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38


Assigned  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38


Grassle, J. F. and J. P. Grassle. 1974.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38


Rhoads, D. C., P. L. McCall, and J. L. Yingst. 1978 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39


Supplemental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41


Pearson, T. H. and R. Rosenberg. 1978  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41


Web Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46


References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47


Development of monitoring programs per se . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47


General Pollution (Sewage; see organic enrichment, metals and oil below) . . . . . . . . . . . . . . . . . . . . . . . . . . . 51


Organic enrichment (e.g., sewage & Kelp) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56


Hypoxia and community structure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59


Metals and the benthos  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60


Oil (Hydrocarbons) and benthic community structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63


West Falmouth 1969 Oilspill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64


Outer Continental Shelf (OCS) Community  Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65


Gulf of Mexico OCS Oil Exploration effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65


Detection of North Sea Oil benthic impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66


Effect of oil drilling on Georges Bank . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67


' PAHs, PCBs, DDT, colloids and benthos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67


Pellets, Bioturbation & Organics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69


Detecting Pollution Effects with Sampling Distributions (ABC, log series, neutral & Lognormal Models) . . . 69


Ecological Indicators (a work in progress)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71


Indicator species  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71


Ampelisca . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71


Comment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71


Capitella . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72


Polydora & Streblospio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76


Mediomastus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77


Mulinia lateralis (Say, 1822) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77


Mya arenaria leukemia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79


Pollution and Meiofauna . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80


Toxicology (not comprehensive)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82


The Fugacity Approach in Toxicology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85


Hubbell’s & other neutral models of diversity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85


EMAP  & Chesapeake Bay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88


Massachusetts (Gray & Peer-reviewed) Benthic Literature (chronological) . . . . . . . . . . . . . . . . . . . . . . . . . . . 88


Miscellaneous  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91


Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93


List of Tables 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 3 of 97 

Table 1. The relationship between Type I and Type II error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9


Table 1  Characteristics of early and late stages of soft-bottom benthic succession from Rhoads et al. (1978) . . . . . . .  40


Table 2 Colonizing species from Rhoads et al. (1978) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40


List of Figures 

Figure 1. A male Capitella sp. I. Note the glistening copulatory setae indicating that this individual is a male or a 

hermaphrodite and the lack of eggs indicating that it is a hermaphrodite. Also shown are two fecal pellets. . . . 5 

Figure 2. A schematic diagram showing the Pearson-Rosenberg (1976, 1978), Rhoads et al. (1978) successional 

paradigm. The legend for the abscissa of the upper panel from Rhoads et al. (1978) is Time since Disturbance, 

while the legend for the lower panel from Pearson & Rosenberg (1976) is Distance from pollution source. The 

key features are a) deepening of the redox-potential discontinuity (r.p.d.) as organic carbon load decreases (or 

time since disturbance), b) replacement of small opportunistic surface and shallow subsurface deposit feeders 

(e.g., Capitella) by deeper feeding larger organisms, especially conveyor-belt feeders. . . . . . . . . . . . . . . . . . . . 6 

Figure 3 Some routes of exposure of toxic pollutants to benthic organisms. The dissolved, unbound form of the pollutant, 
shown in red,  is the major toxic form, and the most likely route of exposure is via porewater and overlying 
water used for respiration. Animals can also be exposed to toxic substances via their food: for deposit feeders 
this is indicated by ingestion of deposits and predation. The kinetics and partitioning of bound and unbound 
pollutants in the gut is largely unknown. Pollutants bound in pellets and soot particles are not readily 

bioavailable.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

Figure 4. Metric scaling of the 18 Station 9 samples. Convex hulls, based on a UPGMA cluster analysis of CNESS m=18 

are also shown.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 

Figure 5. The Gabriel Euclidean distance biplot showing the species that account for the CNESS distance among 

stations. The importance of a species indicated by the vector length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

Figure 5. Sanders-Hurlbert rarefaction curves for West Falmouth Station 9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

Figure 7. Shannon’s H’ and Pielou’s J’, the evenness measure for Shannon’s diversity plotted vs. days since the oilspill. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 
Figure 8. Metric scaling of the Station 35 samples. Convex hulls based on a UPGMA cluster analysis of CNESS m=10… 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 
Figure 9. The Gabriel Euclidean distance biplot for West Falmouth Station 35 showing the species that account for the 

CNESS distance among stations.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

Figure 10. Sanders Hurlbert-rarefaction curves for the Station 35 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 

Figure 11. A non-dimensional diversity graph, produced by dividing the log-series expectation by the rarefaction curves 
(shown in Fig. 10). The three Oct. 70 ! Jan. 71samples and the late summer 1970 samples show drastic 
departures from log-series expectation. The August and September 1970 samples had a very high frequency of 

M. ambiseta individuals.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

Figure 12. Shannon’s H’ and Pielou’s J’ for Station 35, plotted against days from the oilspill. . . . . . . . . . . . . . . . . . . . 26 

Figure 16. Ordination diagram for middle intertidal pebble/gravel samples from the 1990 Prince William Sound survey. 
The 95% probability ellipse is estimated from the subset of samples from unoiled reference sites, assuming a 
bivariate normal distribution of sample scores. Only a single heavily oiled site had community structure 

sufficiently different from the reference are to fall outside the 95% confidence ellipse. Fig. 8 from Gilfillan et 

al. (1995).  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

Figure 17. The salinity and Total Organic Carbon normalization used by Schimmel et al. (1994) in developing the 1991 
EMAP-E biotic index is plotted. The expected number of species continues to decline,  reaching about -150 

expected species at 8 x 10 4 ìg/g (8%) Total Organic Carbon. Figure based on equations in Schimmel et al. 

(1994) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 
Figure 18. A. Linear response model in PCA and RA. B. Unimodal response model in (D)CA and CCA. Figure 3.1 and 

3.2 from ter Braak & Šmilauer (1998).  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

Figure 19. Sanders Hurlbert-rarefaction curves for the GEEP data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 

Figure 20. Sanders Hurlbert-rarefaction curves for the GEEP data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 

Figure 21. A non-dimensional diversity graph, produced by dividing the log-series expectation by the rarefaction curves 
(shown in Fig. 20. The horizontal dashed lines at 0.75 and 1.25 are rough benchmarks for severe departures 
from log-series expectation.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 

Figure 22 Some routes of exposure of toxic pollutants to benthic organisms. The dissolved, unbound form of the 
pollutant, shown in red,  is the major toxic form, and the most likely route of exposure is via porewater and 
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overlying water used for respiration. Animals can also be exposed to toxic substances via their food: for deposit 
feeders this is indicated by ingestion of deposits and predation. The kinetics and partitioning of bound and 
unbound pollutants in the gut is largely unknown. Pollutants bound in pellets and soot particles are not readily 
bioavailable.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 

Assignment 

TOPIC 

How does pollution affect soft-bottom benthic community structure? 

REQUIRED 

Gallagher, E. D. & K. E. Keay. 1998. Organism-sediment-contaminant interactions in Boston Harbor. Pp. 89-132 in K. D. 
Stolzenbach and E. E. Adams, eds., Contaminated Sediments in Boston Harbor. MIT Sea Grant College 
Program, Cambridge MA. 170 p. [There is a slightly expanded version of this document available as a pdf at 

http://www.es.umb.edu/edg/ECOS630/GallagherKeay98.pdf] 

Grassle, J. F. and J. P. Grassle. 1974. Opportunistic life histories and genetic systems in marine benthic polychaetes. J. 
Marine Research 32: 253-284. [A classic paper. Describes the succession after the West Falmouth oilspill. 

Grassle & Grassle (1976) showed that the changes in allozyme frequncies in Capitella capitata are caused by 
the succession among Capitella sibling species]. 

Grassle, J. F. and W. K. Smith. 1976. A similarity measure sensitive to rare species and its use in investigation of marine 
benthic communities. Oecologia 25: 13-22. [The NESS similarity index is introduced to analyze beta diversity 
at stations 9 and 35 in the West Falmouth oilspill survey. Mediomastus and Capitella abundant after the west 

Falmouth oilspill] {5, 20, 31, 65} 

Rosenberg, R. 2001. Marine benthic faunal successional stages and related sedimentary activity. Sci. Mar. 65 (Suppl. 2): 
107-119. [A broad insightful review of theories from Petersen to Thorson to Pearson & Rosenberg & Fauchald 

& Jumars]{1} 

SUPPLEMENTAL 

Gray J. M. Aschan, M. R. Carr, K. R. Clarke, R. H. Green, T. H. Pearson, R. Rosenberg, and R. M. Warwick. 1988. 
Analysis of community attributes of the benthic macrofauna of Frierfjord/Langesundfjord, and in a mesocosm 
experiment. Mar. Ecol. Prog. Ser. 46: 235-243. [Description of a copper addition experiment and the fjord 
pollution gradient, analyzed as part of GEEP. The GEEP data, available as Appendix III are reanalyzed 

below.] 

Pearson, T. H. and R. Rosenberg. 1978. Macrobenthic succession in relation to organic enrichment and pollution of the 
marine environment. Oceanogr. Mar. Biol. Ann. Rev. 16: 229-311. [One of the most widely cited benthic 
papers.] 

Rhoads, D. C., P. L. McCall, and J. L. Yingst. 1978. Disturbance and production on the estuarine seafloor. American 
Scientist 66:  577-586. 

Warwick, R. M. 1993. Environmental impact studies on marine communities:  pragmatical considerations. Aust. J. 
Ecology 18: 63-80. 

http://www.es.umb.edu/edg/ECOS630/GallagherKeay98.pdf
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Comments on the Readings 

Grassle & Grassle’s (1974) description of the effects of the West Falmouth oilspill on the 
benthos of Buzzards Bay is a classic. This preliminary survey of the effects of the oilspill was 
followed up by Grassle & Grassle (1976), Grassle & Smith (1976), Sanders (1978) and the 
very important paper by Sanders et al. (1980). The Grassles’ analyses of the West Falmouth 
oilspill set the stage for later studies of oil impacts and laid the foundation for theories of how 
opportunistic benthic populations respond to disturbance and organic enrichment. Data from two 
of the key stations from the West Falmouth oilspill study are reexamined in the Example section 
below. 

The genetic analysis in Grassle & Grassle 
(1974) was quickly revised in Grassle & 
Grassle (1976). Judy and Fred Grassle 
showed  that Capitella capitata, used 
world-wide as the premier pollution 
indicator in marine systems, is a sibling 
species complex, consisting of six distinct 
species. Figure 1 shows Capitella sp. I, 
perhaps the most widespread of the 
Capitella sibling species. A sibling species 
is a true species, reproductively isolated 
from the other members of the sibling 
species complex. Sibling species are not 
distinguishable using standard 
morphological characters. Sibling species 
aren’t just esoteric problems for the 

taxonomists. Knowing your sibling species is important for environmental managers too. For 
example there are at least six sibling species of the Anopheles mosquito. Each sibling species 
lives in a different habitat. Only one of the sibling species carries the parasite that causes malaria. 
This list of Capitella  species has now grown to more than twenty. Grassle et al. (1987) provides 
the most complete listing of the sibling species, their reproductive modes, and karyotypes, the 
number and structure of chromosomes. The Capitella sibling species are sufficiently distinct 
phylogenetically that they differ in the number of chromosomes. . 

Figure 1. A male Capitella sp. I. Note the glistening 
copulatory setae indicating that this individual is a male or 
a hermaphrodite and the lack of eggs indicating that it is a 
hermaphrodite. Also shown are two fecal pellets. 
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Rhoads et al. (1978) present a schematic 
model of how organic enrichment and 
disturbance affect benthic functional groups. 
This conceptual model, shown in Figure 2, 
extends ideas presented first by Grassle & 
Grassle (1974), McCall (1977), and 
Pearson & Rosenberg (1976). Pearson & 
Rosenberg (1978) extends the paradigm 
presented in their earlier 1976 Ambio article. 
Rhoads et al. (1978), Pearson & 
Rosenberg (1978) and Rosenberg (2001) 
argue that pollution causes successional 
changes in benthic communities. Shallow 
surface deposit feeders and shallow 
burrowers, especially small spionids and 

Figure 2. A schematic diagram showing the Pearson- capitellids, are replaced by large head-down 

Rosenberg (1976, 1978), Rhoads et al. (1978) successional conveyor-belt species. 

paradigm. The legend for the abscissa of the upper panel 
from Rhoads et al. (1978) is Time since Disturbance, while Pearson & Rosenberg (1978) is a lengthy 

the legend for the lower panel from Pearson & Rosenberg analysis of the effects of pollution on 

(1976) is Distance from pollution source. The key features temperate, shallow-water benthic 

are a) deepening of the redox-potential discontinuity (r.p.d.) communities. The paper bears up quite well 

as organic carbon load decreases (or time since under close scrutiny. Both Rhoads et al. 

disturbance), b) replacement of small opportunistic surface (1978) and Pearson & Rosenberg (1978) 

and shallow subsurface deposit feeders (e.g., Capitella) by are cited widely by regulatory agencies, e.g., 

deeper feeding larger organisms, especially conveyor-belt the EPA and Mass. DEP. This paradigm of 

feeders. the effects of pollutant on benthic 
communities was extended by Rhoads & co­

workers in a paper of papers. Rhoads & Boyer (1982) focused on the effects of organic 
enrichment on benthic functional groups and includes one definition of succession: “We define 
primary succession as the predictable appearance of macrobenthic invertebrates belonging to 
specific functional types following a benthic disturbance. These invertebrates interact with 
sediment in specific ways. Because functional types are the biological units of interest for this 
study our definition does not demand a sequential appearance of particular invertebrate species 
or genera.” Note that they reject the standard successional framework of  succession being the 
replacement of one species by another. They favor the analysis of functional groups. Huston 
(1994) follows this view in ecology as focusing on the geographic patterns of functional groups. 
Rhoads & Germano (1986) extended the Rhoads et al. (1978) paradigm and described a 
method for quantifying a sample’s position on the gradient using the Organism-Sediment-Index, 
or OSI. This index, which ranges from -10 to +11 provides scores in a sample based on the 
presence of features visible using the Remots camera system. Remots photographs the sediment-
water interface. 
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Comments on applied benthic ecology 

THE WHAT, WHY & WHERE OF BENTHIC MONITORING 

What is monitoring? 

Chapman et al. (1987a) provide this definition of monitoring:  “Monitoring consists of 
repetitive data collection for the purpose of determining trends in the parameters [sic] 
monitored.”  According to Chapman et al. (1987a), monitoring must be based on three 
questions: 

1.	 What beneficial uses should be protected? 
2.	 What water-quality problems have been identified in the past or at present 

that need to be monitored? 
3.	 What major natural and anthropogenic factors affect the ecosystem? 

The first question is difficult to answer. Chapman et al. (1987a) urge ecologists to consider 
which changes are meaningful ecologically or for regulatory purposes. The intrinsic value in the 
preservation of individual populations, communities and ecosystems is discussed in three recent 
volumes: M. Soule, ed., “Conservation Biology” and the National Research Council’s 
“Ecological Knowledge and Environmental Problem Solving” (National Research Council, 
1986) and “Managing Troubled Waters” (National Research Council, 1990). 

Green (1979, p. 68) divides the broad field of ecological survey sampling into three categories: 
baseline studies, monitoring studies, and impact studies. 

C	 In a baseline study, a sampling program is designed to determine the present state 
of the system (e.g., estimates of biological and chemical variables [not 
parameters!]). 

C	 In an impact study, the effects of an impact (e.g., a sediment plume from deep 
seabed mining) are assessed. 

C	 In a monitoring study, the goal is merely to detect change from the present state. 
Baseline data must be available in an impact study to provide a standard against 
which to detect a change. 

Green (1979) describes an optimal impact design study as one in which baseline data exist 
adjacent to the site of a potential environmental impact and at a spatially distant control area, 
removed from the potential influence of the impact. Green (1979) proposed that an impact could 
be assessed through the use of a two-factor analysis of variance (ANOVA), but his design was 
criticized by Hurlbert (1984) who argued that replicated affected areas must be sampled. A 
modified version of the optimal impact design study was proposed by Stewart-Oaten et al. 
(1986); their design had been used to assess the effects of nuclear power plant cooling water in 
near-shore California marine habitats. 
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Green (1989) analyzes the relative effectiveness of different impact designs and compares the 
power efficiency of univariate and multivariate statistics for determining an effect in 
environmental variables. The general conclusion is that multivariate statistics can be much more 
powerful than univariate statistics in detecting environmental change. 

Chapman et al. (1987a) and Green’s (1979) definitions of monitoring need to be ‘fleshed out’ 
to describe how indices of benthic community structure can be used as ‘response’ or ‘criterion’ 
variables in a monitoring plan, and to reconcile the differences between Green (1979) and 
Hurlbert (1984) on what constitutes a valid sample survey design for monitoring. 

First a new definition of monitoring will be proposed: 

Monitoring is a sampling program designed to detect significant 
changes in the distribution of ‘response’ variables and to account 
for observed changes in these variables in terms of ‘explanatory’ 
or ‘predictor’ variables. 

A monitoring plan should be based on established principles of statistics, and where possible, all 
variables, hypotheses and statistical models should be specified in advance. The use of sample 
statistics in the broad sense should be an essential part of almost all monitoring plans. 
Unfortunately, despite token references to the contrary, hypothesis testing using a valid 
sampling design is rarely incorporated in most monitoring studies. A strong case could be made 
for the view that hypothesis testing need not be an essential feature of monitoring. Just as 
museum collections of bird shells provided essential baseline data for documenting the effects of 
DDT in the 1960's, some might feel that data collection per se has intrinsic value. However, 
when funds for monitoring are scarce and the potential array of variables that might be monitored 
is large, data collection without a rigorous sampling design can no longer be justified. 
One of the goals of baseline sampling is to determine the major sources of variation in the data, 
and if possible, to apportion this variation due to different factors (e.g., temporal and spatial 
factors). `Statistics’ are employed in the summary of these data, but may often be only descriptive 
(e.g., correlation matrices, principal components analysis, correspondence analysis, non-metric 
multidimensional scaling). Even though hypothesis testing is not essential to a valid monitoring 
program, the designer of a monitoring program should be careful that the appropriate variables 
are being measured and in the appropriate fashion. 

Why monitor the benthos? 

Benthic infaunal monitoring has been fundamental to, if not the foundation of, most recent 
interdisciplinary studies of anthropogenic influences on marine ecosystems. Some reasons for the 
efficacy of monitoring changes in benthic community structure are that benthic populations are 
relatively sedentary (i.e., they can’t migrate away from a pollution source or source of 
disturbance); their generation times are such that the populations are adapted to short-term 
fluctuations in environmental variables but are capable of a strong numerical response to 
significant long-term environmental changes (i.e., the signal to noise ratio is presumed to be 
high). Moreover, the populations are sensitive enough to respond to relatively low levels of toxic 
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substances (e.g., Grassle et al. 1981 observed pronounced community responses to 90 parts per 
billion of #2 diesel oil in the MERL ecosystem tanks). The recovery time of benthic populations 
is short enough that changes in community structure can be detected in a matter of months, but 
long enough that the community structure is to some extent a response to the integrated habitat 
quality over the previous months or even years. A final reason is that in many estuaries and 
coastal systems, there is a direct coupling between benthic and human populations. For example, 
flounder and lobster feed on Capitella (Becker & Chew 1987) , and are then consumed by 
humans. 

STATISTICS & SAMPLING DESIGNS 

Type I & Type II error 

Type II error is vitally important in assessing environmental effects. Whenever you hear, “There 
were no significant effects …”, you should immediately think, “What was the power of the test?” 
Jumars (1981) provides an interesting example of calculating statistical power, (1- Probability of 
Type II error). Test mining of manganese nodules was conducted in the tropical Pacific abyssal 
plain, and Jumars (1981) could not detect a statistically significant effects on deep-sea benthic 
populations. However, Jumars (1981) also determined that the power of these statistical tests 
was extremely low (i.e., the probability of Type II error was quite high). Most of the individuals 
of many populations could be killed without being able to detect the effect. Table 1 shows the 
logical relationship between Type I and Type II error: 

Table 1. The relationship between Type I and Type II error 

Null 
Hypothesis 

True 

Null Hypothesis 
False 

DECISION BASED 

ON

 STATISTICAL 

TEST 

oReject H Type I error 
Correct Decision 

“Science 
Advances” 

Accept 

oH 

Correct 
Decision 

“No Advance” 
Type II Error 

The goal of most statistical hypothesis testing is to reject false null hypotheses. Karl Popper 
based ‘The Logic of Scientific Discovery’ on  deduction and refutation, not induction and 
confirmation. The creation of a null hypothesis and its refutation fits the logical paradigm known 
as the modus tollens (i.e., `If A then B and `not B’ implies `not A’). Popper stressed refutation 
in his method because confirmation of hypotheses could serve as the basis of a scientific method 
(e.g., Given the null hypothesis A and the deduction, `If A then B’, observation of the event `B’, 
does not warrant the conclusion that `A’ is true.) 
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In environmental monitoring, the traditional null hypothesis is that of `no change’ (e.g., H :  ì  = o 1 

ì2). The probability of Type I error, symbolized as á, is the probability of rejecting a true null 
hypothesis; its magnitude is set through the choice of the critical value of the underlying 
statistical distribution against which the value of the test statistic is to be judged. Conventionally, 
the probability of Type I error is set at 0.05 or 0.01, so that the odds of rejected a true null 
hypothesis are only 1 in 20 or 1 in 100. The choice of a significance level is merely convention, 
and there is justification for choosing a relatively large á-level (e.g., Prob..0.20) for 
environmental monitoring studies. In environmental monitoring, Type II error, or the 
acceptance of a false null hypothesis, may have serious regulatory consequences. For example, 
the depletion of atmospheric ozone is of such immediate world-wide concern that sampling 
programs for Antarctic and Arctic ozone levels should be designed to minimize the probability of 
Type II error. If the null hypothesis is `ozone levels are not changing’, the environmental 
consequences of a large Type II error could be extremely serious. For a given sample size, 
increasing the probability of Type I error (e.g., testing at the á=0.10 rather than á=0.05 level) 
leads to a decrease in the probability of Type II error. Increasing sample size reduces the 
probabilities of both Type I and Type II error. However, if sample size can not be increased, then 
many scientists would argue for á-levels larger than the conventional 0.05 level to reduce the 
probability of Type II error. 

The probability of Type II error can not be calculated without specifying the alternate hypothesis 
(e.g., mean of the variable at time  = 0.9 x mean of the variable at time ). The probability of Type 0 1 

II error for a given null hypothesis and a specified alternate hypothesis is symbolized as ß. The 
power of a test is equal to 1-ß and is the probability of rejecting the null hypothesis when it is 
false (i.e., an alternate hypothesis is correct). The power of a test, for a constant á, can be 
increased through increased sample size. 

The concept of statistical power is often invoked in discussions of monitoring of the marine 
environment, but the concept is too often misapplied. Ecologists and environmental biologists 
appear to have recently discovered the phrase ‘statistical power’. At a recent environmental 
conference, a benthic ecologist argued that six benthic grab samples must be taken at each of 
dozens of locations in Massachusetts Bay at each of several sampling periods. The benthic 
ecologist was asked, “Why take 6 grab samples at each site; why not 2, or why not 20?”  The 
ecologist responded that 6 samples had been found to be necessary to obtain adequate statistical 
power in the George’s Bank infaunal monitoring program, and thus would probably be 
appropriate for the MA Bay benthos. Unfortunately, not a single null hypothesis nor alternate 
hypothesis had been specified in the ecologists monitoring plan. Statistical power can not be 
evaluated unless both the null hypothesis and the alternate hypotheses are specified. 

There are only a few examples of power analyses in the benthic ecological literature. Jumars 
(1981), Caswell & Weinberg (1986), and Green (1989) present some of the only power 
analyses for infaunal benthic communities. Jumars (1981) provides a particularly sobering 
example of the importance of power calculations. To detect a 100% mortality of deep-sea benthic 
populations due to Mn-nodule mining with a probability of Type II error of less than 5% would 
require more than 50 0.25-m2 box core samples for most deep-sea populations. Since a single 

20.25 m  box core requires one full month to process, the costs of deep-sea monitoring would be
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extraordinarily high. The number of samples required to reject the null hypothesis in favor of less 
drastic alternate hypotheses (at the same ß level) would be considerably higher. Caswell & 
Weinberg (1986) analyze the power of several community-level statistics (e.g., diversity 
estimates) and conclude that certain multivariate composite statistics (e.g., diversity indices) are 
more likely to have higher statistical power than the univariate statistics on which they are based. 
Green (1989) concludes that multivariate statistical tests based on Hotelling’s T statistic do not 
have inherently greater power than univariate tests. If environmental stress acts produces effects 
similar to natural patterns of variation in communities, multivariate tests can have considerably 
less power than their multivariate alternatives. 

Beyond Type II error & ‘the Oscar Wilde test’ 

Most scientists agree that monitoring programs should be designed to detect change. The 
monitoring plan should clearly address the following items: 

! The null hypotheses to be tested (usually specified as `no change in the 
distribution of a specific variable or variables) 

! The statistical model and test statistics to be employed. 
! Alternate hypotheses necessary for the calculation of statistical power. 

Another way of specifying the alternate hypothesis is to answer the 
question, “What level of change should the monitoring program be 
designed to detect?” 

It is possible in theory to increase sample size sufficiently to reject most null hypotheses, and to 
reduce the probability of Type II error to very low levels for most alternate hypothesis. Scientists 
must think beyond minimizing the probabilities of Type I and Type II error. In this section, I will 
introduce the concept of moving beyond Type II error. Minimizing Type I and Type II error 
will allow the statistician to state, “The environment has changed.”  Scientists must do more than 
detect change; they must assess the extent, causes of, and ecological implications of that change. 

At first glance, the definition of monitoring that I have proposed above seems to be unwieldy. 
Chapman et al.’s (1987a) and Green’s (1979) definitions of monitoring fail a test, which I call 
the Oscar Wilde Test. One of Oscar Wilde’s famous aphorisms is: 

Question: `What is the second worst thing that could happen to a man?’ 
Answer:  “Not obtaining his heart’s desire”. 
Question: `And what is the worst?’  
Answer:  “Obtaining it.” 

The heart’s desire of every field ecologist since Fisher’s book on experimentation has probably 
been for more replicated field samples and statistical tests with greater statistical power. The 
reason is obvious: significant results get published but nonsignificant results often do not. In the 
Oscar Wilde Test, one evaluates the quality of a sampling design, assuming that the null 
hypotheses will always be rejected. Assume that a change is detected in the environment with an 
á level <0.05. What accessory data need to be collected in order to assess this change?  Is it really 
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due to a change in pollution intensity, or is it merely natural change?  If assessing large-scale 
changes in population abundances or changes far in excess of natural variation is the goal, then 
statistical designs to detect any change whatsoever set only a minimal standard for a monitoring 
plan. 

Another example may clarify the uses of the Oscar Wilde test. In a hypothetical doctoral 
candidacy examination, the candidate presented a sampling design to evaluate phytoplankton 
standing stocks in MA Bay. The doctoral candidate had dutifully specified his null hypothesis as 
“Chl a concentration does not change seasonally” and described an ANOVA design to test his 
null hypothesis. I applied the Oscar Wilde test by saying, “OK let’s assume that you can reject 
that null hypothesis at the á= 0.0001 level, what have you learned?   Everyone knows that Chl a 
concentrations change seasonally, and probably even change on a diel time scale. Are you going 
to be content with rejecting that trivial null hypothesis?”  The student eventually concluded that 
he should think beyond rejecting trivial null hypothesis using tests with high power. He 
eventually designed his field program to collect data appropriate for applying Model II multiple 
regression analyses to assess the relative importance of a wide variety of environmental factors 
(e.g., primary production, temperature, rainfall, salinity, total organic matter) in explaining the 
variance in Chl a concentrations, his dependent variable. Dayton (1979) had reached a similar 
conclusion a decade earlier:  scientists often devote too much effort rejecting trivial null 
hypotheses. 

A monitoring program which is designed solely to detect change in a variable, without explaining 
the reasons for the change, fails the Oscar Wilde test. Such monitoring programs are inadequate. 
A sample survey design for monitoring should do more than achieve high statistical power; it 
should attempt to detect change and explain the changes observed. The field ecologist must 
analyze the appropriate ‘explanatory’ or ‘predictor’ variables at the same time as the ‘response’ 
or ‘criterion’ variables in order to achieve a successful monitoring program. 

Too often, environmental scientists focus too intently on hypothesis testing and the detection of 
environmental impact rather than explanation and assessment of environmental impact. The 
statistician’s solution to moving beyond Type II error is through proper identification of the 
hypothesis to be tested and through replication of the appropriate sampling units. If there is only 
one impacted area, a monitoring program should be designed to assess any changes observed in 
this area (i.e., changes in response variables) and to generate structural models to explain the 
changes in response variables  with meaningful predictor variables. The structural model may be 
merely a multiple regression model, an analysis of covariance, a Sewall Wright path analysis, or 
a log-linear contingency table model. 

Chapman et al. (1987a) go one step further in solving the Type II dilemma, when they state that 
the goal of monitoring is not merely to detect a change in environmental variables, but a trend. 
‘Trend’ usually implies a non-random temporal pattern in the data. Using the Oscar Wilde test, 
it would be possible to take enough samples so that a change in an environmental variable could 
be detected between each and every sampling period; roughly half of these changes would be 
positive and half negative. However, the demonstration of a significant trend in an 
environmental variable is much more difficult to achieve by increasing the number of samples 
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and solves the Oscar Wilde test. Increasing the number of replicates will not produce a trend if 
none exists. However, the recent debate over increasing global temperatures, highlighted by 
Solow & Broadus (1989), illustrates that describing a trend statistically by itself can not be used 
as the basis for a causal explanation. Hanson, a global climate expert from NOAA, had stated 
that the decade of the eighties had three of the warmest years in the century, which statistically 
was unlikely to be due to chance alone. He argued that this was strong evidence in favor of the 
greenhouse effect. Solow & Broadus (1989) demonstrated an increasing trend in the data, 
perhaps dating to the 1880's when fossil-fuel input was not increasing much. The lesson from 
Solow & Broadus (1989) is important. Just because pollutant input is increasing simultaneously 
with changes in community structure, don’t assume that there is a causal relationship. 

It should be noted the detection of a significant temporal trend in a variable (at an á-level of 0.05) 
requires at least four and preferably far more sampling periods. In trend analyses there is one 
null hypothesis, ‘No trend’, but there are many alternate hypotheses: 

C A short-period cycle plus a unidirectional trend. 
C Unidirectional trend. 
C Unidirectional trend confounded with a long-term cyclic trend. 
C Cyclic trend. 

Fred Nichols’ (1985, 1988) documentated a long-term change in benthic community structure in 
the deepest portion of Puget Sound, the  100-fathom (. 200 m) hole in the main basin of Puget 
Sound should give pause to any benthic ecologist who assumes that a 2- or 3- year trend is due to 
a degradation of the marine environment. Nichols (1985) initially attributed the decline in the 
biomass dominant, Pectinaria californiensis, to increases in organic enrichment, citing the 
Pearson-Rosenberg (1978) organic enrichment paradigm. When the benthic community, 
especially the abundance of P. californiensis,  in the 1980's returned to resemble that observed in 
the mid-1960's, Nichols was forced to reject his hypothesis of a long-term unidirectional trend 
(alternate 2 above) in favor of multidecadal  trend driven by long-term hydrographic changes in 
the Sound, coupled to the Pacific decadal oscillation. Gray & Christie (1983) document other 
long-term trends in benthic populations, driven presumably by allogenic trends especially 
hydrography. 

The goal of a monitoring program should be to detect either the temporal or spatial change or 
trend in response variables and to link those variables in a causal model with `explanatory’ 
variables. The dictionary definition of trend emphasizes the spatial, not the temporal connotation: 

trend, n. 1. the general direction of a coast, river, road, etc. 2. the 
general tendency or course, as of events, a discussion, etc.; drift.... 

Spatial information has been used very effectively in many benthic monitoring programs. 
Pearson & Rosenberg (1978) discuss migrating benthic communities. That is, an increasing 
pollutant flux to the marine environment (e.g., at the head of a fjord) results in an expanding 
zone of pollution-tolerant species. A declining flux of pollutants from a point source results in a 
shrinking zone of pollution tolerant species. Stull et al. (1986) provide a good example of the 
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effects of reduced pollution load on the spatial distribution of benthic communities. In the early 
1970s, pollution tolerant species, notably Capitella spp., dominated large areas downstream 
from the Los Angeles sewer outfalls on the Palos Verdes shelf. After the implementation of a 
rigorous pretreatment program that resulted in dramatic reductions in heavy metal, and organic 
pollutant input, the zone of pollution tolerant species shrank to a small zone immediately 
adjacent to the outfall. Superimposed on this pollution-related pattern on the Palos Verdes shelf 
was one of the strange long-term patterns that Gray & Christie (1983) noted pose such problems 
for benthic monitoring programs. Stull et al. (1986), using LA County’s long-term monitoring 
data, document that in the mid-1970s large numbers of gutter worms (the Echiuran worm 
Listriolobus pelodes) appeared on the Palos Verdes shelf. This worm appeared in large numbers 
in the mid-1970s, changed the sediment porewater properties and community structure, and then 
disappeared. Since the late 1970s this species has been found only in low numbers on the Palos 
Verdes shelf. 

DUBIOUS INDICES, STATISTICS & THE KURT VONNEGUT TEST 

In his novel Player Piano, Kurt Vonnegut wrote that any scientist that could not explain his work 
to a 12-year old is probably a charlatan. Using this criterion, much of modern community 
analysis would qualify as charlatanism. Many of the statistical methods employed by benthic 
ecologists are not widely understood even by other well-read ecologists. 

Little space has been devoted here to the discussion of which dependent variables might be used 
to characterize soft-bottom benthic community structure. These variables would certainly include 
abundances of individual species, estimates of species diversity (e.g., as calculated using 
Hurlbert’s expected number of species index), species composition, biomass, and perhaps even 
size composition (e.g., as described by Schwinghamer 1988). 

Not all statistics are valid and certainly not all approaches to monitoring are valid. In soft-bottom 
benthic ecology, there has been a plethora of dubious indices proposed to assess community 
structure. Most of these indices and approaches share a few common features: 

C They are less expensive than standard benthic sampling which relies on the 
identification of all individuals to species. 

C They rarely require taxonomic identifications or competent taxonomists. 
C Some require no benthic sampling or a reduced number of replicate samples. 

While some of these indices may have merit, all should be viewed with caution, and none should 
be made the sole basis of a monitoring program. Some indices, such as Jack Word’s (1978, 
1980a, 1980b, 1980c) infaunal trophic index (published only in the SCCWRP biennial reports), 
can be ruled out almost immediately as being too seriously flawed to merit discussion as a 
monitoring tool. Word’s index forces improper trophic guild classifications into an improperly 
constructed mathematical formula to produce an index of pollution effects. Ironically, Word’s ITI 
was the monitoring method proposed by the MDC in their application for the Section 301 (h) 
waiver from the clean water act. The  dubious indices include: 
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C	 The nematode/copepod ratio [Raffaelli & Mason 1981, Warwick 1981, Raffaelli 
1982 & 1987, criticized by Amjad & Gray 1983, Coull et al. 1981, Lambshead 
1984, Shaw et al. 1983]. 

C	 Rhoads’ organism-sediment index (OSI) [Rhoads & Germano 1986] This index 
is a valid supplement to more traditional sampling, as the authors indicate. 
Unfortunately, many groups think that the OSI provides a sufficient description of 
benthic community structure. 

C	 BRAT, the benthic resource assessment technique [Lunz & Kendall 1982] 
C	 Jack Word’s infaunal trophic index (ITI) [Word 1978, 1980a, 1980b, 1980c] 
C	 Departures from the log-normal distribution of individuals among species [Gray 

& Mirza 1979, Gray 1979a & b, Stenseth 1979, Gray 1980, Mirza & Gray 1981, 
Gray 1982, 1983, 1989, Gray & Pearson 1982, Pearson et al. 1983, Nelson 1987; 
poor fit found by Rygg 1986] 

C	 Warwick’s species abundance-biomass comparison (the ABC method). As 
reviewed by McManus & Pauly (1990), Warwick’s ABC method has 9 
components: 1) with low pollution stress, communities are in equilibrium; 2) 
approaching equilibrium, communities are dominated by a few large benthic 
species; 3) spp. dominating biomass approach equilibrium with resources 4) 
Numerical dominance by small species; 5) small species not in equilibrium with 
resources; 6) Stochastic variation in the abundance of small species; 7) large 
species eliminated by pollution; 8) Under severe pollution, community dominated 
by small species; 9) Under severe pollution the few remaining large species will 
contribute more to community biomass. As a consequence of 8 & 9, biomass is 
more evenly distributed among species than the number of individuals. Using k-
dominance curves (cumulative frequency distribution (cfd) vs. sp. rank), the 
biomass cfd will be greater than the numbers cfd.. This cfd curves are reversed in 
pristine communities. The ABC method is used by Warwick 1986, and Warwick 
et al. 1987. Beukema (1988) found it useless and it is evaluated favorably by 
McManus and Pauly (1990). Dauer et al. (1993) didn’t feel that it could identify 
polluted Chesapeake Bay benthic communities. 

C	 Caswell’s (1976) neutral model as a pollution index. Caswell proposed the model 
to test for the effects of biological interactions. Lambshead adapted the model to 
test for recent disturbance. Warwick (1993) applied it to a Pearson pollution 
gradient, finding it didn’t work. Karakassis et al. (1996) applied it to 240 
samples of Greek shelf communities, finding uninterpretable results. 

C	 Ordination of higher taxonomic units. Warwick (1988a) and Warwick & Clark 
(1991)  argue that the major patterns in community structure are evident using 
ordination even if the individuals are identified at only the family and even 
phylum level. Vanderklift et al. (1996) analyze this hypothesis, finding it needs 
further work. 
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ECOTOXICOLOGY 

Introduction 

Benthic community structure changes in response to pollution gradients. Species diversity and 
species composition change in response to changes in pollutant loads. But how do pollutants 
affect the benthic infauna and can we predict the effects of pollutants at the community-level?  In 
particular, can we establish sediment quality criteria (SQC) for pollutants that will predict 
whether a given concentration of pollutant in the sediments will cause a change in community 
structure?  It is now well established that the total concentration of a potentially toxic substance 
is a poor predictor of effects at the community level. Much of the pollutants in sediments are not 
bioavailable. For example, PAHs may be bound in relatively inaccessible charcoal-like soot 
particles. Heavy metals may be bound to sulfides or organic compounds, rendering them 
relatively non-toxic. 

Predicting pollutant effects at the community level 

There are three major approaches being used to define Sediment Quality Criteria for heavy 
metals and hydrophobic organic pollutants: 

C ERM & ERLs

C Equilibrium partitioning for nonionic hydrophobic pollutants

C SEM/AVS ratios for divalent heavy metals


The Long & Morgan (1990), Long et al. (1995) ERM & ERL approaches are an atheoretical 
approach to assessing toxicity. ERM stands for Effects Range Median and ERL stands for Effects 
Range Low. These authors have compiled a large database including studies of chronic toxicity 
using amphipod tests, bioaccumulation, and alterations in community structure. Studies that 
include both a pollutant concentration and an effect are eligible for inclusion in the database. All 
effects are assumed equal. Thus, a study documenting a dramatic change in community structure 
associated with increased concentrations of a variety of heavy metals and hydrophobic organic 
pollutants would count as 1 effect. A study with a single compound showing bioaccumulation 
relative to a control sediment would count as another effect. Hundreds of studies are compiled in 
the database. For each pollutant (e.g., copper), the records in the database are sorted from highest 
to lowest concentrations of the pollutant. The pollutant concentration at the point at which 50% 
of the studies have shown one effect or another is marked as the ERM concentration. The 
pollutant concentration below which only 10% of the studies showed some kind of effect is 
marked as the ERL concentration. The ERM and ERL values are expressed as the weight of 
pollutant over the dry weight of sediment. Since organic carbon concentration is often not 
measured in studies used in the database, there is no normalization by organic carbon. 
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Bioavailability 

Metals & the SEM/AVS ratio 

It is well established that the free-ion activity determines the toxicity of a metal. In both 
sediments and the water column, metals that are complexed with ligands are not toxic. Heavy 
metals, like copper, can be complexed with organic ligands and as metal-sulfide complexes. 
DiToro et al. (1989, 1992) have argued persuasively that acid-volatile sulfides (AVS) can 
effectively bind to and detoxify heavy metals in sediments. Acid volatile sulfides are usually 
found as FeS or iron sulfides. DiToro et al. (1989) showed that in the presence of unbound 
divalent cationic heavy metals, like Cd, Cr, Cu, Hg, Ni, Pb, Zn, the Fe is displaced from the FeS 
complex by the heavy metal, which forms an insoluble Me-S complex. Metals bound as insoluble 
sulfide complexes are not bioavailable and are not toxic. 

DiToro et al. (1989, 1992) have argued that there are a variety of sulfide phases in natural 
sediments. The ‘reactive’ sulfide phase can be extracted using cold 0.5 M hydrochloric acid. 
DiToro et al. (1989, 1992) argue that the cationic heavy metals should be measured using the 
same cold HCl extraction. Metals extracted in this way are called the SEM, for simultaneously 
extractable metals. If the molar ratio of SEM to AVS, or SEM/AVS, is less than 1.0, then none of 
the divalent cationic heavy metals are toxic. If the SEM/AVS ratio is greater than 1.0, then the 
sediments may or may not be toxic. Even if SEM>AVS, the metals may be bound by organic 
ligands and not bioavailable. 

Nonionic hydrophobic organic compounds 

Like heavy metals, it is only the bioavailable fraction of potentially toxic organic compounds that 
controls toxicity. In general, only the dissolved unbound form of potentially toxic organic 
compounds that controls toxicity and bioaccumulation. DiToro et al. (1992) proposed an 
equilibrium partitioning approach to predict the SQC for nonionic hydrophobic organic 
pollutants. Their proposal has the following components: 

C Only the unbound, dissolved form of organic pollutants  is toxic. 
C The concentration of the dissolved form in the porewater is inversely proportional 

to the sediment organic carbon concentration. 
C	 The fraction of unbound and bound organic pollutants can be predicted if the 

octanol water partition coefficient is known and if the concentration of organic 
carbon in the sediment is known. 

C It is assumed that the major route of exposure is via the porewater. 
C An analysis of benthic and pelagic organisms indicate similar chronic toxicity to 

the unbound dissolved forms. 
C If this is true, then water quality criteria (WQC) can be extended to the sediments 

if the octanol-water partition coefficients are known. 
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What is the route of exposure? 

Figure 3 shows a schematic diagram 
showing the two major modes of exposure 
to benthic organisms: respiration and food. 
Campfens & Mackay (1997) modeled the 
process of biaccumulation and 
bioconcentration in benthic and pelagic 
organisms. Respiration is a major route of 
exposure for all organisms. Organisms will 
acquire pollutants in direct proportion to the 
partition coefficient between the organism 
and the concentration of the dissolved form 
in the water used for respiration. In essence, 
animals are modeled as if they are bags of 
lipids. In nature, organisms can also acquire 
pollutants from their food. This can include 
both the sediments, associated organic 

benthic organisms. The dissolved, unbound form of the 
matter and pollutants and other organisms. 

pollutant, shown in red, is the major toxic form, and the 
Without these trophic pathways, organisms 

most likely route of exposure is via porewater and 
would come to a chemical equilibrium with 

overlying water used for respiration. Animals can also be 
the water used for respiration. Benthic 

exposed to toxic substances via their food: for deposit 
organisms, which can use the overlying 

feeders this is indicated by ingestion of deposits and 
water for respiration, will have a lower 

predation. The kinetics and partitioning of bound and 
pollutant concentration than one that uses 

unbound pollutants in the gut is largely unknown. 
sediment interstitial water for respiration, 

Pollutants bound in pellets and soot particles are not readily 
since interstitial water has a higher pollutant 

bioavailable. 
concentration. 

A benthic organism that eats other benthic organisms can receive higher pollutant loads, if the 
prey contains a higher body burden. The organism can come to a steady-state pollutant 
concentration, even though its body burden is not in chemical equilibrium with the surrounding 
porewater. Biomagnification refers to the accumulation of a pollutant in excess of that expected 
from equilibrium partitioning. Campfens & Mackay (1997) model a food web in which two fish 
species, with identical lipid contents (an important parameter in modeling the partitioning of 
hydrophobic pollutants) could have drastically different pollutant loads. The fish could differ 
even though they respire with the same water if one feeds on benthic organisms with a high 
pollutant concentration and the other feeds on pelagic organisms with a lower pollutant load. The 
trophic pathways of fish are an important component in modeling bioaccumulation and 
biomagnfication. 

Deposit feeders pose a challenge for equilibrium partitioning theory. These organisms ingest 
sediments with a high concentrations of pollutants, and they respire using interstitial water (and 
the immediately overlying water). DiToro et al. (1991, p. 1568) argue that the route of exposure 
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could be either the deposits or the porewater, but pragmatically it makes little difference. If the 
sediments are in chemical equilibrium with the porewater (at equifugacity), then the partitioning 
from the particles to the organism via the gut should be similar to the partitioning between the 
porewater and the organisms respiratory surfaces (e.g., gills, branchiae, or body walls). The 
unknown feature involves the digestive process. Presumably, the proteolytic enzymes in a 
deposit-feeder’s gut would make pollutants more bioavailable, increasing the importance of this 
mode of exposure. 

Colloids, fecal pellets, and soot 

Brownawell & Farrington (1985, 1986) and Farrington (1985) have argued that it is insufficient 
to consider sediments as a two-phase system: porewater and sediment particles. They provide 
persuasive evidence that colloids, which are organic-rich particles which pass through 
conventional 0.4-ìm sieves must be considered as well. This organic colloid phase is often 
indistinguishable from the dissolved organic phase in sediments. Hydrophobic organic pollutants 
will partition onto this organic colloid phase. DiToro et al. (1991) argue that this organic colloid 
phase is not bioavailable. 

This colloid phase can affect the distribution of hydrophobic organic pollutants in sediments. 
Pollutants in the colloidal phase will diffuse in the porewater and can be moved by bioirrigation 
from the benthic infauna. Particle-bound heavy metals and particulate-bound organic compounds 
would not be moved by bioirrigation. 

Fecal pellets can be an important phase in polluted marine environments. For example, up to 
75% of the weight of sediments in some areas of Boston Harbor are bound into fecal pellets. 
Karichoff was the first to model the effects of pellets on pollutant profiles. Pellets tend to be 
organic-rich and anoxic particles. Both nonionic hydrophobic pollutants and heavy metals can be 
sequestered in pellets, and are not readily available for chemical partitioning into the porewater. 
Pollutants in pellets are not bioavailable for two reasons: they are generally bound to organic 
matter, and organisms rarely ingest fecal pellets. 

Chin & Gschwend (1992) and McGroddy et al. (1996) have modeled the role of soot in 
controlling the distribution and bioavailability of PAHs in Boston Harbor sediments. After 
running three phase models — dissolved PAH, colloidal PAH, and particulate PAH — it was 
found that far too much PAH remained bound to the particulate phase. These authors have 
argued that the PAHs are bound in soot particles and the PAHs are not available for partitioning 
into the dissolved and colloidal phases. Wang et al. (2001) also argued that soot plays a role in 
controlling the partitioning between dissolved, colloidal and particulate phases, but they also 
noted that Boston Harbor sediment PAHs are sorbed within Capitella fecal pellets. 
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EXAMPLES 

The West Falmouth oilspill 

In September 1969, the barge Florida went aground off West Falmouth. Scientists from the 
Woods Hole Oceanographic Institution began taking samples within a few days of the grounding. 
Grassle & Smith (1976) from the assigned reading describes a cluster analysis of stations 9 and 
35, a heavily and lightly oiled pair of stations. I’ll analyze these data more fully to tease out the 
major patterns associated with the oilspill. 

Station 9: a heavily oiled inshore station 

Figure 4. Metric scaling of the 18 Station 9 samples. 
Convex hulls, based on a UPGMA cluster analysis of 
CNESS m=18 are also shown. 

The metric scaling of the 18 Station 9 
samples with CNESS m=18 is shown in Fig. 
4. The striking feature in this metric scaling, 
which also shows the results of a cluster 
analysis, is the rapid change in community 
structure, especially during summer 1970. 
Grassle & Grassle (1974) and Sanders et 
al. (1980) document that the most severe 
effects from the oilspill did not occur in fall 
1969, but during the summer and fall of 
1970. Immediately after the oilspill, there 
was evidence of high mortality of the 
amphipods in the community. During the 
summer of 1970, there was a rapid change in 
community structure resulting from the 
summer larval recruitment . 
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Figure 5. The Gabriel Euclidean distance biplot showing 
the species that account for the CNESS distance among 
stations. The importance of a species indicated by the 
vector length. 

The Gabriel Euclidean distance biplot, 
shown in Fig. 4 reveals the species that 
changed rapidly during the West Falmouth 
succession. The figure contains somewhat of 
a surprise. It is not surprising that Capitella 
spp. increased in frequency in early 1970. 
However, the species that made up a high 
frequency of the individuals during the 
crucial summer 1970 period was the 
omnivorous polychaete Nephtys incisa, 
which was one of Howard Sanders’ key 
indicator species for the Buzzards Bay 
community. The species that came to 
dominate Station 9 by late 1970 was the 
capitellid polychaete Mediomastus ambiseta. 
M. ambiseta is a normal component of the 
Buzzards Bay community. However, its very 
high frequency in the samples taken after 
July 1970 is out of the ordinary. 
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The Sanders-Hurlbert rarefaction curves, shown in Fig. 5, show a strange pattern. During this 
oilspill, the species richness of the Buzzards Bay community remained relatively high. The 
samples with the highest number of species were collected during late summer and early fall 
1970, a period when the oil was causing rapid changes in species composition and drastic 
reductions in species evenness. Rarefaction curves like Fig. 5 led Smith et al. (1979) and 

Figure 5. Sanders-Hurlbert rarefaction curves for West 
Falmouth Station 9. 

Sanders et al. (1980) to conclude that species diversity was not a good indicator of pollutant 
effects or organic enrichment in soft-bottom benthic communities. Pollutants can cause major 
changes in species composition, without drastically affecting species diversity. 

May (1975) showed that rarefaction curves like those shown in Fig. 5 often are identical to those 
produced under the assumption that the individuals among species follow the log-series 
distribution. I developed a plotting procedure called a non-dimensional diversity plot to show the 
relationship between rarefaction curves and their log-series expectations. The log-series provides 
a benchmark against which to judge the expected evenness for a Sanders-Hurlbert rarefaction 
curve. Figure 5 shows the 18 curves produced by dividing the Sanders-Hurlbert rarefaction curve 
by their log-series expectations. John Lambshead at the British museum has found that the 
departures from the log-series is indicative of recent disturbance. 
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Figure 6. A non-dimensional diversity graph, produced by 
dividing the log-series expectation by the rarefaction curves 
(shown in Fig. 5. The horizontal dashed lines at 0.75 and 
1.25 are rough benchmarks for severe departures from log-
series expectation. 

Figure 7. Shannon’s H’ and Pielou’s J’, the evenness 
measure for Shannon’s diversity plotted vs. days since the 
oilspill. 

Using a cutoff of 75% of expected log-
series diversity, samples from the late 
summer 1970 show the most uneven 
distribution of individuals among species 
relative to log-series expectation. Samples 
taken immediately after the oilspill through 
June 1970 didn’t depart noticeably from 
log-series expectation. By July 1970, 
departures from the log series were severe. 
The cause of this departure was the massive 
recruitment of two normal components of 
the Buzzards Bay community: the 
omnivorous polychaete Nephtys incisa and 
the capitellid polychaete Mediomastus 
ambiseta. The high frequency of Nephtys 
incisa is interesting, because some benthic 
ecologists have proposed this taxon as a 
pollution- or disturbance sensitive climax 
species (e.g., McCall 1977, Rhoads et al. 
1978) 

The decrease in diversity at Station 9 was 
largely due to a decline in the evenness 
component of diversity. Figure 7 shows the 
change in Shannon’s H’ and the evenness 
measure for Shannon’s diversity, Pielou’s J’. 
This figure shows that the most severe 
effects of the oilspill occurred nearly one 
year after the spill and persisted throughout 
much of 1971. Sanders et al. (1980) 
concluded that the community at station 9 
still had not recovered completely after 2.5 
years. By December 1971, the community 
was returning to a log-series distribution. 
However, the March 1972 sample exhibited 
a relatively severe departure from the log-
series expectation. Departures from the log-
series are most evident during and just after 

periods of larval recruitment. Wintertime species evenness is relatively high. 
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Station 35: a lightly oiled offshore station 

The metric scaling of the 14 Station 35 
samples with CNESS m=10 is shown in Fig. 
8. The immediate image from this figure is 
that the July 1971 sample is a distinct 
outlier. So different that it looks like a 
completely different community. The solid 
line connects samples taken on consecutive 
dates and shows rapid changes in 
community structure throughout the two-
year sampling period. There is a clear 
Winter-Spring assemblage and a late 
summer-early fall assemblage. The point of 
highest diversity is associated with the 
winter of 1970-1971. 

Figure 8. Metric scaling of the Station 35 samples. Convex 
hulls based on a UPGMA cluster analysis of CNESS 
m=10… 
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The Gabriel Euclidean distance biplot, 
shown in Fig. 9 reveals the species that controlled 
differences in Station 35 community 
structure. Mediomastus ambiseta, a 
capitellid polychaete that is a normal 
member of the Buzzards Bay community, 
was responsible for the pronounced 
difference between the three late summer-
early fall samples and the other 11 samples. 
Mediomastus ambiseta was an important 
contributor to both Station 9 and 35 
community structure. At Station. 9, M. 
ambiseta was the most important contributor 
to CNESS distances among stations, 
accounting for 19% of total CNESS 
variation. At Station. 35, M. ambiseta was 
the fourth most important contributor, 
accounting for 9% of community structure 
variation. Nephtys incisa, an important 
contributor to CNESS distances in the oiled 

Figure 9. The Gabriel Euclidean distance biplot for West inshore Station 9 (4th ranked, 6% of CNESS 

Falmouth Station 35 showing the species that account for variation) was a relatively small component 

the CNESS distance among stations. at Station. 35 (18th ranked, 1% of variation). 
Capitella spp., the 2nd most important 

contributor to CNESS variation at Station. 9, was a very minor component of the offshore 
community (20th ranked, <1% of the variation in community structure). 

The Sanders-Hurlbert rarefaction curves, 
shown in Fig. 10, show nothing remarkable. The 
August 1970 sample, which contained high 
numbers of M. ambiseta has a low species 
richness compared to the other 13 stations. 
The August 1971 sample, which had an 
anomalous community structure has the 
highest diversity of the 14 samples. 

Figure 10. Sanders Hurlbert-rarefaction curves for the 
Station 35 data. 
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Figure 11. A non-dimensional diversity graph, produced by 
dividing the log-series expectation by the rarefaction curves 
(shown in Fig. 10). The three Oct. 70 ! Jan. 71samples 
and the late summer 1970 samples show drastic departures 
from log-series expectation. The August and September 
1970 samples had a very high frequency of M. ambiseta 
individuals. 

Figure 12. Shannon’s H’ and Pielou’s J’ for Station 35, 
plotted against days from the oilspill. 
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Figure 11 shows the non-dimensional 
diversity plots for Station 35. The three 
samples taken after the September 1969 
oilspill are far less even than log-series 
expectation. The two samples from August 
and September 1970, dominated by M. 
ambiseta show the most severe departures 
from log series expectation. often are 
identical to those produced under the 
assumption that the individuals among 
species follow the log-series distribution. I 
developed a plotting procedure called a non-
dimensional diversity plot to show the 
relationship between rarefaction curves and 
their log-series expectations. The log-series 
provides a benchmark against which to 
judge the expected evenness for a Sanders-
Hurlbert rarefaction curve. 

Figure 12 shows Station. 35 Shannon’s H’ 
diversity  and the evenness measure for Shannon’s 
diversity, Pielou’s J’. The only striking 
feature of this figure is the low Shannon’s 
H’ and Pielou J’ for the August 1970 
sample. Figures 11 and 12 show that this 
low diversity is due to a very high frequency 
of Mediomastus ambiseta, a normal 
component of the Buzzards Bay community. 
The striking departures from log-series 
expectation for the Oct.!Dec. 1970 samples 
observed in Fig. 14 is not evident in Pielou’s 
J’. 
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Conclusions from West Falmouth 

The West Falmouth study is probably hated by the oil industry. Most studies of oil spills reveal 
rather short-term effects on benthic communities. Often the most harmful effects from oilspills 
results from the detergents used to remove the oil from littoral rocks. Howard Sanders, Fred 
Grassle, George Hampson, John Farrington and the other WHOI scientists who sampled after the 
West Falmouth oilspill were able to document the long-term pernicious effects of even a modest 
oilspill. 

In recent reports summarizing the Exxon Valdez oilspill, the West Falmouth study was again 
cited as the exception to the general rule of the short-term effects of oil pollution. Some of the 
conclusions from the West Falmouth oilspill study are: 

!	 The immediate effect of the oil was to drastically reduce the amphipod component from 
inshore moderately oiled sites. There was nearly complete mortality of the natural fauna 
in the most heavily oiled sites. 

!	 Species richness was not a good indicator of the long-term effects of pollution. Species 
richness remained high throughout the West Falmouth study at both heavily oiled inshore 
and lightly oiled offshore stations. 

!	 The oilspill caused severe changes in community composition and species evenness 
!	 The long-term effects of oil alter the normal recruitment patterns to the community. This 

could be from the removal of key predators of settling larvae or alterations of the habitat 
that increase the larval recruitment of opportunistic species. 

!	 While there was initially a bloom of opportunistic Capitella spp., the major alterations in 
community structure were due to anomalous frequencies of species that were normal 
components of the Buzzards Bay community 
" Nephtys incisa and Mediomastus ambiseta increased tremendously in abundance 

relative to other species. 
" Species evenness declined rapidly 

! The effects of the oilspill was long-lasting: at least 2.5 years. 

Many of the features observed first in the West Falmouth oilspill were observed on a much larger 
scale in the Amoco Cadiz oilspill off the Normandy Coast of France (Cabioch et al. 1982). 

Species richness was a poor predictor of the long-term effects of oil. However, there were drastic 
changes in species composition attributed to the effects of oil. 
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The Exxon Valdez oilspill 

Gilfillan et al. (1995) used canonical 
correspondence analysis (ter Braak 1986) 
to assess changes in benthic community 
structure due the March 24, 1989 oilspill due 
to the grounding of the Exxon Valdez on 
Bligh reef in Prince William Sound in 

7Alaska. The spill of 4.1 x 10  liters of
Alaska North Slope Crude oil was assessed 
by a probability-based survey design during 
the summer of 1990. Gilfillan et al. (1995) 
analyzed the effect of oil on changes in 
community structure as documented by 
canonical correspondence analysis. The 
ordination was constrained so that to assess 
only those changes in species composition 
not related to changes due to wave action, 
grain size and total organic carbon loading. 
Figure 16 shows the results of their 
ordination. These authors don’t present what 
portion of total community variation were 
explained by their ordination. Using this 
method, there is a possibility that the effects 

pebble/gravel samples from the 1990 Prince William Sound 
of the oil spill could have been 

survey. The 95% probability ellipse is estimated from the 
underestimated if oil effects were correlated 

subset of samples from unoiled reference sites, assuming a 
with their covariates of wave exposure, grain


bivariate normal distribution of sample scores. Only a

single heavily oiled site had community structure 

size, and total organic carbon.


sufficiently different from the reference are to fall outside

the 95% confidence ellipse. Fig. 8 from Gilfillan et al.

(1995).
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Figure 17 shows the effects of total organic 
carbon and salinity on the expected number of 
benthic species per grab in the Virginian 
province EMAP benthic survey conducted 
from 1990-1993. Total organic carbon is a 
master variable in coastal sediment systems. 
It not only causes changes benthic 
community structure, especially due to its 
association with increased benthic oxygen 
utilization leading to anoxia and hypoxia, 
but it is also affected by changes in benthic 
community structure. The presence of an 
active benthic community is associated with 
higher bioirrigation rates which tends to 
keep organic matter concentrations low. 
Gilfillan et al (1995) had the appropriate 

Figure 17. The salinity and Total Organic Carbon data for determining whether individual 

normalization used by Schimmel et al. (1994) in developing species or trophic groups were affected by 

the 1991 EMAP-E biotic index is plotted. The expected the oil. Gilfillan et al. (1995) only assessed 

number of species continues to decline,  reaching about the effects of oil on univariate response 
4-150 expected species at 8 x 10 ìg/g (8%) Total Organic variables after removing the statistical 

Carbon. Figure based on equations in Schimmel et al. variation due to percentage sand, percentage 

(1994) silt/clay, TOC and wave exposure. 

Since grain size, wave exposure and organic carbon concentration in the sediments are often the 
major correlates of changes in community structure, the decision by Gilfillan et al. (1995) to 
restrict their analysis to only those changes statistically independent of these variables, may have 
resulted in their ordination explaining a tiny percentage of community structure variation. Note, 
that it was perfectly appropriate for Gilfillan et al. (1995) to include these covariates in their 
canonical analysis, a procedure described as one of the strengths of canonical correspondence 
analysis (CCA) by Palmer (1993, p. 2224): 

"CCA offers a new opportunity for gradient analysis: the ability to "factor out" 
environmental variation in what is termed a partial ordination (ter Braak 1988). This 
could be very important, for example, if one wished to factor out site-to-stie variation in 
testing for long-term successional patterns, or to factor out geological effects if the 
focus is on species responses to anthropogenic stress. [emphasis added] The variables to 
be factored out are known as 'covariables.' " 

Their method may provide a sensitive indicator of change in community structure, but their 
change in community structure may only consitute a minor portion of the variation in community 
structure. If wave exposure, grain size and organic carbon concentration are major determinants 
of cobble & gravel community structure, then the first two dimensions of an ordination might 
only explain 10% of the total variation in community structure, rather than say 60%. One could 
regard these external variables as merely adding to the “noise-to-signal” ratio, reducing the 
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power of statistical tests, or one could regard these variables as major determinants of community 
structure that must be included explicitly in the analysis rather than removed statistically. These 
apparent weaknesses in the inferential arguments in Gilfillan et al. (1995) could have been easily 
remedied by presenting the proportion of total community variation explained by the two-
dimensional snapshot of community structure shown in Figure 16. 

Despite the weaknesses in the analysis by Gilfillan et al. (1995), the goal was admirable. It is 
important to deal with covariates in an analyses of community structure. It is important to reach 
conclusions on the basis of multivariate analyses. It is important to couple the results of 
multivariate analyses to applied research problems, e.g., “What percentage of the area of Prince 
William Sound was still affected by oil in 1990?” 

In a remarkable report, Coats (1995) developed detrended principal components analysis as a 
modified version of Gallagher’s PCA-H method (described in Gallagher et al. 1992, Trueblood 
et al. 1994). Both used detrending, which probably wasn’t necessary or even recommended for 
either analysis. Wartenberg et al. (1987) showed that detrending has little theoretical 
justification and often destroys the underlying structure of multivariate data, making 
interpretation difficult. Both developed methods to remove the variation in community structure 
due to grain size and organic carbon concentration (although Coats chose to use clostridium 
spores as a covariate instead of TOC). Both developed test criteria based on the bivariate normal 
confidence ellipse to classify sites as either being similar to a set of reference sites or 

significantly different from reference sites. Both methods 
gave clear answers to problems, and both methods allowed 
calculation of the statistical power to assess changes in 
community structure. 

Coats’ (1995) method differs from Gilfillan et al. in a 
number of ways. Gilfillan et al. (1995) used 
correspondence analysis while Coats used principal 
components analysis. Coats (1995) analyzed the variation 
in CNESS faunal distances among sampling sites, while 
Gilfillan et al. (1995) analyzed variation in chi-square 
distances among sampling sites (this is not stated explicitly 
in the paper, but correspondence analysis is a partitioning 
of chi-square distances). ter Braak & Prentice (1988) 
argued that CA and PCA differ theoretically in the 
underlying models of species distributions with 
correspondence analysis assuming a unimodal response 
model and principal components and redundancy analysis 
models following a linear response model. Figure 18, from
ter Braak & Šmilauer (1998), shows the linear and 
unimodal response models. Since the unimodal response 
model, shown in Fig. 18B seems to correspond to standard 
views of the distribution of species in nature (the 
Gleasonian continua model), it might appear that the 

Figure 18. A. Linear response model in 
PCA and RA. B. Unimodal response model 
in (D)CA and CCA. Figure 3.1 and 3.2 from
ter Braak & Šmilauer (1998). 
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correspondence analysis model is superior theoretically. This is not the case. Legendre & 
Gallagher (2001) show that correspondence analysis, principal components analysis, and 
redundancy analysis can be solved with the same eigenanalysis or singular value decomposition 
algorithm. The methods differ only in the transformation of the underlying sample x species 
matrix. The unimodal response model in correspondence analysis is due to the simultaneous 
double standardization of species abundances by both total species abundance in each sample and 
by sample abundance. PCA-H also standardizes by all species data in each sample, normalizing 
by the Expected Species Shared, a diversity index (described first in Grassle & Smith 1976, and 
used explicitly as a diversity index by Smith 1989). One motivation behind normalizing by 
diversity is that faunal similarity should reflect turnover in species and not change in the number 
of species. PCA-H also standardizes by species, dividing each normalized species frequency by 
the mean of the species column. One benefit of the PCA-H data transformation is that rare 
species do not need to be dropped. The simultaneous double standardization used in 
correspondence analysis is akin to normalizing species frequencies by the variance in frequencies 
across samples. Thi can often produce the anomalous result that the major contributors to 
distances among samples in ordination space are rare species, especially if these species are 
found only in sparse samples (Noy-Meir et al. 1975). PCA-H also scales scores across samples, 
by simply centering abundances. By choosing a large random sample size, PCA-H like the NESS 
and CNESS faunal association measures on which it is based, is sensitive to rare species but the 
method isn’t dominated by these rare species. To avoid the rare species effect, Gilfillan et al. 
(1975) dropped the rarest 20% of species from their data. One might make the argument that 
these rare species in a region are the ones most likely to show a long-term effect from an oil spill. 
Abundant species might recruit in rather more rapidly. One telling difference between the CA 
and PCA-H models is that ecologists almost never perform a chi-square clustering of samples – it 
doesn’t make ecological sense. Ecologists have developed faunal association indices that match 
their understanding of community ecology. Benthic ecologists often use NESS, and more 
recently, CNESS. Both these indices are often highly correlated with many more common 
association indices. The PCA-H method is a partitioning of an ecologically meaningful faunal 
association index; but the CA and CCA methods partition chi-square distances. 

The GEEP workshop: analyzing benthic samples from a  Norwegian fjord 

John Gray convened some of the top applied benthic ecologists to a GEEP workshop (Group of 
Experts on the Effects of Pollution) from around the world to compare methods with a pair of 
benthic data sets. The results are described in a series of papers from the same volume of Mar. 
Ecol. Prog. Ser. (Bayne et al. 1988, Clarke & Green 1988, Gray et al. 1988, Heip et al. 1988, 
Underwood & Peterson 1988, Warwick 1988). The first set of data was the species data from 
twenty-four grab samples from six stations along a putative pollution gradient in a Norwegian 
fjord. The second set of data was from a mesocosm experiment designed to assess the effects of 
copper on benthic community structure. A variety of methods were used to analyze both sets of 
data. None were really successful, but the most successful of the lot was Bob Clarke’s non-metric 
multidimensional scaling of species composition among sites. 

Lauren Cleary, in her UMASS/Boston M.Sc., reanalyzed the GEEP data with PCA-H and 
Sanders rarefaction. The metric scaling of CNESS m=20 is shown in Fig. 19. This figure shows 
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that the within station variation was relatively low. The biggest pattern is the triangle formed by 
the E, A and B-C groupings. Each of these endpoints on the triangle are about /2 CNESS units 
apart, indicating that these three endpoints share virtually no species. Station B was similar to C , 
and the combined group B-C was similar to group D. Station A, from a sandy site outside the 
harbor, was very different from the remaining stations. However, this station was more similar to 
the fused cluster B-C-D than to the E and G stations. Unfortunately, Figure 19 by itself  says 
nothing about which stations might be impacted by pollution. 

The Gabriel Euclidean distance 
biplot, shown in Fig. 19 sheds more 
light on the pollution gradient. The 
shallow water, mesohaline 
capitellid polychaete  Heteromastus 
filiformis (Hf) is the most important 
species contributing to CNESS 
distances among stations. 
Heteromastus filiformis accounts 
for 9% of the total CNESS 
variation among samples. 

Figure 19. Sanders Hurlbert-rarefaction curves for the 
GEEP data. 
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The GEEP experts calculated 
Shannon’s diversity and evenness 
for the 24 samples and concluded 
that diversity was a poor indicator 
of the pollution gradient (Their 
problem in interpreting the results 
was due to the mistake of 
calculating half the diversities with 
Shannon’s formula with log base 2 
and the other half with natural 
logs). The Sanders-Hurlbert 
rarefaction curves, shown in Fig. 20 
reveal that diversity was 
informative. Site A clearly has the highest 
species diversity of the 6 sites and 
site C the lowest. The rarefaction 
curve shows that sample C4 has the 

Figure 20. Sanders Hurlbert-rarefaction curves for the 
lowest diversity of the samples, 

GEEP data.
despite its having a total number of 
species close to the median. It is 
difficult to discern clear differences between sites B, D, and E, and G in terms of the rarefaction 
curves. 
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Figure 21 shows the 24 non-dimensional 
diversity curves produced by dividing the 
Sanders-Hurlbert rarefaction curve by the 
log-series expectation. John Lambshead at 
the British museum has found that the 
departures from the log-series is indicative 
of recent disturbance. Using this criterion 
then, samples B4, C2, C3, C4, E3, and D1 
may have been recently disturbed. All of the 
samples from sites B, C, D, and E exhibit 
distributions of individuals among species 
that are considerably less even than the log 
series expectation, except for sample C1 and 
D3. These two samples had the lowest total 
number of species (Fig. 20), but after 

Figure 21. A non-dimensional diversity graph, produced by rarefaction they appear to have species 

dividing the log-series expectation by the rarefaction curves diversity comparable to or higher than the 

(shown in Fig. 20. The horizontal dashed lines at 0.75 and other samples. 

1.25 are rough benchmarks for severe departures from log-
series expectation. 

ECOTOXICOLOGY 

Introduction 

Benthic community structure changes in response to pollution gradients. Species diversity and 
species composition change in response to changes in pollutant loads. But how do pollutants 
affect the benthic infauna and can we predict the effects of pollutants at the community-level?  In 
particular, can we establish sediment quality criteria (SQC) for pollutants that will predict 
whether a given concentration of pollutant in the sediments will cause a change in community 
structure?  It is now well established that the total concentration of a potentially toxic substance 
is a poor predictor of effects at the community level. Much of the pollutants in sediments are not 
bioavailable. For example, PAHs may be bound in relatively inaccessible charcoal-like soot 
particles. Heavy metals may be bound to sulfides or organic compounds, rendering them 
relatively non-toxic. 

Predicting pollutant effects at the community level 

There are three major approaches being used to define Sediment Quality Criteria for heavy 
metals and hydrophobic organic pollutants: 

C ERM & ERLs 
C Equilibrium partitioning for nonionic hydrophobic pollutants 
C SEM/AVS ratios for divalent heavy metals 
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The Long & Morgan (1990), Long et al. (1995) ERM & ERL approaches are an atheoretical 
approach to assessing toxicity. ERM stands for Effects Range Median and ERL stands for Effects 
Range Low. These authors have compiled a large database including studies of chronic toxicity 
using amphipod tests, bioaccumulation, and alterations in community structure. Studies that 
include both a pollutant concentration and an effect are eligible for inclusion in the database. All 
effects are assumed equal. Thus, a study documenting a dramatic change in community structure 
associated with increased concentrations of a variety of heavy metals and hydrophobic organic 
pollutants would count as 1 effect. A study with a single compound showing bioaccumulation 
relative to a control sediment would count as another effect. Hundreds of studies are compiled in 
the database. For each pollutant (e.g., copper), the records in the database are sorted from highest 
to lowest concentrations of the pollutant. The pollutant concentration at the point at which 50% 
of the studies have shown one effect or another is marked as the ERM concentration. The 
pollutant concentration below which only 10% of the studies showed some kind of effect is 
marked as the ERL concentration. The ERM and ERL values are expressed as the weight of 
pollutant over the dry weight of sediment. Since organic carbon concentration is often not 
measured in studies used in the database, there is no normalization by organic carbon. 

Bioavailability 

Metals & the SEM/AVS ratio 

It is well established that the free-ion activity determines the toxicity of a metal. In both 
sediments and the water column, metals that are complexed with ligands are not toxic. Heavy 
metals, like copper, can be complexed with organic ligands and as metal-sulfide complexes. 
DiToro et al. (1989, 1992) have argued persuasively that acid-volatile sulfides (AVS) can 
effectively bind to and detoxify heavy metals in sediments. Acid volatile sulfides are usually 
found as FeS or iron sulfides. DiToro et al. (1989) showed that in the presence of unbound 
divalent cationic heavy metals, like Cd, Cr, Cu, Hg, Ni, Pb, Zn, the Fe is displaced from the FeS 
complex by the heavy metal, which forms an insoluble Me-S complex. Metals bound as insoluble 
sulfide complexes are not bioavailable and are not toxic. 

DiToro et al. (1989, 1992) have argued that there are a variety of sulfide phases in natural 
sediments. The ‘reactive’ sulfide phase can be extracted using cold 0.5 M hydrochloric acid. 
DiToro et al. (1989, 1992) argue that the cationic heavy metals should be measured using the 
same cold HCl extraction. Metals extracted in this way are called the SEM, for simultaneously 
extractable metals. If the molar ratio of SEM to AVS, or SEM/AVS, is less than 1.0, then none of 
the divalent cationic heavy metals are toxic. If the SEM/AVS ratio is greater than 1.0, then the 
sediments may or may not be toxic. Even if SEM>AVS, the metals may be bound by organic 
ligands and not bioavailable. 

Nonionic hydrophobic organic compounds 

Like heavy metals, it is only the bioavailable fraction of potentially toxic organic compounds that 
controls toxicity. In general, only the dissolved unbound form of potentially toxic organic 
compounds that controls toxicity and bioaccumulation. DiToro et al. (1992) proposed an 
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equilibrium partitioning approach to predict the SQC for nonionic hydrophobic organic 
pollutants. Their proposal has the following components: 

C Only the unbound, dissolved form of organic pollutants  is toxic. 
C The concentration of the dissolved form in the porewater is inversely proportional 

to the sediment organic carbon concentration. 
C The fraction of unbound and bound organic pollutants can be predicted if the 

octanol water partition coefficient is known and if the concentration of organic 
carbon in the sediment is known. 

C It is assumed that the major route of exposure is via the porewater. 
C An analysis of benthic and pelagic organisms indicate similar chronic toxicity to 

the unbound dissolved forms. 
C If this is true, then water quality criteria (WQC) can be extended to the sediments 

if the octanol-water partition coefficients are known. 

What is the route of exposure? 

Figure 22 shows a schematic diagram 
showing the two major modes of exposure 
to benthic organisms: respiration and food. 
Campfens & Mackay (1997) modeled the 
process of biaccumulation and 
bioconcentration in benthic and pelagic 
organisms. Respiration is a major route of 
exposure for all organisms. Organisms will 
acquire pollutants in direct proportion to the 
partition coefficient between the organism 
and the concentration of the dissolved form 
in the water used for respiration. In essence, 
animals are modeled as if they are bags of 
lipids. In nature, organisms can also acquire 
pollutants from their food. This can include 
both the sediments, associated organic 

benthic organisms. The dissolved, unbound form of the 
matter and pollutants and other organisms. 

pollutant, shown in red, is the major toxic form, and the 
most likely route of exposure is via porewater and 

Without these trophic pathways, organisms 
would come to a chemical equilibrium with 

overlying water used for respiration. Animals can also be 
the water used for respiration. Benthic 

exposed to toxic substances via their food: for deposit 
feeders this is indicated by ingestion of deposits and 

organisms, which can use the overlying 
water for respiration, will have a lower 

predation. The kinetics and partitioning of bound and 
pollutant concentration than one that uses


unbound pollutants in the gut is largely unknown.

Pollutants bound in pellets and soot particles are not readily 

sediment interstitial water for respiration,


bioavailable.	
since interstitial water has a higher pollutant 
concentration. 

Figure 22 Some routes of exposure of toxic pollutants to 
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A benthic organism that eats other benthic organisms can receive higher pollutant loads, if the 
prey contains a higher body burden. The organism can come to a steady-state pollutant 
concentration, even though its body burden is not in chemical equilibrium with the surrounding 
porewater. Biomagnification refers to the accumulation of a pollutant in excess of that expected 
from equilibrium partitioning. Campfens & Mackay (1997) model a food web in which two fish 
species, with identical lipid contents (an important parameter in modeling the partitioning of 
hydrophobic pollutants) could have drastically different pollutant loads. The fish could differ 
even though they respire with the same water if one feeds on benthic organisms with a high 
pollutant concentration and the other feeds on pelagic organisms with a lower pollutant load. The 
trophic pathways of fish are an important component in modeling bioaccumulation and 
biomagnfication. 

Deposit feeders pose a challenge for equilibrium partitioning theory. These organisms ingest 
sediments with a high concentrations of pollutants, and they respire using interstitial water (and 
the immediately overlying water). DiToro et al. (1991, p. 1568) argue that the route of exposure 
could be either the deposits or the porewater, but pragmatically it makes little difference. If the 
sediments are in chemical equilibrium with the porewater (at equifugacity), then the partitioning 
from the particles to the organism via the gut should be similar to the partitioning between the 
porewater and the organisms respiratory surfaces (e.g., gills, branchiae, or body walls). The 
unknown feature involves the digestive process. Presumably, the proteolytic enzymes in a 
deposit-feeder’s gut would make pollutants more bioavailable, increasing the importance of this 
mode of exposure. 

Colloids, fecal pellets, and soot 

Brownawell & Farrington (1985, 1986) and Farrington (1985) have argued that it is insufficient 
to consider sediments as a two-phase system: porewater and sediment particles. They provide 
persuasive evidence that colloids, which are organic-rich particles which pass through 
conventional 0.4-ìm sieves must be considered as well. This organic colloid phase is often 
indistinguishable from the dissolved organic phase in sediments. Hydrophobic organic pollutants 
will partition onto this organic colloid phase. DiToro et al. (1991) argue that this organic colloid 
phase is not bioavailable. 

This colloid phase can affect the distribution of hydrophobic organic pollutants in sediments. 
Pollutants in the colloidal phase will diffuse in the porewater and can be moved by bioirrigation 
from the benthic infauna. Particle-bound heavy metals and particulate-bound organic compounds 
would not be moved by bioirrigation. 

Fecal pellets can be an important phase in polluted marine environments. For example, up to 
75% of the weight of sediments in some areas of Boston Harbor are bound into fecal pellets. 
Karichoff was the first to model the effects of pellets on pollutant profiles. Pellets tend to be 
organic-rich and anoxic particles. Both nonionic hydrophobic pollutants and heavy metals can be 
sequestered in pellets, and are not readily available for chemical partitioning into the porewater. 
Pollutants in pellets are not bioavailable for two reasons: they are generally bound to organic 
matter, and organisms rarely ingest fecal pellets. 
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Chin & Gschwend (1992) and McGroddy et al. (1996) have modeled the role of soot in 
controlling the distribution and bioavailability of PAHs in Boston Harbor sediments. After 
running three phase models — dissolved PAH, colloidal PAH, and particulate PAH — it was 
found that far too much PAH remained bound to the particulate phase. These authors have 
argued that the PAHs are bound in soot particles and the PAHs are not available for partitioning 
into the dissolved and colloidal phases. Wang et al. (2001) also argued that soot plays a role in 
controlling the partitioning between dissolved, colloidal and particulate phases, but they also 
noted that Boston Harbor sediment PAHs are sorbed within Capitella fecal pellets. 

Terms & concepts 

ANOSIM	 A technique developed by Clarke & Green (1988), based on Dietz’ permutation 
tests and ultimately on Mantel’s work on cancer clusters. Are two similarity 
matrices more similar than chance alone would indicate? 

half-change unit defined by Woodwell (1967), quote from Westman (1978): 
“Woodwell (1967) calculated percentage similarity in measuring 
changes in an oak-pine forest exposed to chronic gamma 
irradiation. He noted, however, that species richness was a more 
uniformly varying index of community change to chronic gamma 
irradiation than was percentage similarity. Using the level of 
irradiation at which species richness is reduced by 50%, 
Woodwell’s studies permit comparison of the inertia of several 
plant assemblages.” 

Outlines 

ASSIGNED 

Grassle, J. F. and J. P. Grassle. 1974. Opportunistic life histories and genetic systems in marine benthic 
polychaetes. J. Marine Research 32: 253-284. {5, 6, 20, 45} 
Species that rapidly respond to open environments: 

- opportunistic, colonizing, or r-selected 
- Characteristics


# lack of equilibrium population size

# density independent mortality

# ability to increase rapidly or high r

# high birth rate

# poor competitive ability

# dispersal ability


" None of these features alone can define an opportunist 
" Wilson & Bossert (1971):  (r-strategist):  a species “adapted for life in a short-lived unpredictable 

habitat.” 
- discovers habitat quickly 
- reproduces rapidly 
- disperse in search of new habitats as the existing one grows unfavorable. 

" Grassle & Grassle propose to use high mortality as a measure of the degree of opportunism 
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" Succession following an oil spill and filed experiments. 
- IV:  muddy sand station. Capitella grew most quickly followed by Microphthalmus aberrans, 

Polydora ligni, Syllides verrilli and Streblospio benedicti. 
- P. 261>  After the spring increase, the decline resulted from any one of a combination of 

resource depletion, predation, an possible accumulation of toxic metabolites. 
" Definition of opportunistic species: 

- We propose defining degree of opportunism both in terms of ability to respond to 
unpredictable events and the mortality rates sustained by the species. 

- Thus high abundance, high reproductive rate and high mortality rate are all part of the life 
history of the opportunist. 

- There are 2 major life history patterns in marine benthic opportunists. Each of the most 
opportunistic polychaetes are both able to disperse widely by means of planktonic larvae or 
rapidly exploit local resource through direct development or a brief planktonic existence. 

" Opportunists and community characteristics. 
- Most predictable environments should have more specialized (less opportunistic) species and 

less predictable environments should have more opportunistic species. 
- Communities with higher diversity generally have smaller average population size 

" Mortality and Demand-to-Resources ratio. 
- the low demand-to-resources ratio and high productivity to biomass ratio found in 

communities characterized by species with high reproductive capacity are the product of a 
high turnover of individuals. 

- A direct consequence of the longer life spans of the species. 
- The poor competitive ability of the polychaete opportunists may result from a shortage of the 

most labile food components. A species such as C. capitata may digest only the parts of the 
sediment that may be most readily converted to tissue to sustain the high growth rate. 

" Summary: 
- Species with the most opportunistic life histories increased and declined at the 2 stations with 

the greatest reduction in species diversity 
- Initial response to disturbed conditions, ability to increase rapidly. Large population size, 

early maturation, and high mortality are all features of opportunistic species. 
- The most opportunistic species live in environments of low predictability. According to our 

definition of predictability, adaptation to unpredictable environments is through short-term 
selection. The ability to survive depends on the variety of larval genotypes rather than the 
physiological tolerance of an average individual 

- Since adaptation is based on short-term selection, emphasis is placed on large population 
size. 

- 2 types of benthic opportunists: 
# mixed strategy variety has obligate planktonic dispersal 
# 2nd type includes Capitella. The larvae are not lost to the subpopulation or 

swamped by larvae from surrounding areas since they are ready to settle shortly 
after release from brood structures. 

- Community characteristics such as diversity and ratio of productivity to biomass in 
unpredictable vs predictable environments are directly related to the spectrum of life histories 
or degree of opportunism of the component species. Species diversity indicates the spectrum 
of population sized and the productivity/biomass ratios are related to total mortality. 

Rhoads, D. C., P. L. McCall, and J. L. Yingst. 1978. Disturbance and production on the estuarine seafloor. 
American Scientist 66: 577-586. {6, 6, 23, 40, 54, 58} 

1. Introduction 
2. disturbance important 
3. theories linking succession and production 
4. disposal of dredged sediment and sludge 
5. can be managed to improve production 
6. The estuary 
7. definition of estuary and Long Island Sound 
8. sources of disturbance 

9. Odum’s 1969 model modified  Table 1 
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One can rank most colonizing species according to their time of appearance in succession, their temporal and 
spatial persistence, and their rates of population growth and decline (Table 1): 

Table 1  Characteristics of early and late stages of soft-bottom benthic succession from Rhoads 

et al. (1978)   Many of these predictions are consequences of allometric relationships and body 
size, which increases with succession.. 

Characteristic EARLY STAGES 
MATURE 
STAGES 

Organism size small large 

Life cycles of species short long 

Growth of individuals and 
populations 

rapid slow 

gross  production  to standing crop 
(P:B) 

high low 

feeding mode or strategy 
suspension & surface deposit 

feeding 
subsurface d 

feeding 

Use of buried detritus less important more  important 

Symbiosis within system undeveloped developed 

Nutrient conservation poor good 

Table 2 Colonizing species from Rhoads et al. (1978) 

SUCCESSIONAL GROUP SPECIES 

Group 1 

Streblospio benedicti 

Capitella 

Ampelisca abdita 

Group 2 
Nucula annulata 

Tellina agilis 

Group 3 
Nephtys incisa 

Ensis directus 

10.	 Two experiments: 

a.	 McCall’s (1977) tray experiment 
b.	 Dredge spoil experiment 

11.	 Recovery to ambient 

Fig. 4:	 The Bray-Curtis Faunal similarity index indicates similarity in faunal composition between an experimental site 
and its ambient environment. Convergence =1... the faunal composition of the dump will not match the ambient 
assemblage until the dump site has passed through earlier successional stages and the climax stage has had a 
chance to develop. This may require several years. 
a.	 tray experiment converged after 240 d. 
b.	 dredge site only ate 20% similarity after 480 d. 
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12.	 Succession and productivity 
a.	 disturbed bottoms dominated by fast growing species. 
b.	 Pioneering species have a negligible effect on sedimentary properties below the surface of the bottom 
c.	 A kind of microbial garden results. 
d.	 Development of a microbial garden probably requires a period of several years. 
e.	 Estimates of production 

13.	 Managing disturbance. 

a.	 don’t put in communities that are already disturbed 
i.	 they already have high productivity 
ii.	 storms make management difficult 

b.	 system-specific pulsing frequencies. 
c.	 deep-water sites hold the greatest potential for production enhancement 
d.	 cap the material 
e.	 poor understanding of what a mature benthic community is 
f.	 Long Island sound changed from Sanders 1956. 

SUPPLEMENTAL 

Pearson, T. H. and R. Rosenberg. 1978. Macrobenthic succession in relation to organic enrichment and pollution 
of the marine environment. Oceanogr. Mar. Biol. Ann. Rev. 16: 229-311 {6, 13}What are the patterns & 
processes 

1.	 Fluctuations in organic input may be considered to be one of the principal causes of faunal change in near-shore 
benthic environments p. 229 

2.	 Experimental studies have been few, relatively unsophisticated and normally associated with -and dependent 
upon-field sampling programs. 

3.	 Bias toward boreo-temperate areas in the data available. 
4.	 Despite these limitations, even a cursory glance at the data suggest that there is a consistent pattern to the faunal 

changes observed along a gradient of increasing organic input to marine sediments. 
5.	 Goals 

a.	 to describe and analyze the pattern 
b.	 to interpret it in terms of accepted tenets of benthic ecology 
c.	 to expose parts that are poorly understood 

6.	 Organic gradient effects can be discerned through variation in space, or more relevantly, in time. 
a.	 seasonal studies:  Bagge, Boesch 1973 
b.	 years:  Dean & Haskins, Pearson, Rosenberg, Lie & Evans, Grassle & Grassle 

7.	 They follow Mills’ definition of a community 

8.	 Changes in numbers of species, abundance and biomass in response to organic enrichment 
a.	 A benthic community in a fairly stable environment undergoes only small-scale quantitative and 

qualitative changes with time. 
b.	 Abnormal environmental variability in either space or time disturbs community stability and gives rise 

to changes in the basic parameters. 

9.	 Spatial changes along a gradient of organic enrichment 
a.	 Saltkallefjord, a 5 km long, narrow fjordic estuary on the Swedish coast.


the wood pulp fibre from a sulphite pulp mill.


b.	 SAB curves: 
i.	 summarize the changes in the basic faunal parameters occurring along transacts originating at 

the effluent discharge points and culminating in areas beyond the effects of the discharge 
material 

ii.	 Sediments in the vicinity of the discharge point are devoid of benthic macrofauna. 

iii.	 ecotone point:  a transition zone within which is a community poor in species, abundance, 
and biomass. On the polluted side of this point, the community is composed of a few 
pollution-tolerant opportunistic species. On the less polluted side of the ecotone point the 
different transitory assemblages gradually approach the composition of the community in the 
unpolluted environment. The community at the ecotone point consists of species from both 
adjacent communities. 
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iv.	 Biomass:  there is an initial small peak in biomass corresponding to the maximum 
abundances of small opportunistic species, followed by a decline to the ecotone point, 
Beyond this, the biomass increases to a second higher maximum as a greater variety of larger 
species are encountered,, and finally stabilizes at a somewhat lower level as the normal non-
polluted communities develop. The secondary biomass maximum probably occurs in that 
area of the gradient where organic enrichment of the sediments is sufficient to proved a rich 
food source but not yet high enough to case serious oxygen depletion. 

Fig. 2. Generalized SAB diagram. 
Sanders Grassle & Hampson 

10. Temporal changes in an organically enriched environment 
“The changing SAB relationship described above as taking place along a gradient 
in space of decreasing organic enrichment may also be shown to occur along 
similar gradients in time.” P. 235 

a.	 As inputs increases species number and biomass initially increase, then decrease to the ecotone point, 
followed by secondary maxima of biomass and abundance associated with a few small opportunistic 
species which, if enrichment proceeds further, then fall off rapidly to an afaunal state. 

b.	 Saltkallefjord in Sweden 
i.	 Pollution abatement after 1966 
“The first opportunists appeared in high numbers, then rapidly decreased as more 
species were added to the community. This reduction was followed by a secondary 

increase, or `overshoot’ prior to stabilization of the successional sera.”  
“Although the succession of species is a smooth and continuous process, the 
abundance of individuals among those species changes rapidly. The bell-shaped 
population dominance curves from two of the stations show a complex succession of 
species whose interrelationships are not easily ordered into any one interpretable 
direction, probably resulting from rapid fluctuations in environmental conditions.” 

11.	 Migrating Communities. 
“the opportunists were short-lived and show vigorous seasonal variations, which 
suggest that the PO might be reduced or even disappear over shorter periods in 
response to short term environmental variations.” 
“Moreover, the change in `health status’ of a polluted region may quite easily be 
assessed by recognizing changes in the PO-point with time, viz., if the PO-point 
moves away from the discharge point during successive sampling periods then 
pollution is increasing and if the PO-point approaches the discharge point, 
pollution is decreasing.” 

“Thus the concept of migrating communities implies a successional replacement of 
one community by another, i.e., it is equivalent to the ecological process going on 
continuously all over the world on a long time scale in response to environmental 
change, but in perturbed environment the changes are of short duration and so 
more conveniently studied.” 

12. Changes in diversity 
“Community diversity is both niche and time-stability dependent, i.e., more niches 
open the doors for a higher diversity, thus a heterogeneous sediment accommodates 
a higher infaunal diversity than a homogeneous one and environmentally stable 
regions demonstrate higher diversity than unstable ones.” 

a. Rarefaction technique 

Fig. 6: No. species/1000 individuals calculated by Sanders rarefaction technique. 
b.	 Shannon-Wiener function: 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 43 of 97 

Evenness: 

Fig. 8:	 Abundance and diversity (Shannon-Wiener, H, and its evenness, J) during succession following pollution 
abatement. diversity is maximum at the ecotone point following the peak of the opportunists. 
Watling:  He supports Hurlbert in stressing the advisability of suiting the index to the type of information 
required. The information statistic should be used if the interest lies in the bits of information per individual, but 
if the probability of intraspecific encounters is being considered than a probability measure such as the PIE of 
Hurlbert should be used... Watling suggests that the scaled standard deviation (SDN) of Fager (1972) which 
reflects changes in dominance and the degree to which resources are being shared is a particularly suitable 
statistic for assessing perturbations brought about by pollution. 

c.	 Concluding remarks about species diversity 
i.	 the use of diversity indices to assess faunal change is increasing rapidly. 
ii.	 make within habitat comparisons 
“there is grave temptation to attribute to those figures some universal significance 
and assume that they are immediately comparable with any other figures similarly 
derived, despite inconsistences in the origin and treatment of the data. Any 
comparisons should be carefully qualified by a detailed examination of the basis of 
the data being used.” 

13.	 The utility of similarity indices and ordering techniques in assessing response to enrichment. 
The above brief survey suggests that similarity indices are useful for analyzing differences in community 
structure along gradients of organic enrichment 

14. 	 Indicators and opportunists - species associated with enrichment. 
15. The use of single species, or groups of species to characterize the degree of organic pollution of a body of water 

has a long history in freshwater systems. 
“Thus, the capitellid polychaetes and Capitella capitata in particular have long 
been used in this context. It has frequently been pointed out, however, that as many 
instances of the occurrence of such species in organically poor areas can be quoted 
as of their occurrence in enriched areas.” 

a.	 Nevertheless, a fuller analysis of the species common to organically enriched areas and the elements 
common to the observed species successions is helpful in attempting to understand the basic 
mechanisms of those successions. 

16.	 It has previously been pointed out that species changes along a gradient of increasing organic enrichment take 
the form of a continuous succession rather than a series of distinct groupings. 

Fig. 12 Species succession in an area of Loch Eil subject to increasing inputs of organic material over a period of years. 

Table Ia-Ic  opportunists 
“It is apparent that when the amount of organic material reaching the sediments is 
very high then this is the overwhelmingly important environmental factor, and the 
species adapted to survive in these circumstances are both few and ubiquitous” 
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17. Opportunists vs. enrichment species 
“There may be some advantage... in distinguishing between what may be termed 
general opportunists, i.e., the initial colonizers of any denuded area irrespective of 
the richness of the substratum, and `enrichment opportunists, which are initial 
colonizers only in organically rich areas.” 
“On the basis of the above evidence (based admittedly on a relatively small number 
of studies concentrated in N. America) it would appear that the majority of species 
associated with the early stages of succession following gross organic enrichment 
of an area are those also associated with successions following any major 
environmental disturbance which has resulted in the elimination or significant 
reduction of the normal fauna. Species particularly associated with the early stages 
of succession in organically enriched areas, i.e., those which might be termed 
enrichments species, appear to be very limited in number-indeed of the species in 
Table I - only Capitella and possibly Streblospio benedicti and/or Scolelepis 
fulignosa and the dorvelleid group might be considered to belong to such a 
category.” 

18.	 Parallel species 
opportunists are ubiquitous or have closely related equivalents in widely separated geographical areas. 
a.	 P. ligni and P. ciliata. 
b.	 S. benedicti and Scolelepis fuliginosa 

19.	 The influence of other physical factors on response to organic enrichment 
a.	 Salinity 
b.	 Sediment grain size mentioned 

20.	 Oxygen, redox potential, and temperature. 
a.	 An emerging R.P.D. will force the macrofauna up towards the sediment surface and thus reduce the 

number of niches available. 
b.	 Oxygen concentration important 

21. Water movement and enrichment 
Low currents associated with high silt-clay 
“Eagle (1975) discussed the interactions of bioturbation and water turbulence in 
controlling population growth in the benthos of Liverpool Bay, England. The 
activities of deposit-feeding species in creating instability in the sediment which 
was subsequently washed out during storm periods was considered to be 
instrumental in causing the replacement of one type of association by another.” 

22.	 Biological Factors Associated with the response of benthic populations to organic enrichment. 
23.	 Biogenic effects on sedimentary structure. 

24. Trophic-group amensalism:  a term summarizing the environmental incompatibility of suspension-feeders and 
deposit-feeders. The activities of deposit-feeding species in creating and maintaining a level of instability in the 
surface structure of fine sediments were shown to play a major part in excluding the settlement and 
development of populations of suspension feeders. 

“As the amount of organic material reaching the sediments increases, the larger 
species and deeper burrowing forms are gradually eliminated and replaced by 
greater numbers of lamellibranch suspension- and surface deposit feeders. ...The 
resulting elimination of such species may well be due to a combination of factors 
arising from both the physical space restrictions resulting in a reduction below the 
“critical space value” for the species, and the direct effect of an increasingly 
adverse chemical environment. Those species surviving at this stage tend to be 
much smaller than those of the earlier, stages, although abundances may increase if 
conditions are not too severe.” 
“Changes along the gradient of increasing organic enrichment may thus be 
regarded as involving a progressive reduction in the complexity of the community 
structure and in the degree to which the sediment is reworked by the fauna. At the 
low input end of the gradient there is a complex physical and faunal structure made 
up of a mosaic of interrelated micro-environments which are largely maintained by 
the activities of animals which, in this area, encompass a wide range of physical 
size, with large individuals often forming the dominant component in the physical 
structure of the whole community (cf. the `keystone’ or foundations species’ 
concepts of Paine 1969 and Dayton 1973.)...Although the sequence of the 
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progressive elimination of species can be followed, the reasons for the success and 
failure of particular species at any one stage or often obscure. The dominants in the 
higher input areas of the gradients are progressively smaller in physical size, 
confined to an increasingly narrow band of surface sediment, and the trophic 
structure is progressively simplified as the number of species is reduced.” 

25.	 Changes in trophic structure: 
26.	 Surprisingly few studies of changes in benthic communities have included a full consideration of trophic 

structure 
27. the percentage of deposit feeders increases in response to increasing organic inputs 

“This analysis suggest that as organic input increases there is a decline in the 
selective surface feeders and an increase in the non-selective sub-surface feeders. 
Selective sub-surface feeders do not form a significant element of the fauna at any 
stage and are entirely eliminated under high input levels.” 

28. Recruitment in stressed communities: 
“most change is brought about by larval recruitment following mortality in the 
adult populations” 

29.	 adult recruitment can be important in the colonization of a denuded area. 
30. Rosenberg (1976a) emphasized that the time and frequency of larval recruitment should be an  important factor 

in determining benthic community structure, especially during the early seral stages of succession. 
“Species, which both as larvae and adults, can tolerate a highly organic sediment 
and the secondary effects of this, are naturally selectively favored. A second 
advantage is gained if the species can also reproduce successfully in such an 
environment and has low larval dispersion (non-pelagic development). Species 

having these characteristics among others are called opportunists (Grassle & 

Grassle, 1974) and have short term or -r-strategy reproductions)” 

31. Facilitation 
“Capitella and Scolelepis fulignosa are non-selective deposit feeders and have very 
high population densities in enriched areas. Though their activities they will have a 
considerable effect on the sediment structure and within a comparatively short time 
such populations will render the sediments suitable for the settlement of the larvae 
of other species which themselves further modify the structure of the substratum. 
Such modifications, together with the increased competition for the available 
resources, reduces the populations of the initial opportunist colonizers. Thus the 
succession proceeds and, in the absence of further excessive inputs of organic 
material, the community becomes increasingly complex as competition for the 
remaining organic material intensifies and feeding habits diversify, leading to the 
development of various coprophagous, bacteriophagous, and carnivorous 
populations.” 

“The first colonizers of an unexploited sediment seem to belong to the same species 
or genera all over the world. The composition of the transitory communities in the 
succession  will, however, certainly show temporal variations from place to place 
and be highly dependent on reproductive success. It is well known that species have 
good and bad years...This might theoretically lead to a later establishment of 
multiple stable points (Sutherland 1974) during succession”  (page 296) 

32.	 Stress tolerance of benthic communities 
33.	 Species which tolerate low salinities dominate in polluted environments 
34.	 Boesch (1972):  typical species replaced by eurytolerant species. 

a.	 Boesch (1974);  although estuarine communities lack resistance (stability), they have high resiliency 
b.	 Jernelov & Rosenberg (1976):  features which render some species more tolerant to pollution 

i.	 alternate biochemical pathways 
ii.	 low genetic diversity 

35. General discussion and conclusions: 
“If organic enrichment is of a certain magnitude it will superimpose its own 
gradient on the environment and induce modifications of the distribution of 
organisms initially controlled by, for example, salinity and temperature.” 

36.	 Between the 2 endpoints of Figure 20, we have defined three successional stages 
a.	 the peak of opportunists, with few species in great numbers. 
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b.	 the ecotone point 
c.	 the transition zone with initially great fluctuations of the populations progressing towards the more 

stable normal community. 
37.	 The final stage of a recovery process, i.e., the `normal’ community in the habitat, will naturally be habitat-

dependent but is highly predictable for a region. 

38.	 The ecotone point along a gradient of organic enrichment is a poorly populated area. During a recovery 

process much space and many niches are unoccupied...Thus, in contrast to the pioneer and `final’ 
communities in the succession, which are highly predictable, the transitory communities are 
unpredictable. 

39.	 Succession is equivalent to a process of accumulating information. 
40.	 The ability of a community to withstand perturbations is not, in our opinion related to a community structure or 

diversity, but rather dependent on the ability of the individual organisms to adapt to the changed conditions. 
41.	 In the absence of continued high inputs of organic material, the feeding activities of non-selective deposit 

feeders such as Capitella themselves cause rapid changes in the sedimentary micro-structure by pelletizing 
material and increasing the surface area available for microbial attachment. This in turn prepares the way for 
colonization by subsequent members of the succession. 

42.	 Pollution assessment 
We have shown that definite boundaries rarely exist between pollution tolerant and non-tolerant communities, 
but rather that the change is gradual. Almost all studies in organically enriched areas of the world have shown 
that along such a gradient there is a peak of opportunists (PO) i.e., a community where a few opportunist species 
are extremely abundant. This is suggested as an easily recognized reference point for the rapid assessment of the 

extent of organic pollution. 

Web Resources 

Table 2. Web resources on pollution effects on benthic communities. 

URL Site Description 

http://www.nap.edu/execsu 
mm/0309084385.html 

National Academy Press Full html text of 
Oil in the Sea III: Inputs, 
Fates, and Effects (2003) 
Ocean Studies Board (OSB), 
Marine Board (MB), 
Transportation Research 
Board (TRB) 

http://eagle.nrri.umn.edu/p 
ubdefault.htm 

Estuarine and Great Lakes 
(EaGLe) 
Coastal Initiative 

Coastal research sites funded 
by EPA Star program 

http://www.savetheharbor. 
org/about_1.html 

Save the Harbor Save the Bay Environmental watchdog 
group for Boston Harbor & 
MA Bay 

http://www.nap.edu/execsumm/0309084385.html
http://www.nap.edu/execsumm/0309084385.html
http://eagle.nrri.umn.edu/pubdefault.htm
http://eagle.nrri.umn.edu/pubdefault.htm
http://www.savetheharbor.org/about_1.html
http://www.savetheharbor.org/about_1.html
IT
Stamp



References 

DEVELOPMENT OF MONITORING 

PROGRAMS PER SE 

Agger, P. 1989. Principles for the Danish biomonitoring 
programme. Helg. wiss. Meeresunters. 43: 309­
317. [Sampling divided into monitoring, 
surveillance, trend monitoring and control 
monitoring] 

Anderson, T. W. 1971. The statistical analysis of time 
series. Wiley, New York. 

Baker, J. M., J. P. Hartley, and B. Dicks. 1987. Planning 
biological surveys. Pp. 1-26 in J. M. Baker and 
W. J. Wolff, eds., Biological Surveys of 
Estuaries and Coasts. Cambridge University 
Press, Cambridge. [A non-technical summary] 

Bernstein, B. B., R. W. Smith, and B. E. Thompson. 
1985. Sampling design and replication for 
benthic monitoring. SCCWRP annual report 
1983-1984. 

Bilyard, G. R. 1987. The value of benthic infauna in 
marine pollution monitoring studies. Marine 
Pollution Bulletin 18: 581-585. [Case studies 
are presented for the LA sewer outfalls, West 
Falmouth, and copper in Norway] 

Bloom, S. A. 1980. The multivariate quantification of 
community recovery. Pp. 141-151 in J. Cairns, 
ed. The Recovery Process in Damaged 
Ecosystems. Ann Arbor Science Publishers, 
Inc., Ann Arbor, MI. 

Boesch, D. F. 1977. Application of numerical 
classification in ecological investigations of 
water pollution. EPA-600/3-77-033. US. EPA 
Environmental Laboratory, Corvallis OR. [This 
major reference on cluster analysis to applied 
benthic ecology. This document describes the 
COMPAH computer program] 

Boesch, D. F. and R. Rosenberg. 1981. Response to stress 
in marine benthic communities. Pp. 179-200 in 
G. W. Barrett and R. Rosenberg, eds., Stress 
effects on natural ecosystems. John Wiley & 
Sons, NY. 

Cairns, J. 1974. Indicator species vs. the concept of 
community structure as an index of pollution. 
Water Resources Bull. 10:  338-347. 

EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 47 of 97 

Cairns, J. 1981. Biological monitoring Part VI- Future 
needs. Water Res. 15: 941-952. 

Cairns, J. and K. L. Dickson. 1971. A simple method for 
the biological assessment of the effects of water 
discharges on aquatic bottom-dwelling 
organisms. J. W. Poll. Cont. Fed. 43: 753-772. 
[Use H’] 

Cairns, J. and J. R. Pratt. 1986. Developing a sampling 
strategy. ASTM Publication. [Includes a list of 
Critical Questions] 

Carpenter, S. R. 1990. Large-scale perturbations: 
opportunities for innovation. Ecology 71: 2038­
2043. 

Caswell, H. and J. R. Weinberg. 1986. Sample size and 
sensitivity in the detection of community impact. 
IEEE Oceans ‘86 Conference Proceedings.{?} 

Chapman, P. M. R. N. Dexter and L. Goldstein. 1987a. 
Development of monitoring programmes to 
assess the long-term health of aquatic 
ecosystems. Marine Pollution Bulletin 18:  521­
528. 

Chapman, P. M, R. N. Dexter and E. R. Long. 1987b. 
Synoptic measures of sediment contamination, 
toxicity and infaunal community composition 
(the sediment quality triad) in San Francisco 
Bay. Mar. Ecol. Prog. Ser. 37:  75-96. 

Chapman, P. M., E. A. Power, R. N. Dexter and H. B. 
Anderson. 1991. Evaluation of effects 
associated with an oil platform, using the 
sediment quality triad. Environmental 
Toxicology and Chemistry 10: 407-424. 

Clarke, K. R. and R. H. Green. 1988. Statistical design 
and analysis for a ‘biological effects’ study. 
Mar. Ecol. Prog. Ser. 46: 213-226. [Some 
methods used to analyze the GEEP data are 
described. A modification of the Mantel test is 

described and called ANOSIM] {38} 

Clarke, K. R. and M. Ainsworth. 1993. A method of 
linking multivariate community structure to 
environmental variables. Mar. Ecol. Prog. Ser. 

143: 303-306. [Critique by Diniz-Filho & Bini 

(1996)] {48} 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 48 of 97 

Clements, W. H. J. H. van Hassel, D. S. Cherry and J. 
Cairns. 1989. Colonization, variability, and the 
use of substratum-filled trays for biomonitoring 
benthic communities. Hydrobiologia 173: 45-53. 

Cochran, W. G. 1977. Sampling techniques, 3rd ed. John 
Wiley and Sons, New York. 

Diniz-Filho, J. A. F. and L. M. Bini. 1996. Assessing the 
relationship between multivariate community 
structure and environmental variables. Mar. 
Ecol. Prog. Ser. 143: 303-306. [A critique of 

Clark & Ainsworth 1993] {47} 

Downing, J. A. 1979. Aggregation, transformation and 
the design of benthos sampling programs. J. 
Fish. Res. Bd. Can. 36: 1454-1463. [The use of 
many small samples is advocated to increase the 
precision of estimates.] 

Downing, J. A. 1989. Precision of the mean and design of 
benthos sampling programmes: caution revised. 
Marine Biology. 

Duncan, G. J. and G. Kalton. 1987. Issues of design and 
analysis of surveys across time. Int. Stat. Rev. 
55: 97-117. 

Eberhardt, L. L. and J. M. Thomas. 1991. Designing 
environmental field studies. Ecol. Monogr. 61: 
53-74. 

Farrington, J. W., E. D. Goldberg, R. W. Risebrough, J. 
H. Martin, and V. T. Bowen. 1983. U. S. 
“Mussel Watch” 1976-1978: An overview of the 
trace-metal, DDE, PCB, hydrocarbon, and 
artificial radionuclide data. Environ. Sci. 
Technol. 17: 490-496. 

Field, J. G., K. R. Clarke, and R. M. Warwick. 1982. A 
practical guide for analysing multispecies 
distribution patterns. Mar. Ecol. Prog. Ser. 8: 
37-52. [A very good introduction to some basic 
multivariate community analyses] 

Gray, J. S. 1976. Are baseline surveys worthwhile? New 
Sci. 70:  219-221. 

Gray, J. S. 1979. The development of a monitoring 
programme for Norway’s coastal marine fauna. 
Ambio 8:  176-179. 

Gray, J. S. 1989. Do bioassays adequately predict 
ecological effects of pollutants?  Hydrobiologia 
188/189: 397-402. [No] 

Gray, J. S. and H. Christie. 1983. Predicting long-term 
changes in marine benthic communities. Mar. 
Ecol. Prog. Ser. 13: 87-94. [Benthic 
communities often exhibit long-term changes, 
even cycles. Monitoring programs must be long 
to separate anthropogenic from natural 

changes]  {13, 14} 

Green, R. H. 1979. Sampling design and statistical 
methods for environmental biologists. John 
Wiley & sons, New York. [An excellent guide to 
sampling design. Introduced the controlled 
impact design, criticized by Hurlbert (1984) ] 

{7, 8, 11} 

Green, R. H. 1984. Statistical and nonstatistical 
considerations for environmental monitoring 
studies. Env. Monitoring and Assessment. 4: 
293-301. 

Green, R. H. 1989. Power analysis and practical 
strategies for environmental monitoring. 
Environmental Research 50: 195-205. 

Hayek, Lee-Ann C. and Martin A. Buzas. 1997. 
Surveying Natural Populations. Columbia 
University Press, New York. 563 pp. 

Holling, C. S. 1973. Resilience and stability of ecological 
systems. Ann. Rev. Ecol. Syst. 4: 1-23. 

Hurlbert, S. H. 1971. The non-concept of species 
diversity:  a critique and alternative parameters. 
Ecology 52: 577-586. [Hurlbert attacks most 
uses of diversity indices and introduces the 
E(S ) index for Sanders’ rarefaction technique] n

Hurlbert, S. H. 1984. Pseudoreplication and the design of 
ecological field experiments. Ecological 
Monographs 54: 187-211. [Criticizes Green’s 
controlled impact design for pollution 
monitoring][] 

Jassby, A. D. and T. M. Powell. 1990. Detecting changes 
in ecological time series. Ecology 71: 2044­
2052. 

Jeanpretie, N. and R. Kraftsik. 1989. A program for the 
computation of power and determination of 
sample size in hierarchical experimental 
designs. Comp. Meth. Biomed. 29: 179-190. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 49 of 97 

Jumars, P. J. 1981. Limits in predicting and detecting 
benthic community response to manganese 
nodule mining. Marine Mining 3: 213-228. [No 
effects of mining seen, but power analyses 
revealed that even massive effects could have 
led to no significant differences in the test 
statistics; low power to detect ecologically 

meaningful results]  {9, 10} 

Kelly, J. C. 1971. Multivariate oceanographic sampling. 
Math. Geol. 3: 43-50. [Includes a benthic 
example on how to optimize funds in benthic 
sampling:  3 grabs pers station, 5 splits per 
grab] 

Kempthorne, O. 1952. The design and analysis of 
experiments. John Wiley & Sons, New York. [A 
classic text, supplemented nicely by Mead’s 
text] 

Kenkel, N. C., P. J. Nangy and J. Podani. 1989. On 
sampling procedures in population and 
community ecology. Vegetatio 83: 195-207 
[How big an areal sample should be taken?] 

Kingston, P. F. and M. J. Riddle. 1989. Cost effectiveness 
of benthic faunal monitoring. Marine Pollution 
Bulletin 20: 490-495. [They argue that present 
designs are too costly. They advocate single, 
large grabs, coarse 1-mm sieves, taxonomy to 
the familial or generic level only [see Warwick 
1988a & b],  H’ diversity indices, multivariate 
statistics (classification and ordination) and no 

replication. Word (1980a) describes a similar 
wrong-headed approach to monitoring.] 

Kish, L. 1965. Survey sampling. John Wiley & Sons, 
New York. [A key book, but it is difficult to 
translate the social survey concepts to ecology. 
Kish died in October 2000; his NY Times obit 
notes his major accomplishment was showing 
that probability-based sampling should be used. 
He picked Truman over Dewey while Gallup did 
not.] 

Lehman, J. T. 1986. The goal of understanding in 
limnology. Limnol. Oceanogr. 31: 1160-1166. 
[Written as a rebuttal to Peters’ advocacy of 
log-log regressions, Lehman is generally 
critical of any ‘engineering-style’ approach to 
index development. “What about the great body 
of “lake users” and “lake managers” who 
“need to know” the latest, best prescription for 
total P to biomass ratios or perhaps the best 
correlate for the square root of chlorophyll? 
The pursuit of such relationships causes no 
evident harm...Ad hoc constructs can serve a 
purpose, but they provide little foundation for 
understanding. but such constructs are doomed 
to eventual obscurity. What eventually replaces 
ad hoc empiricism are the results of work on 
general principles and discoveries of new 
ecosystem processes.”] 

Livingston, R. J. 1977. Time as a factor in biomonitoring 
estuarine systems with reference to benthic 
macrophytes and epibenthic fishes and 
invertebrates. Pp. 212-234 in J. Cairns, K. L. 
Dickson and J. F. Westlake, eds. Biological 
monitoring of water and effluent quality, ASTM 
STP 607. [TD 423 A57.2 in MBL library] 

Livingston, R. J. 1979. Multiple factor interactions and 
stress in coastal systems: a review of 
experimental approaches and field implications. 
Pp. 389-414 in W. B. Vernberg et al. (eds.) 
Marine Pollution: functional responses. 
Academic Press, New York. 

Long, E. R., P. M Chapman. 1985. A sediment quality 
triad:  measures of sediment contamination, 
toxicity and infaunal community composition in 
Puget Sound. Marine Pollution Bulletin 16: 
405-415. [As a qualitative tool, the triad is ok. 
Their quantification of the triad violates many 
of the principles of measurement theory. Apples 
& oranges plotted on the same graph makes 
little sense] 

Lunz, J. D. and D. R. Kendall. 1982. Benthic resources 
assessment technique: a method for quantifying 
the effects of benthic community changes on 
fish resources. Oceans: 1021-1027. [The BRAT 
method is described. This original paper 
describes an innovative method - identify the 
key species that are the base of the benthic-
pelagic foodweb. It was the implementation of 
the BRAT method that led to problems. Instead 
of identifying species, size groups were used by 
the Army Corps of Engineers in implementing 

BRAT.]{15} 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 50 of 97 

Matson, P. A. and S. R. Carpenter. 1980. Statistical 
analysis of ecological responses to large-scale 
perturbation. Ecology 71: 2037. 

Mayr, E. 1982. The growth of biological thought. 
Belknap Press, Cambridge MA. [Points out that 
science using survey designs and the 
comparative approach are as ‘scientific’ as 
those using experiments] 

McIntyre, A. D., J. M. Elliott and D. V. Ellis. 1984. 
Introduction: design of sampling programs. Pp. 
1-26 in N. A. Holme and A. D. McIntyre, eds, 
Methods for the study of Marine Benthos. 
Blackwell Scientific, Oxford. [Discuses the 
number of samples needed in benthic surveys] 

Messer, J. J., R. A. Linthurst, and W. S. Overton. 1991. 
An EPA program for monitoring ecological 
status and trends. Environmental Monitoring 
and Assessment 17: 67-78. [EMAP] 

Millard, S. P., J. R. Yearsley, and D. P. Lettenmair. 1985. 
Space-time correlation and its effect on methods 
for detecting aquatic ecological change. Can. J. 
Fish. Aquat. Sci. 42: 1391-1400. [ANOVA 
assumes errors uncorrelated in time. Simulated 
data used to show spatial or temporally 
correlated errors affects the outcome of tests. 
Pair stations judiciously, or MANOVA] 

National Research Council. 1986. Ecological knowledge 
and environmental problem-solving. Concepts 
and case studies. National Academy Press, 
Washington DC. [A superb book, especially the 
introduction and Lehman’s wonderful chapter 
on eutrophication of Lake Washington]{?} 

National Research Council. 1990. Managing troubled 
waters:  the role of marine environmental 
monitoring. National Academy Press, 
Washington DC. [A list of practical 
recommendations] 

O’Connor, J. S. and R. T. Dewling. 1986. Indices of 
marine degradation: their utility. Environmental 
Management 10: 335-343. [Need better 
indicators of pollution, its societal importance. 
A strategy described for indices (11, 1 is benthic 
species composition and abundance). They must 
be relevant, simple and easily understood by 
laymen, scientifically defensible, quantitative 
and expressed probabilistically, and acceptable 
in terms of cost.]{?} 

’O lafsson, E. B. and T. Høisaeter. 1988. A stratified, two-
stage sampling design for estimating the 
biomass of Mytilus edulis L. in Lindaspallene, a 
land-locked fjord in western Norway. Sarsia 73: 
267-281. 

Raffaelli, D. 1981. Monitoring with meiofauna - a reply 
to Coull, Hicks and Wells (1981) and additional 
data. Mar. Poll. Bull. 12: 381-382.[?] 

Raffaelli, D. 1982. An assessment of the potential of 
major meiofauna groups for monitoring organic 

pollution. Mar. Env. Res. 7: 151-163.[15] 

Raffaelli, D. 1987. The behaviour of the 
nematode/copepod ratio in organic pollution 

studies. Mar. Env. Res. 23: 135-152. [15] 

Reish, D. J. 1973. The use of benthic animals in 
monitoring the marine environment. J. Env. 
Planning and Poll. control 1: 32-38. 

Rhoads, D. C. and J. D. Germano. 1986. Interpreting 
long-term changes in benthic community 
structure:  a new protocol. Hydrobiologia 142: 
291-308 [The O.S.I.TM and BRAT using 
REMOTS images are discussed and applied.] 

{6, 15, 65} 

Riddle, M. J. 1989. Precision of the mean and the design 
of benthos sampling programmes: caution 
advised. Marine Biology 103: 225-230. [See 
earlier and later papers by Downing. Savings 
can be achieved using smaller samples] 

Rotenberry, J. T. and J. A. Wiens. 1985. Statistical power 
analyses and community-wide patterns. Am. Nat 
125: 164-168. 

Segar, D. A. and E. Stamman. 1986. Fundamentals of 
marine pollution monitoring programme design. 
Marine Pollution Bulletin 17:  194-200. 

Stewart-Oaten, A., W. M. Murdoch, and K. R. Parker. 
1986. Environmental impact assessment: 
“Pseudoreplication” in time?  Ecology 67:  929­
940. [A defense of a design described by Roger 

Green in his book and attacked by Hurlbert 

1984. I can’t figure out what this paper means] 

{7} 

Tung, Y-K. 1990. Evaluating the probability of violating 
dissolved oxygen standards. Ecol. Model. 51: 
193-204. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 51 of 97 

Underwood, A. J. 1981. Techniques of analysis of 
variance in experimental marine biology and 
ecology. Oceanogr. Mar. Biol. Ann. Rev. 19: 
513-605. [?] 

Underwood, A. J. 1989. The analysis of stress in natural 
populations. Biol. J. Linn. Soc. 37: 51-78. [?] 

Underwood, A. J. and C. H. Peterson. 1988. Towards an 
ecological framework for investigating 
pollution. Mar. Ecol. Prog. Ser. 46: 227-234. 
[Some comments from the GEEP workshop] 

{31} 

Underwood, A. J. 1997. Experiments in ecology. 
Cambridge University Press, Cambridge. 504 p. 

Warwick, R. M. 1988a. The level of taxonomic 
discrimination required to detect pollution 
effects on marine communities. Mar. Poll. Bull. 
19: 259-268. [Taxonomy to the species level is 

not needed.]  {15} 

Warwick, R. M. 1988b. Analysis of community attributes 
of macrobenthos of Frierfjord/Langesund fjord 
at taxonomic levels higher than species. Mar. 

Ecol. Prog. Ser. 46: 167-170. {15} 

Warwick, R. M. 1988c. Effects on community structure 
of a pollution gradient -SUMMARY. Mar. Ecol. 
Prog. Ser. 46: 207-211. [Summary of results of 
GEEP workshop. Multivariate methods such as 
MDS and DECORANA compared. Field 
biomass spectra also analyzed.] {?} 

Warwick, R. M. 1993. Environmental impact studies on 
marine communities:  pragmatical 
considerations. Aust. J. Ecology 18: 63-80. [A 

very nice paper, criticizing the use of Caswell’s 

(1976) neutral model and many other 
techniques for identifying disturbed 
communities. He advocates using meiofauna – 
no surprise since Warwick works with 

meiofauna]{70} 

Westman, W. E. 1978. Measuring the inertia and 
resilience of ecosystems. Bioscience 28: 705­
710. [Review of inertia, resilience, amplitude, 
elasticity, resilience, malleability. Includes a 
discussion of half-change units, used by 

Woodwell 1967] {38} 

GENERAL POLLUTION (SEWAGE; SEE 

ORGANIC ENRICHMENT, METALS AND 

OIL BELOW) 

Anderlini, V. C. and R. G. Wear. 1992. The effect of 
sewage and natural seasonal disturbances on 
benthic macrofaunal communities in Fitzroy, 
Bay, Wellington, New Zealand. Mar. Poll. Bull. 
24: 21-. 

Armstrong, J. W., R. M. Thom, and K. K. Chew. 1980. 
Impact of a combined sewer overflow on the 
abundance, distribution and community 
structure of subtidal benthos. Mar. Env. Res. 4: 
3-23. [Application of discriminant analysis] 

Aschan, M. 1990. Changes in soft bottom macrofauna 
communities along environmental gradients. 
Ann. zool. Fennici 27: 329-336. [3 areas were 
sampled, Shannon-Wiener diversity, PCA of 9 
dominant species. Regression analysis to find 
environmental variables correlated with PCA 
axes. Pollution effects couldn’t be discerned 
from natural environmental parameters] 

Austen, M. C., R. M. Warwick, and M. C. Rosado. 1989. 
Meiobenthic and macrobenthic community 
structure along a putative pollution gradient is 
southern Portugal. Mar. Poll. Bull. 20: 398-405. 

Bellan, G. 1980. Relationship of pollution to rocky 
substratum polychaetes on the French 
Mediterranean coast. Mar. Poll. Bull. 11: 318 
[From Reish’s 1981 compilation. A horrible use 
of ratios of polychaete species abundances.] 

Boesch, D. F. 1977. Application of numerical 
classification in ecological investigations of 
water pollution. EPA-600/3-77-033. US. EPA 
Environmental Laboratory, Corvallis OR. [This 
EPA document has become the major reference 
on the application of cluster analysis to applied 
benthic ecology. This document can be used as 
a user’s manual for the widely distributed 
COMPAH computer program] 

Boesch, D. F. and R. Rosenberg. 1981. Response to stress 
in marine benthic communities. Pp. 179-200 in 
G. W. Barrett and R. Rosenberg, eds., Stress 
effects on natural ecosystems. John Wiley & 
Sons, NY. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 52 of 97 

Bottom, M. L. 1979. Effects of sewage sludge on the 
benthic invertebrate community of the inshore 
New York Bight. Estuar. coastal mar Sci. 8: 
169-180. 

Calow, P and R. J. Berry, eds., 1989. Evolution, ecology 
and environmental stress (Reprinted from the 
Biol. J. Linean Society 37 (1-2). Academic 
Press, London. 187 pp. 

Carlton, J. T. and J. B. Geller. 1993. Ecological roulette: 
the global transport of nonindigenous marine 
organisms. Science 261: 78-82. [Marenzelleria 
viridis introduced to Germany in 1983. Rangea 
cuneata introduced from Southern US  to New 
York in 1991] 

Coull, B. C., G. R. F. Hicks, and J. B. J. Wells. 1981. 
Nematode/copepod ratios for monitoring 
pollution: a rebuttal. Marine Pollution Bulletin 

12: 378-381. [Strong attack on Raffaelli & 

Mason’s (1981) method] {?} 

Coull, B. C. and G. T. Chandler. 1992. Pollution and 
meiofauna: field, laboratory, and mesocosm 
studies. Pp. 191-271 in M. Barnes, A. D. Ansell 
and R. N. Gibson, eds., Oceanogr. Mar. Biol. 
Ann. Rev. Vol. 30. 

Dauer, D. M. 1984. High resilience to disturbance of an 
estuarine polychaete community. Bull. Mar. 
Science 34: 170-174. 

Dean, D. and H. H. Haskin. 1964. Benthic repopulation 
of the Raritan River estuary following pollution 
abatement. Limnol. Oceanogr. 9: 551-563. 

Diaz, R. J. 1989. Pollution and tidal benthic communities 
of the James River Estuary, Virginia. 
Hydrobiologia 180: 195-. 

Dorsey, J. H. 1982. Intertidal community offshore of the 
Werribee sewage-treatment farm: an 
opportunistic infaunal assemblage. Aust. J. Mar. 
Fresh. Res. 33: 45-54. 

Essink, K. and J. J. Beukema. 1986. Long-term changes 
in intertidal flat macrozoobenthos as an 
indicator of stress by organic pollution. 
Hydrobiologia 142: 209-215. 

Franz, D. R. and W. H. Harris. 1988. Seasonal and spatial 
variability in macrobenthos communities in 
Jamaica Bay New York - an urban estuary. 
Estuaries 11: 15-28. [Metals (Cd, Cu, Hg, and 
Pb) and TOC are negatively correlated with 
species diversity. cf., Effects of metals] 

Grassle, J. F. and J. P. Grassle. 1974. Opportunistic life 
histories and genetic systems in marine benthic 
polychaetes. J. Marine Research 32: 253-284. 

[See outline above]  {5, 6, 20, 45} 

Grassle, J. F. and J. P. Grassle. 1978. Life histories and 
genetic variation in marine invertebrates. Pp. 
347-364. in B. Battaglia and J. A. Beardmore, 
eds., Marine Organisms Genetics Ecology and 
Evolution. Plenum Press, New York. 

Grassle, J. F., R. Elmgren, and J. P. Grassle. 1981. 
Response of benthic communities in MERL 
ecosystems to low level chronic additions of No. 
2 fuel oil. Mar. Env. Res. 4:  279-297. [90 ppb 
leads to large changes in species composition of 
the benthic communities in the MERL tanks. 

Smith et al. (1979) later showed that species 

diversity was less affected] {9} 

Gray, J. S. 1971. The effects of pollution on sand 
macrofauna communities. Thalassia Jugoslavica 
7:  79-86. 

Gray, J. S. 1979. The development of a monitoring 
programme for Norway’s coastal marine fauna. 
Ambio 8:  176-179. 

Gray, J. S. 1979. Pollution-induced changes in 
populations. Phil. Trans. R. Soc. Lond. B. 286: 
545-561. 

Gray, J. S. 1980. The measurement of effects of 
pollutants on benthic communities. Rapp. P.-v. 
Re’un. Cons. int. Explor. Mer. 179:  188-193. 

Gray, J. S. 1982. Effects of pollutants on marine 
ecosystems. Netherlands Journal of Sea 
Research 16:  424-443. 

Gray, J. S. 1989. Effects of environmental stress on 
species rich assemblages. Biol. J. Linnean Soc. 
37: 19-32. [A nice review. Stress causes 
changes in diversity, retrogression to 
dominance by opportunistic species, and 
reduction in body size.] 

Gray, J. S. and F. B. Mirza. 1979. A possible method for 
the detection of pollution-induced disturbance 
on marine benthic communities. Marine 
Pollution Bulletin 10:  142-146. [A meretricious 
approach to benthic monitoring. This method 
could be tried a posteriori, as an additional 
assessment of community structure but should 
not be used as the sole basis for a monitoring 

plan.] {15, 71} 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 53 of 97 

Gray, J. S. and T. H. Pearson. 1982. Objective selection 
of sensitive species indicative of 
pollution-induced change in benthic 
communities. I. Comparative Methodology. 
Mar. Ecol. Prog. Ser. 9:  111-119. 

Gray, J. S. and H. Christie. 1983. Predicting long-term 
changes in marine benthic communities. Mar. 

Ecol. Prog. Ser. 13: 87-94.{13, 14} 

Gray, J. S., M. Aschan, M. R. Carr, K. R. Clarke, R. H. 
Green. T. H. Pearson, R. Rosenberg, and R. M. 
Warwick. 1988. Analysis of community 
attributes of the benthic macrofauna of 
Friertfjord/Langesundfjord and in a mesocosm 
experiment. Mar. Ecol. Prog. Ser. 46: 151-165. 
[The GEEP survey. A variety of methods 
applied to the same pollution gradient. In the 
mesocosm experiment, hydrocarbon and metal 
dosing was used. There was no significant 
difference in metal concentrations within the 
sediments, but there was in the water. Lauren 
Cleary reanalyzed the GEEP data, available 
from Gallagher]{?} 

Heip, C., R. M. Warwick, M. R. Car, P. M. J. Herman, R. 
Huys, N. Smol and K. Van Holsbeke. 1988. 
Analysis of community attributes of the benthic 
meiofauna on Frierfjord/Langesundfjord. Mar. 
Ecol. Prog. Ser. 46: 171-180. [The GEEP 

intercomparison study] {31} 

Johnson, R. G. 1972. Conceptual models of benthic 
marine communities. Pp. 148-159 in T. J. M. 
Schopf, ed., Models in Paleobiology. Freeman, 
Cooper, San Francisco. [The effects of pollution 
lead to a retrograde succession] 

Josefson, A. B. 1987. Large scale patterns of dynamics in 
subtidal macrozoobenthic assemblages in the 
Skagerak: effects of a production related factor? 
Mar. Ecol. Prog. Ser. 38: 13-23. [cited by 
Aschan] 

Lambshead, P. J. D. 1984. The nematode/copepod ratio. 
Some anomalous results from the Firth of Clyde. 
Marine Pollution Bulletin 15: 256-259. 

Lambshead, P. J. D. 1986. Sub-catastrophic sewage and 
industrial waste contamination as revealed by 
marine nematode faunal analyses. Mar. Ecol. 
Prog. Ser. 29: 247-260. 

Lambshead, P. J. D., H. M. Platt, and K. M. Shaw. 1983. 
The detection of differences among assemblages 
of marine benthic species based on an 
assessment of dominance and diversity. J. Nat. 
Hist. 17: 859-874. 

Maurer, D. and I. Hadock, Eds. 1995. Proceedings of a 
special symposium: The biology of marine 
wastewater outfalls in southern California. 
sponsored by the Southern California Academy 
of Sciences, June 5, 1993. Bull Southern 
California Acad. Sci 94: 1-130. 

Maurer, D., R. T. Keck, and J. C. Tinsman. 1981. 
Vertical migration and mortality of benthos in 
dredged material. Part 1: Mollusca. Mar. Env. 
Res. 4: 299-319. 

McCall, P. L. 1977. Community pattern and adaptive 
strategies of the infaunal benthos of Long Island 

Sound. J. Marine Research 35:  221-266. {6} 

McIntyre, A. D. 1977. Effects of pollution on inshore 
benthos. Pp. 301-318 in B. C. Coull, ed., 
Ecology of Marine Benthos, U. of South 
Carolina Press, Columbia. 

McLusky, D. S., M. Teave, and P. Phizachlea. 1981. 
Effects of domestic and industrial pollution on 
distribution and abundance of aquatic 
oligochaetes in the Forth estuary. Proc. 14th 
Eur. Mar. Biol. Symp. Helg. wiss. Meeresunters. 
33: 113-121. 

Mearns, A. J. 1981. Ecological effects of ocean sewage 
outfalls: observations and lessons. Oceanus 24: 
45 [From Reish et al. 1982 literature review] 

Mirza, F. B. and J. S. Gray. 1981. The fauna of benthic 
sediments from the organically enriched 
Oslofjord, Norway. J. exp. mar. Biol. Ecol. 54: 

181-207. {15} 

Nichols, F. H. 1973. A review of benthic faunal surveys 
in San Francisco Bay. Geol. Survey Circ. 677. 
[Nichols provides a scathing indictment of the 
benthic studies conducted by state agencies and 
environmental groups prior to his arrival in the 
Bay area in 1968] 

Nichols, F. H. 1979. Natural and anthropogenic 
influences on benthic community structure in 
San Francisco Bay. Pp. 409-426 in T. J. 
Conomos, ed, San Francisco Bay: The 
urbanized estuary. Pacific Division, AAAS, San 
Francisco CA. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 54 of 97 

Pearson, T. H. 1975. The benthic ecology of Loch Linnhe 
and Loch Eil, a sea-loch system on the west 
coast of Scotland. III. Changes in the benthic 
fauna attributable to organic enrichment. J. exp. 
Mar. Biol. Ecol. 20: 1-41. 

Pearson, T. H. 1980. Marine pollution effects of pulp and 
paper industry wastes. Helg. wiss. 
Meeresunters. 33: 340-365. 

Pearson, T. H. and R. Rosenberg. 1976. A comparative 
study of the effect on the marine environment of 
wastes from cellulose industries in Scotland and 
Sweden. Ambio 5: 77-79. 

Rosenberg, R. 2001. Marine benthic faunal successional 
stages and related sedimentary activity. Sci. Mar 
65 (Suppl. 2): 107-119. [A broad insightful 
review of theories from Petersen to Thorson to 
Pearson & Rosenberg & Fauchald & 

Jumars]{1} 

Pearson, T. H., J. S. Gray, and P. J. Johannessen. 1983. 
Objective selection of sensitive species 
indicative of pollution-induced change in 
benthic communities. 2. Data analyses. Mar. 
Ecol. Prog. Ser. 12:  237-255. 

Pearson, R. H. G. Duncan, and J. Nuhall. 1986. Long-
term changes in the benthic communities of 
Loch Linnhe and Loch Eil (Scotland). 
Hydrobiologia 142: 113-119. 

Reish, D. J. 1959. An ecological study of pollution in Los 
Angeles-Long Beach harbors, California. Allan 
Hancock Foundation occasional papers 22:  1­
119. 

Reish, D. J. 1971. Effect of pollution abatement in Los 
Angeles Harbours. Mar. Poll. Bull. 2:  71-74. 
[Capitella is dominant in polluted sites in LA 
harbor] 

Reish, D. J. 1980. Effect of domestic wastes on the 
benthic marine communities of southern 
California. Helgoländer Meeresunters. 33:  377­
383. [Biological enhancement at <18 million L 

-1d ; biomass increases but diversity decreases at
-1>40 million l d ]

Reish, D. J. and H. A. Winter. 1957. The ecology of 
Alamitos Bay, California with special reference 
to pollution. Calif. Fish and Game 40: 105-121. 

Rhoads, D. C., P. L. McCall, and J. L. Yingst. 1978. 
Disturbance and production on the estuarine 
seafloor. American Scientist 66:  577-586. 

[They extend Pearson & Rosenberg’s (1976) 
paradigm of the effects of organic enrichment 
on community structure to the effects of 
disturbance. They apply the model to the New 

Haven dump site and McCall’s 1977 anoxic 

mud recolonization experiment] {6, 6, 23, 40, 

54, 58} 

Rhoads, D. C., J. Y. Yingst, and W. J. Ullman. 1978. 
Seafloor stability in central Long Island Sound: 
Part I. Temporal changes in erodability of fine-
grained sediment. Pp. 221-244 in M. L. Wiley, 
ed., Estuarine Interactions. Academic Press, 
New York. {?} 

Rhoads, D. C. and L. F. Boyer. 1982. The effect of 
marine benthos on physical properties of 
sediments:  a successional perspective. Pp. 3-52 
in P. L. McCall and J. Tevesz, eds, Animal-
Sediment Interactions.[“We define primary 
succession as the predictable appearance of 
macrobenthic invertebrates belonging to 
specific functional types following a benthic 
disturbance. These invertebrates interact with 
sediment in specific ways. Because functional 
types are the biological units of interest for this 
study our definition does not demand a 
sequential appearance of particular 

invertebrate species or genera.”] {6} 

Rhoads & Germano (1986) 

Roper, D. S., S. F. Thrush and D. G. Smith. 1988. The 
influence of runoff on intertidal mudflat benthic 
communities. Mar. Env. Res. 26: 1-18. 

Roper, D. S., D. G. Smith, and G. B. Read. 1989. Benthos 
associated with two New Zealand coastal 
outfalls. J. Mar. Fresh. Res. 23: 295-309. 

Rosenberg, R. 1972. Benthic faunal recovery in a 
Swedish fjord following the closure of a sulphite 
pulp mill. Oikos 23: 92-108. [One of the studies 

that led to the Pearson & Rosenberg (1976, 

1978) and Rhoads et al. 1978 paradigm of the 
effects of organic enrichment on benthic 
communities] 

Rosenberg, R. 1973. Succession in benthic macrofauna in 
a Swedish fjord subsequent to the closure of a 
sulphite pulp mill. Oikos 24: 244-258. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 55 of 97 

Rosenberg, R. 1976. Benthic faunal dynamics during 
succession following pollution abatement in a 
Swedish estuary. Oikos 27:  414-427. 

Rygg, B. 1985. Distribution of species along pollution-
induced gradients in benthic communities in 
Norwegian fjords. Marine Pollution Bulletin 16: 
469-474. [A very nice paper, includes analyses 
of Hurlbert’s E(S )] {?} n

Schwinghamer, P. 1988. Influence of pollution along a 
natural gradient and in a mesocosm experiment 
on sediment microbial numbers and biomass. 
Mar. Ecol. Prog. Ser. 46: 193-197. [Not much of 

an effect] {14} 

Shaw, K. M., P. J. D. Lambshead, and H. M. Platt. 1983. 
Detection of pollution-induced disturbance in 
marine benthic assemblages with special 
reference to nematodes. Mar. Ecol. Prog. Ser. 
11:  195-202. 

Sheehan, P. J. 1984a. Effects on individuals and 
populations. Pp. 23-50 in P. J. Sheehan, D. R. 
Miller, G. C. Butler and P. Bourdeau, eds. 
Effects of pollutants at the ecosystem level. 
SCOPE, John Wiley and Sons, Ltd. 

Sheehan, P. J. 1984b. Effects on community and 
ecosystem structure and dynamics. Pp. 51-99 in 
P. J. Sheehan, D. R. Miller, G. C. Butler and P. 
Bourdeau, eds. Effects of pollutants at the 
ecosystem level. SCOPE, John Wiley and Sons, 
Ltd. [A good summary of the key concepts 
involved, including a good bibliography of 
statistical methods] 

Sheehan, P. J. 1984c. Functional changes in the 
ecosystem. Pp. 101-145 in P. J. Sheehan, D. R. 
Miller, G. C. Butler and P. Bourdeau, eds. 
Effects of pollutants at the ecosystem level. 
SCOPE, John Wiley and Sons, Ltd. 

Sibly, R. M. and P. Calow. 1989. A life-cycle theory of 
responses to stress. Biol. J. Linn. Soc. 37: 101­
116. 

Smith, W. and J. F. Grassle. 1977. Sampling properties of 
a family of diversity measures. Biometrics 33: 
283-292. [The properties of Hurlbert’s E(S ) are 
described.] 

n 

Steimle, F. W. P. Kinner, S. Howe, and W. Leathem. 
1990. Polychaete population dynamics and 
production in the New York Bight associated 
with variable levels of sediment contamination. 
Ophelia 31: 105-123. 

Stull, J. K., C. I. Haydock, R. W. Smith, and D. E. 
Montagne. 1986. Long-term changes in the 
benthic community on the coastal shelf of Palos 
Verdes, Southern California. Marine Biology 
91: 539-551. [Dramatic changes in community 
structure attributed to reduction in pollution 
load and the effects of the echiuran worm 

Listriolobus]  {14, 55} 

Stull et al. (1986) 

Swartz, R. C., D. W. Scultz, G. R. Ditsworth , W. A. 
DeBen and F. A. Cole. 1985. Sediment toxicity, 
contamination, and macrobenthic communities 
near a large sewage outfall. ASTM STP 865: 
152-175. [Palos Verdes shelf] 

Swartz, R. C., F. A. Cole, D. W. Schults and W. A. 
DeBen. 1986. Ecological changes in the 
Southern California Bight near a large sewage 
outfall:  benthic conditions in 1980 and 1983. 
Mar. Ecol. Prog. Ser. 31: 1-13. [9 stations at 60 
m NW of the LA County Sewage District’s Palos 
Verdes’ outfall shows dramatic changes from 
1980 to 1983. Capitella declined dramatically 
in abundance during this period. Reduction in 
discharge cited as the primary reason, but the 

-1982-83 El Nino and the effects of Listriolobus

{see Stull et al. (1986)} also cited.]{?} 

Thrush, S. F. and D. S. Roper. 1988. The merits of 
macrofaunal colonization of intertidal mudflats 
for pollution monitoring: a preliminary study. J. 
exp. Mar. Biol. Ecol. 116: 219-233. 

Thrush, S. F., J. E. Hewitt, V. J. Cummings and P. K. 
Dayton. The impact of habitat disturbance by 
scallop dredging on marine benthic 
communities: what can be predicted from the 
results of experiments?  Mar. Ecol. Prog. Ser. 
129: 141-150. [Dredging simulated on 2 
subtidal sandflats. Effects evident 3 mo later] 

Vitousek, P. M. 1994. Beyond global warming: ecology 
and global change. Ecology 75: 1861-1876. 
[Vitousek in this MacArthur award-winning 
lecture cites 3 major causes of global change: 
1) Atmospheric increase of CO  {will coral reefs 
dissolve?}, 2) Changes in Nitrogen 
biogeochemistry caused by fertilizer production, 
and 3) Land-use change. He also briefly alludes 
to DDT, overharvesting of fisheries, and 
biological invasions and introduction of exotic 
species. Where is the evidence that pollution of 
the coastal zone is a pernicious problem?] 

2

IT
Stamp

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 56 of 97 

Warwick, R. M. 1981. The nematode/copepod ratio and 
its use in pollution ecology. Marine Pollution 

Bulletin 12: 329-333. [Application of  Raffaelli 

& Mason (1981) method] {?} 

Warwick, R. M. 1988b. Analysis of community attributes 
of macrobenthos of Frierfjord/Langesund fjord 
at taxonomic levels higher than species. Mar. 
Ecol. Prog. Ser. 46: 167-170. 

Warwick, R. M., H. M. Platt, K. R. Clarke, J. Aghard. 
and J. Gobin. 1990. Analysis of macrobenthic 
and meiobenthic community structure in relation 
to pollution and disturbance in Hamilton 
Harbour, Bermuda. J. exp. Mar. Biol. Ecol. 138: 

119-142. [They use ABC, NMDS, neutral 
model, H’, and higher OTU’s] 

Warwick, R. M. and K. R. Clarke. 1995. New 
‘biodiversity’ measures reveal a decrease in 
taxonomic distinctness with increasing stress. 
Mar. Ecol. Prog. Ser. 129: 301-305. [Species 
diversity remains constant along a gradient of 
increasing pollution, but taxonomic distinctness 
is reduced. A new index based on H’, called 
Delta is proposed] 

Word, J. Q. and A. J. Mearns. 1979. 60-meter control 
survey off Southern California. SCCWRP 
Report. 

Zajac, R. N. and R. B. Whitlatch. 1989. Natural and 
disturbance-induced demographic variation in 
an infaunal polychaete, Nephtys incisa. Mar. 
Ecol. Prog. Ser. 57: 89-102. [Cohort analysis of 
Long Island Sound dump site and sites 400m 
and 3 km away. Little pollution effect noted even 
at the 400-m site] 

ORGANIC ENRICHMENT 

(E.G., SEWAGE & KELP) 

Alongi, D. M. and P. Chritoffersen. 1992. Benthic 
infauna and organism-sediment relations in a 
shallow, tropical coastal area: influence of 
outwelled mangrove detritus and physical 
disturbance. Mar. Ecol. Prog. Ser. 81: 229-245. 
[Meio- & macrofauna analyzed. Shannon’s H’ 
and J’ are inversely correlated with organic 
enrichment & tannin concentrations on the 
Great Barrier Reef. ×-radiographs taken. 2-way 
ANOVA, Classification analysis, nodal analysis, 
detrended correspondence analysis (DCA)] 

Amjad, S. and J. S. Gray. 1983. Use of the nematode-
copepod ratio as an index of organic pollution. 

Marine Pollution Bulletin 14: 178-181. [A 

critique of the ratio] {15} 

Anger, K. 1975. On the influence of sewage pollution on 
inshore benthic communities in the south of Kiel 
Bay. Helg. wiss. Meeresunters. 27: 480-438. 

Armstrong, J. W., R. M. Thom and K. K. Chew. 1980. 
Impact of a combined sewer overflow on the 
abundance distribution and community structure 
of subtidal benthos. 

Aschan, M. M. and A. M. Skallerad. 1990. Effects of 
changes in sewage pollution on soft-bottom 
macrofauna communities in the inner Oslofjord, 
Norway. Sarsia 75: 169-190. [Includes an 
analysis of diversity, classification and 
ordination and a critique of log-normal 
distribution.] 

Baden, S. P., L-O Loo, L. Pihl, and R. Rosenberg. 1990. 
Effects of eutrophication on benthic 
communities including fish: Swedish west coast. 
Ambio 19: 113-127782. [S. Kattegat, 23 m 
deep., No effects of flatfish. Lobsters leave 
burrows when d.o.<40% saturation] 

Beukema, J. J. 1989. Long-term changes in 
macrozoobenthic abundance on the tidal flats of 
the western part of the Dutch Wadden Sea. 
Helg. Meeres. 43: 405-415. 

Beukema, J. J. 1989. Changes in composition of bottom 
fauna of a tidal-flat area during a period of 
eutrophication. Marine Biology 111: 293-301. 
[No multivariate analysis] 

Beukema, J. J. and G. C. Cadee. 1986. Zoobenthos 
responses to eutrophication of the Dutch 
Wadden Sea. Ophelia 26: 55-64. [As nutrient 
flux increases, so to does pelagic primary 
production and benthic secondary production. 
Macoma abundances increase under 
eutrophication. Eutrophication is regarded as 
having generally positive effects (P.62)] 

Boesch, D. F. 1982. Ecosystem consequences of 
alterations of benthic community structure and 
function in the New York Bight. Pp. 543-568 in 
G. F. Mayer, ed., Ecological stress and the New 
York Bight:  Science and Management. 
Estuarine Research Foundation, Columbia S.C. 

Bottom, M. L. 1979. Effects of sewage sludge on the 
benthic invertebrate community of the inshore 
New York Bight. Estuar. coastal mar. Sci. 8: 
169-180. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 57 of 97 

Bridges, T. S., L. A. Levin, D. Cabrera, And G. Plaia. 
1994. Effects of sediment amended with 
sewage, algae, or hydrocarbons on growth and 
reproduction in two opportunistic polychaetes. J. 
exp. Mar. Biol. Ecol. 177: 99-119. [Capitella 
responds dramatically to organic enrichment] 

Cederwall, H. and R. Elmgren. 1980. Biomass increase of 
benthic macrofauna demonstrates eutrophication 
of the Baltic Sea. Ophelia 1: 287. 

Dauer, D. M. and W. G. Connor. 1980. Effects of 
moderate sewage input on benthic polychaete 
populations. Estuarine and Marine Science 10: 
335-346. [They document dramatic increases in 
the abundance and biomass of many species, 
especially brooders, in a mudflat adjacent to a 
secondary treatment plant.] 

Dorsey, J. H. and R. N. Synnot. 1980. Marine soft-bottom 
benthic community offshore from Black Rock 
Sewage outfall, connewarre, Victoria. Aust. J. 
Mar. and Fresh Res. 31: 155 

Dorsey, J. H. 1982. Intertidal community offshore from 
the Werribee sewage-treatment farm: an 
opportunistic infaunal assemblage. Aust. J. Mar. 
Fresh. Res. 33: 45-54. 

Elmgren, R. 1989. Man’s impact on the ecosystem of the 
Baltic Sea: energy flows today and at the turn of 
the century. Ambio 18: 326-332. 

Essink, K. and J. J. Beukema. 1986. Long-term changes 
in intertidal flat macrozoobenthos as an 
indicator of stress by organic pollution. 
Hydrobiologia 142:  209-215. 

Ferraro, S. P., R. C. Swarz, F. A. Cole and D. W. Schults. 
1991. Temporal changes in the benthos along a 
pollution gradient: discriminating the effects of 
natural phenomena from sewage-industrial 
wastewater effects. Estuar. Coastal Mar. Sci. 33: 
383-407. 

Grassle, J. F., J. P. Grassle, L. S. Brown-Leger, R. F. 
Petrecca and N. J. Copley. 1986. Subtidal 
macrobenthos of Narragansett Bay. Field and 
mesocosm studies of the effects of 
eutrophication and organic input on benthic 
populations. Pp. 421-433 in Marine Biology of 
Polar regions and effects of stress on Marine 
Organisms. J. S. Gray and M. E. Christinasen, 
eds., John Wiley and Sons. [MERL tanks used to 
show communities respond rapidly to changes 
in food supply. Highly resilient community] 

Gray, J. S. 1979. Pollution-induced changes in 
populations. Phil Trans. R. Soc. Lond. 286: 545­
561. 

Gray et al. (1988) 

Grizzle, R. E. and C. A. Penniman. 1991. Effects of 
organic enrichment on estuarine macrofaunal 
benthos: a comparison of sediment profile 
imaging and traditional methods. Mar. Ecol. 
Prog. Ser. 74: 249-262. [Sediment-profile 
imaging compared to traditional benthic 
sampling with multivariate statistical analysis. 
SPI is cheaper and faster and is adequate to 
describe an organic enrichment gradient] 

Holte, B.and B. Gulliksen. 1987. Benthic communities 
and their physical environment in relation to 
urban pollution down the city of Tromso, 
Norway. Sarsia 72: 133-141. 

Josefson, A. B. 1990. Increase of benthic biomass in the 
Skagerak-Kattegat during the 1970's and 1980's 
- effects of organic enrichment?  Mar. Ecol. 
Prog. Ser. 66: 117-130. 

Knox, G. A. and G. D. Fenwick. 1981. Zonation of 
inshore benthos off a sewage outfall in Hawke 
Bay, New Zealand. J. Mar. Fresh. Res. 15: 417­
435. 

Lambshead, P. J. D. 1986. Sub-catastrophic sewage and 
industrial waste contamination as revealed by 
marine nematode faunal analyses. Mar. Ecol. 
Prog. Ser. 29: 247-260. 

Larsson, U., R. Elmgren, and F. Wulff. 1985. 
Eutrophication and the Baltic Sea - Causes and 
consequences. Ambio 14: 9-14. 

Levin, L. 1986. Effects of enrichment on reproduction in 
the opportunistic polychaete Streblospio 
benedicti (Webster): a mesocosm study. Biol. 
Bull. 171: 143-160. 

McGreer, E. R. 1982. Factors affecting the distribution of 
the bivalve, Macoma balthica (L.) on a mudflat 
receiving sewage effluent, Fraser River Estuary, 
British Columbia. Mar. Env. Res. 7: 131-149. 

Mearns, A. J. and J. Q. Word. 1982. Forecasting effects 
of sewage solids on marine benthic 
communities. Pp. 495-512 in G. F. Mayer, ed., 
Ecological stress and the New York Bight: 
Science and Management. Estuarine Research 
Federation, Columbia S.C. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 58 of 97 

Mirza, F. B. and J. S. Gray. 1981. The fauna of benthic 
sediments from the organically enriched 
Oslofjord, Norway. J. exp. mar. Biol Ecol. 54; 

181-207. {15} 

O’Connor, B. D. S., J. Costelloe, B. F. Keegan, and D. C. 
Rhoads. 1989. The use of REMOTS technology 
in monitoring coastal enrichment resulting from 
mariculture. Mar. Poll. Bull. 8: 384-390. 

Oviatt, C. A., M. E. Q. Pilson, S. W. Nixon, J. B. 
Frithsen, D. T. Rudnick, J. R. Kelly, J. F. 
Grassle, and J. P. Grassle. 1984. Recovery of a 
polluted estuarine system:  a mesocosm 
experiment. Mar. Ecol. Prog. Ser. 16:  203-217. 

Oviatt, C. A., J. G. Quinn, J. t. Maughan, J. Taylor Ellis, 
B. K. Sullivan, J. N. Gearing, P. J. Gearing, C. 
D. Hunt, P. A. Sampou, and J. S. Lattimer. 
1987. Fate and effects of sewage sludge in the 
coastal marine environment: a mesocosm 
experiment. Mar. Ecol. Prog. Ser. 41: 187-203. 
[The results of sewage sludge addition are 
compared to a nutrient addition. Spionid 
polychaetes thrive in the sewage-sludge 
treatment] 

Parker, J. G. 1980. Effects of pollution upon the benthos 
of Belfast Lough. Mar. Poll. Bull. 11: 80 [from 
Reish’s compilation] 

Pearson, T. H. 1975. The benthic ecology of Loch Linnhe 
and Loch Eil, a sea-loch system on the west 
coast of Scotland. IV. Changes in the fauna 
attributable to organic enrichment. J. exp. mar. 
Biol. Ecol. 20:  1-41. [These data are 

reanalyzed using the ABC method by McManus 

and Pauly (1990)]{?} 

Pearson, T. H. and R. Rosenberg. 1976. A comparative 
study of the effects on the marine environment 
of wastes from cellulose industries in Scotland 
and Sweden. Ambio. 5: 77-79. [This paper 
provides the schematic succession model used 

in Rhoads et al. 1978; P & R defined their 

gradient based on organic enrichment. Rhoads 

et al. 1978 extended the model to the US and 
added disturbance as the controlling factor on 
the gradient] 

Pearson, T. H. and R. Rosenberg. 1978. Macrobenthic 
succession in relation to organic enrichment and 
pollution of the marine environment. Oceanogr. 
Mar. Biol. Ann. Rev. 16: 229-311. [One of the 
most widely cited benthic papers, and an 
excellent review of the effects of organic 

enrichment.] {6, 13} 

Pearson, T. H., A. B. Josefson, and R. Rosenberg. 1985. 
Petersen’s benthic stations revisited. I. Is the 
Kattegat becoming eutrophic?  J. exp. Mar. Biol. 
Ecol. 92: 157-206. 

Raffaelli, D. 1982. An assessment of the potential of 
major meiofauna groups for monitoring organic 
pollution. Marine Environmental Research 7: 
151-163. 

Raffaelli, D. 1987. The behaviour of the 
nematode/copepod ratio in organic pollution 
studies. Mar. Env. Res. 23: 135-152. 

Raffaelli, D. G. and C. F. Mason. 1981. Pollution 
monitoring with meiofauna, using the ratio of 
nematodes to copepods. Mar. Poll. Bull. 12: 

158-163. [15] 

Read, P. 1987. The intertidal benthos and sediments of 
particulate shores in the Firth of Forth, Scotland, 
with particular reference to waste water 
discharge. Proc. R. Soc. Edin. 93B: 401-413. 
[Capitella the most abundant species near 
outfall. SAB curves used. Over 10 y of data 
described.] 

Ronner, U. 1985. Nitrogen transformations in the Baltic 
proper: denitrification counteracts 
eutrophication. Ambio 14: 134-138. 

Roper, D. S., S. F. Thrush, and D. A. Smith. The 
influence of runoff in intertidal mudflat benthic 
communities. Marine Env. Res. 26: 1-18. 

Rosenberg, R. 1976. Benthic faunal dynamics during 
succession following pollution abatement in a 
Swedish estuary. Oikos 27: 414-427. 

Rosenberg, R., R. Elmgren, S. Fleisher, P. Jonsson, G. 
Persson, and H. Dahlin. 1990. Marine 
eutrophication case studies in Sweden - a 
synopsis. Ambio 19: 102-108. 

Schwinghamer, P. 1988. Influence of pollution along a 
natural gradient and in a mesocosm experiment 
of sediment microbial number and biomass. 
Mar. Ecol. Prog. Ser. 46: 193-197. 

Shillaber, N. and J. F. Tapp. 1989. Improvements in the 
benthic fauna of the Tees estuary after a period 
of reduced pollution loadings. Mar. Pol. Bull. 
20: 119-123. [Gradual improvement after a 
switch from raw to primary sewage treatment] 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 59 of 97 

Shillaber, N. and J. F. Tapp. 1990. Long-term studies of 
the benthic biology of Tees Bay and the Tees 
estuary. Hydrobiologia 195: 63-78. 

Smith, R. W. and C. S. Green. 1976. Biological 
communities near a submarine outfall. J. Wat. 
Pollut. Control Fed. 48: 1894-1912. 

Smith, S. V. et al. 1981. Kanehohe Bay sewage diversion 
experiment: perspectives on ecosystem 
responses to nutritional perturbations. Pac. Sci. 
35: 299 [From Reish et al. 1983 literature 
review. Benthic biomass declined substantially 
after pollution abatement.] 

Smith, W., V. R. Gibson, L. S. Brown-Leger and J. F. 
Grassle. 1979. Diversity as an indicator of 
pollution:  cautionary results from microcosm 
experiments. Pp. 269-277 in J. F. Grassle, G. P. 
Patil, W. Smith, and C. Tallie (eds.), Ecological 
diversity in theory and practice. International 
Cooperative Publishing House, Fairland, MD. 
[No change in diversity despite increased 
pollutant flux; species composition did change] 

{22, 52} 

Soule, D. F. and J. D. Soule. 1981. Importance of non­
toxic urban wastes in estuarine detrital food 
webs. Bull. Mar. Sci. 31: 786 [From Reish et al. 
1983 literature compilation; a description of 
changes after pollution abatement in Los 
Angeles-Long Beach Harbors. There was a 
substantial reduction in the number of marine 
organisms, probably because of a lowered food 
supply] 

Spies, R. 1984. Benthic pelagic coupling in sewage-
affected ecosystems. Marine Environmental 
Research 13: 195-230. [Describes work in 
which flounder feed preferentially in 
contaminated areas, which harbor slow, 
sluggish Capitella] 

Spies, R., D. D. Hardin, and J. P. Toal. 1988. Organic 
enrichment or toxicity? A comparison of the 
effects of kelp and crude oil in sediments on the 
colonization and growth of benthic infauna. J. 
exp. Mar. Biol. Ecol. 124: 261-282. 

Vanes, F. B. et al., 1980. Influences of organic pollution 
on bacterial, macrobenthic and meiobenthic 
populations in intertidal flats of the Dollard. 
Neth. J. Sea Res. 14: 288. [From Reish et al. 
(1982) literature review] 

Weston, D. P. 1990. Quantitative examination of 
macrobenthic community changes along an 
organic enrichment gradient. Mar. Ecol. Prog. 
Ser. 61: 233-244. [A gradient approaching a 
fish farm, with Capitella abundances increasing 
from 960-8340 Capitella m-2)] 

Widbom, B. and R. Elmgren. 1988. Response of benthic 
meiofauna to nutrient enrichment of 
experimental marine ecosystems. Mar. Ecol. 
Prog. Ser. 42: 257-260. [NH +, H PO -, and Si 
added at 0x, 1, 2, 4, 8, 16 and 32X. Nematodes 
and juvenile polychaetes increased in 
abundance] 

4 2 4 

HYPOXIA AND COMMUNITY 

STRUCTURE 

Breitberg, D. L. 1990. Nearshore hypoxia in the 
Chesapeake Bay: Patterns and relationships 
among physical factors. Estuar. Coast. Shelf Sci. 
30: 593-609. 

Dauer, D. M., M. W. Luckenbach, and A. J. Rodi. 1993. 
Abundance biomass comparison (ABC method): 
Effects of an estuarine gradient, anoxic/hypoxic 
events and contaminated sediments. Marine 

Biology 116:  507-518. [The ABC method 
doesn’t work in Chesapeake Bay. Applied to 
sites affected by hypoxia and pollutants.] 

Jørgensen, B. B. 1980. Seasonal oxygen depletion in the 
bottom waters of a Danish Fjord and its effects 
on the benthic community. Oikos 34: 68 

Justic, D., T. Legovic, and L. Rottini-Sanori. 1987. 
Trends in oxygen content 1911-1984 and 
occurrence of benthic mortality in the Northern 
Adriatic Sea. Estuar. Coast. Shelf Sci. 25: 435­
445. 

Parker, C. A. and J. E. O’Reilly. 1991. Oxygen depletion 
in Long Island Sound: a historical perspective. 
Estuaries 14: 76-120. 

Rosenberg, R. 1990. Negative oxygen trends in Swedish 
coastal bottom waters. Mar. Pollut. Bull. 21: 
335-339. 

Rosenberg, R., B. Hileman and B. Johansson. 1991. 
Hypoxic tolerance of marine benthic fauna. 
Mar. Ecol. Prog. Ser. 79: 127-131. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 60 of 97 

Theede, H. 1973. Comparative studies on the influence of 
oxygen deficiency and hydrogen sulfide on 
marine bottom invertebrates. Neth. J. Sea Res. 
7: 244-252. 

Theede, H., A. Ponat, K. Hiroki and C. Schlieper. 1969. 
Studies on the resistance of marine bottom 
invertebrates to oxygen deficiency and hydrogen 
sulfide. Marine Biology 2: 325-337. 

METALS AND THE BENTHOS 

Balls, P. W. 1989. Trend monitoring of dissolved trace 
metals in coastal sea water - a waste of effort? 
Mar. Poll. Bull. 20: 546-548. [Measure rivers, 
not the sea] 

Bascom, W. 1983. The non-toxicity of metals in the sea. 
Marine technology Society Journal 17: 59-66. 
[And it don’t snow in Minneapolis in the 
wintertime, either.] 

Bothner, M. H, R. A. Jahnke, M. L. Peterson, and R. 
Carpenter. 1980. Rate of mercury loss from 
contaminated estuarine sediments. Geochim. et 
Cosmochim Acta 44: 273-285. 

Bothner, M. H., M. Bucholtz ten Brink, and F. T. 
Mahnheim. 1998. Metal concentrations in 
surface sediments of Boston Harbor — Changes 
with time. Mar. Env. Res. 45: 127-155. [Surface 
metal concentrations declined from 1977-1993, 
with later declines due to elimination of sewage 
sludge in December 1991.] {?} 

Chapman, P. M. and R. Fink. 1984. Effects of Puget 
Sound sediments and their elutriates on the life 
cycle of Capitella capitata. bull. Environ. 
Contam. Toxicol. 33: 451-459. 

Chapman, P. M., L. M. Churchland, P. A. Thomson, and 
E. Michnowsky. 1980. Heavy metal studies with 
oligochaetes. Pp. 477-502 in R. O Brinkhurst 
and D. G. Cook, eds., Heavy metal studies with 
oligochaetes. Plenum Press, New York. 

Diaz-Castaned, V., D. Davoult, and M.-A. Janquin. 1990. 
Evolution d’un sediment initialment azoique au 
cours d’une experience de colonisation: tenerurs 
en metaux, matiere organique, Eh et biomasse 
macrobenthicque. C. R. Acad Sci. Paris 311: 
309-314. [In French. Azoic sediments placed in 
Dunkirk harbor during 2 seasons. In spring, 
deposit feeders change the sediment chemistry 
(e.g., Eh) facilitating the release of metals. Cu, 
Zn, Cd, and Pb remain in the sediments. In the 
winter, animal activities are less important than 
physical processes.] 

Dodge, R. E. and T. R. Gilbert. 1984. Chronology of lead 
pollution contained in banded coral skeletons. 
Marine Biology 82: 9-13. 

Eriksen, K. D. H., T. Andersen, J. S. Gray, J. Sternersen, 
and R. A. Andersen. 1989. Metal binding in 
polychaetes: quantitative and qualitative studies 
in five species. Mar. Env. Res. 28: 167-171. 
[Not much here. SDS PAGE and AA analysis of 
bands] 

Eriksen, K.D. H., T. Andersen, J. Sternsesn, and R. A. 
Andersen. 1990. Cytosolic binding of Cd, Cu, 
Zn, and Ni in four polychaete species. Comp. 
Biochem. Physiol. 95: 111-115. 

Fischer, A. B. 1980. Occurrence and function of the 
metallothionens: a class of metal-binding 
proteins. Thalassia Jugosl. 16: 425-434. 

Fitzgerald, M. G. 1980. Anthropogenic influences on the 
sediment regime of an urban estuary. Boston 
Harbor. Ph.D. Thesis. MIT/WHOI. 

Franz, D. R. and W. H. Harris. 1988. Seasonal and spatial 
variability in macrobenthos communities in 
Jamaica Bay New York - an urban estuary. 
Estuaries 11: 15-28. [Metals (Cd, Cu, Hg, and 
Pb) and TOC are negatively correlated with 
species diversity] 

Gerringa, L. J. A. 1990. Aerobic degradation of organic 
matter and the mobility of Cu, Cd, Ni, Pb, Zn, 
Fe and Mn in marine sediment slurries. Marine 
Chem. 29: 355-374. 

Gibbs, P. E., G. W. Bryan, and K P. Ryan. 1981. Copper 
accumulation by the polychaete Melinnia 
palmata: an antipredation mechanism. J. mar. 
Biol. Ass. U. K. 61: 707-722. [The gills of this 
polychaete are loaded with foul-tasting copper.] 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 61 of 97 

Grant, A. 1990. Multivariate statistical analysis of 
sediment geochemistry. Mar. Poll. Bull. 21: 
297-299. [No biology] 

Grant, A. and R. Middleton. 1990. An assessment of 
metal contamination of sediments in the Humber 
estuary, U.K. Est. Coast. Shelf Sci. 31: 71-85. 
[No biology, statistical approach weak] 

Gray, J. S., M. Aschan, M. R. Carr, K. R. Clarke, R. H. 
Green. T. H. Pearson, R. Rosenberg, and R. M. 
Warwick. 1988. Analysis of community 
attributes of the benthic macrofauna of 
Friertfjord/Langesundfjord and in a mesocosm 
experiment. Mar. Ecol. Prog. Ser. 46: 151-165. 
[A variety of methods applied to the same 
pollution gradient. In the mesocosm experiment, 
hydrocarbon and metal dosing was used. There 
was no significant difference in metal 
concentrations within the sediments, but there 
was in the water. The mesocosm meiofauna 

analyzed by Warwick et al. 1988] 

Hallberg, R. O., B. Bubela, and J. Ferguson. 1980. Metal 
chelation in sedimentary systems. 
Geomicrobiology Journal 2: 99-113. 

Hall, M. 1985. Masters dissertation. UMASS/Boston 
[Using Battelle New England’s 1982 benthic 
survey data, presented in an Appendix to 
Boston’s Section 301(h) waiver application, 
Maury noted a negative correlation between 
chromium and diversity in Boston Harbor 
sediments.] 

Hershelman, G. P., H. A. Schafer, T.-K. Jan, and D. R. 
Young. 1981. Metals in marine sediments near a 
large California municipal outfall. Mar. Poll. 
Bull. 12: 131-134. 

Holte, B., K.-J. Jahola, and B. Gulliksen. 1987. Benthic 
communities and their physical environment in 
relation to urban pollution from the city of 
Tromso”, Norway. 1. The physical environment, 
plant nutrients, organic enrichment, heavy 
metals, and redox conditions. Sarsia 72: 125­
132. [Mercury, cadmium and zinc 
concentrations in sediments decrease at sites 
distant from Tromso, the largest city in N. 
Norway which discharges raw sewage. 
Pollutant effects are restricted to sites adjacent 
to the city. This paper is complemented with the 
Holte & Gulliksen paper on benthic community 
structure.] 

Holte, B. and B. Gulliksen. 1987. Benthic communities 
and their physical environment in relation to 
urban pollution from the city of Tromso, 
Norway. 2. Soft-bottom communities. Sarsia 72: 
133-141. [A routine application of Pearson-
Rosenberg model. Spio filicornis and Polydora 
quadrilobota, two dominant species in MA Bay, 
are abundant at their polluted stations.] 

Klerks, P. L. and J. S. Levinton. 1989. Effects of heavy 
metals in a polluted aquatic ecosystem. pp. 41­
67 in S. A. Levin, M. A Harwell, J. R. Kelly, K. 
D. Kimball, eds. Ecotoxicology: problems and 
approaches. Springer-Verlag, New York. 

Klerks, P. L. and J. S. Levinton. 1989. Rapid evolution of 
metal resistance in a benthic oligochaete 
inhabiting a metal-polluted site. Biol. Bull. 176: 
135-141. [Limnodrillus hoffmeisteri] 

Kraft, K. L. 1979. Pontoporeia distribution along the 
Keweenaw shore of Lake Superior affected by 
copper tailings. J. Great Lakes Res. 5: 28-35. 

Kraft, K. L. and R. H. Sypniewski. 1981. Effect of 
sediment copper on the distribution of benthic 
macroinvertebrates in the Keweeenaw 
Waterway. J. Great Lakes Res. 7: 258-263. 
[Species richness is inversely related to 
sediment copper concentration.] 

Long, E. R., D. D. MacDonald, S. L. Smith and F. D. 
Calder 1995. Incidence of adverse biological 
effects within ranges of chemical concentrations 
in marine and estuarine sediments. 
Environmental Management 19: 81-97. [New 
versions of the ER-L and ER-M thresholds]{?} 

Moore, D. C. and G. K. Rodger. 1991. Recovery of a 
sewage sludge dumping ground. II. 
Macrobenthic community. Mar. Ecol. Prog. Ser. 

75: 293-299. [See Rodger & Davies (1991) for 

trace metal concentrations.]  [62] 

Neff, J. M., R. S. Carr, W. L. McCulloch. 1981. Acute 
toxicity of a used chrome lignosulfate drilling 
mud to several species of marine invertebrates. 
Marine Env. Res. 4: 251-266. 

Oyenekan, J. A. 1983. Production and population 
dynamics of Capitella capitata. Arch Hydrobiol. 
98: 115-126. [A negative correlation between 
diversity and copper concentration] 

Patrick F. M. and M. Loutit. 1978. Passage of metals to 
freshwater fish from their food. Wat. Res. 12: 
355-398. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 62 of 97 

Pesch, C. E. 1979. Influence of three sediment types on 
copper toxicity to the polychaete Neanthes 
arenaceodentata. Marine Biology 52: 237-245. 

Pesch, C. E. and D. Morgan. 1978. Influence of sediment 
in copper toxicity tests with  the polychaete 
Neanthes arenaceodentata. Water Res. 12: 747­
751. [In metal-toxicity tests, worms in mud fare 
better than those in sand which fare better than 
those without sediments.] 

Pitts, L. C. and G. T. Wallace. 1994. Lead deposition in 
the shell of the bivalve Mya arenaria: an 
indicator of dissolved lead in seawater. Estuar. 
Coastal Shelf Sci 39: 93-104. [Pb incorporated 
into the calcite matrix. Very sensitive indicator 
of changing water column Pb] 

Riedel, G. J., J. G. Sanders, and R. W. Osman. 1989. The 
role of three species of benthic invertebrates in 
the transport of arsenic from contaminated 
estuarine sediments. J. exp. Mar. Biol. Ecol. 
134: 143-155. 

Reish, D. J. 1977. Effects of chromium on the life history 
of Capitella capitata (Annelida: Polychaeta). 
Pp. 199-207 in F. J. Vernberg, A. Calabrese, F. 
P. Thurberg, and W. B. Vernberg, eds., 
Physiological responses of marine biota to 
pollutants. Academic Press, New York San 
Francisco and London. 

Reish, D. J., J. M. Martin, F. M Piltz, and J. Q. Word. 
1976. The effect of heavy metals on laboratory 
populations of two polychaetes with 
comparisons to the water quality conditions and 
standards in Southern California marine waters. 
Water Res. 10: 299-302. [LC50  values for 
Capitella] 

Rodger, G. K. and I. M. Davies. 1991. Recovery of a 
sewage sludge dumping ground. I. Trace metal 
concentrations in the sediments. Mar. Ecol. 

Prog. Ser. 75: 293-299. [Also see Moore & 

Rodger (1991) for effects on macrobenthos.] 

[61] 

Rygg, B. 1985b. Effects of sediment copper on benthic 
fauna. Mar. Ecol. Prog. Ser. 25: 83-89. 
[Regression analysis reveals that diversity 
(Hurlbert’s E(S ) and copper concentration are 
negatively correlated. Log-log regressions are 
used. This analysis cries out for multivariate 
statistical analysis to separate the effects of 
organic carbon and copper.] 

n

Rygg, B. 1986. Heavy metal pollution and log-normal 
distribution of individuals among species in 
benthic communities. Marine Pollution Bulletin 
17: 31-36. [“Although frequently used as a test 
for detecting the effects of organic pollution 
impact on benthic communities, the test for fit to 
the log-normal distribution will be insufficient 
or inferior to a diversity index for detecting 

changes due to heavy metals.”] {15} 

Santschi, P. H., S. Nixon, M. Pilson, and C. Hunt. 1984. 
Accumulation of sediments, trace metals (Pb, 
Cu) and total hydrocarbons in Narragansett Bay, 
Rhode Island. Estuarine, Coastal and Shelf Sci. 
19: 427-449. 

Shine, J. P., R. V. Ika, and T. E. Ford. 1995. Multivariate 
statistical examination of spatial and temporal 
patterns of heavy metal contamination in New 
Bedford Harbor marine sediments. Environ. Sci. 
Technol. 29: 1781-1788. [A PCA analysis of 
New Bedford metal profiles] [?] 

Sundelin, B. 1983. Effects of cadmium on Pontoporeia 
affinis (Crustacea: amphipoda) in laboratory 
soft-bottom microcosms. Marine Biology 74: 
203-212. 

Sundelin, B and R. Elmgren. 1991. Meiofauna of an 
experimental soft-bottom ecosystem -effects of 
macrofauna and cadmium exposure. Mar. Ecol. 
Prog. Ser. 70: 245-255. 

Vanderklift, MA, T. J. Ward, and C. A. Jacoby. 1996. 
Effect of reducing taxonomic resolution on 
ordinations to detect pollution-induced gradients 
in macrobenthic infaunal assemblages. Mar. 
Ecol. Prog. Ser. 136: 137-145. [Warwick and 

Clarke (Warwick 1988b, Warwick & Clarke 

1991) proposed that ordinations performed on 
family and phylum-level identifications 
sufficient to assess pollution. That hypothesis is 
tested with Procrustes-rotated MDS of benthic 
communities affected by heavy metal pollution. 
While superficially true, more work needed] 

Ward, T. J. And P. A. Hutchings. 1996. Effect of trace 
metals on infaunal species composition in 
polluted intertidal and subtidal marine sediments 
near a lead smelter, Spencer Gulf, South 
Australia. Mar. Ecol. Prog. Ser. 135: 123-135. 
[Classification and ordination used to detect 
effects of Pb, Cu, Mn, Pb, Sb and Zn. 
Heteromastus filiformis and Capitella dominate 
polluted sites] 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 63 of 97 

Warwick, R. M., M. R. Carr, K. R. Clarke, J. M. Gee, and 
R. H. Green. 1988. A mesocosm experiment on 
the effects of hydrocarbon and copper pollution 
on a sublittoral soft-sediment meiobenthic 
community. Mar. Ecol. Prog. Ser. 46: 181-191. 
[Part of the GEEP study] 

Windom, H., G. Wallace, R. Smith, N. Dudek, M. Maeda, 
R. Dulmage, and F. Stroti. 1983. Behavior of 
copper in southeastern United States estuaries. 
Marine Chemistry 12: 183-193. 

Young, J. S. and G. Roesijadi. 1983. Respiratory 
adaptation to copper-induced injury and 
occurrence of a copper-binding protein in the 
polychaete, Eudistylia vancouveri. Mar. Pollut. 
Bull. 14: 30-31. 

OIL (HYDROCARBONS) AND BENTHIC 

COMMUNITY STRUCTURE 

Alongi, D. M., D. F. Boesch, and R. J. Diaz. 1983. 
Colonization of meiobenthos in oil-
contaminated subtidal sands in the lower 
Chesapeake Bay. Marine Biology 72: 325-335. 

Bodin, P. 1988. Results of ecological monitoring of three 
beaches polluted by the ‘Amoco Cadiz’ oil spill: 
development of meiofauna from 1978 to 1984. 
Mar. Ecol. Prog. ser. 42: 105-123. 

Boucher, G. 1980. Impact of Amoco Cadiz oil spill on 
intertidal and sublittoral meiofauna. Mar. Poll. 
Bull. 11: 95 

Cabioch, L, J.-C. Daurin, C. Retiere, V. Rivain, and D. 
Archambault. 1982. Evolution de peuplements 
de Rescoff, perturbes par les hydrocarboures de 
l’Amoco Cadiz. Neth J. Sea Res. 16;  491-501. 
In French, English Summary. [“Some species, 
however, mostly Capitellida and Cirratuliada, 
showed population increases that lasted one or 
more density cycles and began at different 
times, probably indicating the first step of a 
succession.”] 

Carman, K. R., J. W. Fleeger and S. M. Pomarico. 1997. 
Response of a benthic food web to hydrocarbon 
contamination. Limnol. Oceanogr. 42: 561-571. 

Clark, R. B. 1982. The long-term effects of oil pollution 
on marine populations, communities and 
ecosystems. Phil.Trans.R. Soc. Lond. B. 297: 
183. [From Reish et al. 1983 literature review] 

Davis, P. H. and R. B. Spies. 1980. Infaunal benthos of a 
natural petroleum seep: study of community 
structure. Marine Biology 59: 31-41. 

Elmgren, R., G. A. Vargo, J. P. Grassle, J. F. Grassle, D. 
R. Heinle, G. Langlois, and S. L. Vargo. 1980. 
Trophic interactions in experimental marine 
ecosystems perturbed by oil. Pp. 779-800 in J. P. 
Giesy, ed., Microcosms in Ecological Research. 
US Department of Energy, Symposium Series 
52. 

Elmgren, R., S. Hansson, U. Larsson, B. Sundelin and P. 
D. Boehm. 1983. The ‘Tsesis’ oil spill: acute 
and long-term impact on the benthos. Marine 
Biology 73: 51-65. 

Frithsen, J. B., R. Elmgren, and D. T. Rudnick. 1985. 
Responses of benthic meiofauna to long-term 
low-level additions of no. 2 fuel oil. Mar. Ecol. 
Prog. Ser. 23: 1-14. 

Gilfillan, E. S, D. S. Page, E. J. Harner and P. D. Boehm. 
1995. Shoreline ecology program for Prince 
William Sound, Alaska, following the Exxon 
Valdez oil spill: Part 3 – Biology. Pp. 398-443 
in P. G. Wells, J. N. Butler and J. S. Hughes, 
ed., Exxon Valdez Oil Spill: Fate and effects in 
Alaskan Waters. ASTM STP 1219. American 
Society for Testing and Materials, Philadelphia 
PA. 965 pp. [Application of partial detrended 
canonical correpsondence analysis to 
pebble/gravel communities showing little effect 

of the oil spill on benthos]  {28, 29, 30, 31} 

Grassle, J. F., R. Elmgren, and J. P. Grassle. 1981. 
Response of benthic communities in MERL 
ecosystems to low level chronic additions of No. 
2 Fuel Oil. Mar. Environ. Res. 4:  279-297. [90 
ppb have dramatic effects on species 
composition, but not diversity] 

Howarth, R. W. 1989. Determining the ecological effects 
of oil pollution in marine ecosystems. Pp. 69-97 
in S. A. Levin, M. A Harwell, J. R. Kelly, K. D. 
Kimball, eds. Ecotoxicology: problems and 
approaches. Springer-Verlag, New York. 

Hyland, J., E. Baptiste, J. Campbell, J. Kennedy, R. 
Kropp, and S. Williams. 1991. Macroinfaunal 
communities of the Santa Catalina Basin on the 
outer California outer continental shelf and 
slope. Mar. Ecol. Prog. Ser. 78: 147-161. 
[Baseline studies for OCS drilling on the 
California continental shelf] 

Kuiper, J. 

http://��
http://��
IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 64 of 97 

Kuiper, J., P. DeWilde, and W. Wolff. 1984. Effects of an 
oil spill in outdoor model tidal flat ecosystems. 
Mar. Poll. Bull. 15: 102-106. 

Montagna, P. A., J. E. Bauer, J. Toal, D. A. Hardin and 
R. B. Spies. 1985. Temporal variability and the 
relationship between benthic meiofaunal and 
microbial populations in a natural coastal 
petroleum seep. J. Mar. Res. 45: 761-789. 

Nance, J. M. 1991. Effects of oil/gas field produced water 
on the macrobenthic community in a small 
gradient estuary. Hydrobiologia 220: 189-204. 
[Sediment hydrocarbons >2.5 mg g-1 led to 
depressed population abundances. Both 
abundance and diversity lower near produced 
water discharge] 

Oviatt, C., J. Frithsen, J. Gearing, and P. Gearing. 1982. 
Low chronic additions of No. 2 fuel oil: 
chemical behavior, biological impact and 
recovery in a simulated ecosystem. Mar. Ecol. 
Prog. Ser. 9: 121-136. [Mediomastus ambiseta 
is the numerical dominant in the MERL tanks, 
responding positively to organic enrichment but 
very sensitive to oil] 

Spies, R. B. 1987. The biological effects of petroleum 
hydrocarbons in the sea:  assessments from the 
field and microcosms. Pp. 411-468 in D. F. 
Boesch, and N. N. Rabalais, eds., Long-term 
environmental effects of offshore oil and gas 
development. Elsevier. 

Spies, R. B. and P. H. Davis. 1979. The infaunal benthos 
of a natural oil seep in the Santa Barbara 
Channel. Marine Biology 50: 227-237. 

Spies, R. B, J. S. Falton, and L. Dillard. 1982. Hepatic 
mixed function oxidases in California flatfishes 
are increased in contaminated environments and 
by oil and PCB ingestion. Marine Biology 70: 
117-127. 

Spies, R. B., D. D. Hardin, and J. P. Toal. 1988. Organic 
enrichment or toxicity? A comparison of the 
effects of kelp and crude oil in sediments on the 
colonization and growth of benthic infauna. J. 
exp. Mar. Biol. Ecol. 124: 261-282. [Oil has 
about the same effects as organic enrichment 
{i.e., kelp additions}] 

Spies, R. B, J. E. Bauer and D. Hardin. 1989. Stable 
isotope study of sedimentary carbon utilization 
by Capitella spp.: effects of two carbon sources 
and geothermal conditions during their 
diagenesis. Marine Biology 101:  69-74. 

Steichen, D. J. , S. J. Holbrook, and C. W. Osenberg. 
1996. Distribution and abundance of benthic 
and demersal macrofauna within a natural 
hydrocarbon seep. Mar. Ecol. Prog. Ser. 138: 
71-82. [Santa Barbara oil seep studied with 
correlation and principal components. 
Nematodes increase near the seep and 
recolonization trays, other taxa decline] 

Suchanek, T. H. Oil impacts on marine invertebrate 
communities. Amer. Zool. 33: 510-523 . 
[Includes a review of effects observed in the 
West Falmouth oilspill] 

Tagatz, M. E. 1982. Responses of developing estuarine 
macrobenthic communities to drilling muds. 
Estuaries 5: 131 [From Reish et al. 1983 
literature review] 

West Falmouth 1969 Oilspill 

Grassle, J. F. and J. P. Grassle. 1974. Opportunistic life 
histories and genetic systems in marine benthic 
polychaetes. J. Marine Research 32:  253-284. 
[A classic paper. Describes the succession after 

the West Falmouth oilspill.]{5, 6, 20, 45} 

Grassle & Smith (1976) 

Peacock, E., R. Nelson, A. Solow, J. Warren, J. Baker 
and C. Reddy. 2005. The West Falmouth oil 
spill: -100 kg of oil found to persist decades 
later. Environmental Forensics 6: 273-281. 

Reddy, C. .M., T. Eglinton, T., A. Hounshell, H. K. 
White, X. Li, R. B. Gaines, and G. S. Frysinger. 
2002. The West Falmouth oil spill after thirty 
years: The persistence of petroleum 
hydrocarbons in marsh sediments. Env. Sci. 
Technol. 36: 4754-4760. 

Sanders, H. L. 1978. Florida oil spill impact on the 
Buzzards Bay benthic fauna:  West Falmouth. J. 

Fish. Res. Bd. Can. 35: 717-730. {5} 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 65 of 97 

Sanders, H. L., J. F. Grassle, G. R. Hampson, L. S. 
Morse, S. Garner-Price, and C. C. Jones. 1980. 
Anatomy of an oil spill:  long-term effects from 
the grounding of the barge Florida off West 
Falmouth, Massachusetts. J. Marine Research 
38:  265-380. [The major paper resulting from 

the West Falmouth oilspill study. Grassle & 

Smith (1976) and Grassle & Grassle (1974) are 
precursors. The effects of the oilspill led to 
short-term changes in species richness and 

long-term changes in species composition]{5, 

20, 22} 

Suchanek, T. H. Oil impacts on marine invertebrate 
communities. Amer. Zool. 33: 510-523 . 
[Includes a review of effects observed in the 
West Falmouth oilspill] 

Teal, J. M. and R. Howarth. 1984. Oil spill studies: a 
review of ecological effects. Environmental 
Management 8: 27-43. [Brief reviews of the 
environmental effects of the West Falmouth, 
Arrow, Argo Merchant, Amoco Cadiz and Tsesis 
oilspills]{?} 

Teal, J. M. J. W. Farrington, K. A. Burns, J. J. Stegeman, 
B. W. Tripp, B. Woodin and C. Phinney. 1992. 
The West Falmouth oilspill after 20 years: fate 
of fuel oil compounds and effects on animals. 
Marine Pollution Bulletin 24: 607-614. {?} 

Outer Continental Shelf (OCS) Community 

Structure 

Carney, R. S. 2005. Zonation of deep biota on continental 
margins. Oceanog. Mar. Biol. Ann. Rev. 43: 
211-278. [A very nice review of the ecological 
processes controlling beta diversity on 
continental margins] {?} 

Gulf of Mexico OCS Oil Exploration effects 

Continental Shelf Associates, Inc. 2004a. Gulf of Mexico 
comprehensive synthetic based muds monitoring 
program. Volume I. Technical. 224 pp. 
[Synthetic based drilling muds (SBM) are 
believed to be less toxic than the older oil-based 
muds. This study assessed SBM effects on 
benthic communities on the Gulf of Mexico 
OCS. Some minor effects noted. Maciolek & 
Blake wrote Chapter 12 (in Volume II) analyzes 
the effects of SBM on benthic community á and 
â diversity using Fisher’s á, rarefaction, and 
CNESS]  {?} 

Continental Shelf Associates, Inc. 2004b. Gulf of Mexico 
comprehensive synthetic based muds monitoring 
program. Volume II. Technical. 359 pp. [See 
Maciolek & Blake’s Chapter 12 on analysis of 
SBM effects on macroinfaunal community 
structure]  {?} 

Continental Shelf Associates, Inc. 2004c. Gulf of Mexico 
comprehensive synthetic based muds monitoring 
program. Volume II. Technical. 2158 pp. [See 
Maciolek & Blake’s Chapter 12 on analysis of 
SBM effects on macroinfaunal community 
structure]  {?} 

Continental Shelf Associates, Inc. 2006a. Effects of oil 
and gas exploration and development at selected 
continental slope sites in the Gulf of Mexico. 
Volume I. Executive Summary. U. S. Dept. 
Interior, Minerals Management Service, Gulf of 
Mexico OCS Region, New Orleans, LA. OCS 
Study MMS-2006-044. 45 pp. [Drilling muds 
are used to prevent blowouts during drilling and 
to bring drill tailings up the drill shaft. Barium 
and synthetic fluids are tracers of drilling muds 
and are associated with changes in benthic 
communities in the Gulf of Mexico. Benthic 
communities assessed with sediment profile 
imaging, and analyses of macro- and 
meiofaunal community structure. Amphipod 
densities lower in areas affected by drilling 
mud. Figure 18 shows crude analyses of drilling 
effects on diversity] {?} 

Continental Shelf Associates, Inc. 2006b. Effects of oil 
and gas exploration and development at selected 
continental slope sites in the Gulf of Mexico. 
Volume II. Technical Report. U. S. Dept. 
Interior, Minerals Management Service, Gulf of 
Mexico OCS Region, New Orleans, LA. OCS 

Study MMS-2006-045. 636 pp. [Rhoads & 

Germano’s 1986 Organism-Sediment Index 
(OSI) used extensively to analyze sediment-
profile images of benthic community structure. 
OSI reveals that drilling produced impacted 
benthic communities. Effects of drilling on 
macroinfaunal community structure was 
assessed with Non-metric multidimensional 
scaling (See Fig. 11.18) and changes in 
Shannon’s H’ and Pielou’s J] {?} 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 66 of 97 

Continental Shelf Associates, Inc. 2006c. Effects of oil 
and gas exploration and development at selected 
continental slope sites in the Gulf of Mexico. 
Volume III. Appendices. U. S. Dept. Interior, 
Minerals Management Service, Gulf of Mexico 
OCS Region, New Orleans, LA. OCS Study 
MMS-2006-046. 938 pp. [Appendix I2 contains 
a list of macroinfaunal species, without 
densities]  {?} 

Continental Shelf Associates, Inc. 2006d. Effects of oil 
and gas exploration and development at selected 
continental slope sites in the Gulf of Mexico. 
Volume III. Appendices. U. S. Dept. Interior, 
Minerals Management Service, Gulf of Mexico 
OCS Region, New Orleans, LA. OCS Study 
MMS-2006-046. 938 pp. [Appendix I2 contains 
a list of macroinfaunal species, without 
densities]  {?} 

Detection of North Sea Oil benthic impacts 

Gray, J. S., K. R. Clarke, R. M. Warwick and G. Hobbs. 
1990. Detection of initial effects of pollution in 
marine benthos, an example from the Ekofisk 
and Eldfisk oilfields, North Sea. Mar. Ecol. 
Prog. Ser. 66: 285-300. 

Gray, J. S. 1979. The development of a monitoring 
programme for Norway’s coastal marine fauna. 
Ambio 8:  176-179. 

Gray, J. S. 1979. Pollution-induced changes in 
populations. Phil. Trans. R. Soc. Lond. B. 286: 
545-561. 

Gray, J. S. 1980. The measurement of effects of 
pollutants on benthic communities. Rapp. P.-v. 
Re’un. Cons. int. Explor. Mer. 179:  188-193. 

Gray, J. S. 1982. Effects of pollutants on marine 
ecosystems. Netherlands Journal of Sea 
Research 16:  424-443. 

Gray, J. S. 1994. Is deep-sea diversity really so high? 
Species diversity of the Norwegian continental 
shelf. Mar. Ecol. Prog. Ser. 112: 205-209. 

Gray, J. S., T. Bakke, H. J. Beck and I Nilssen 1999. 
Managing the environmental effects of the 
norwegian oil and gas industry: from conflict to 
consensus. Mar. Poll. Bull. 38: 525-530. 
[Abstract: ... oil companies expected effects of 
their activities to be found to a 1 km radius 
round platforms ... effects were over much 
larger areas... roughly 10 times the area 
predicted by the companies. The Norwegian 
authorities reacted by imposing restrictions on 
discharges of oil-based drilling cuttings ...] 

Gray, J. S. 2000. The measurement of marine species 
diversity, with an application to the benthic 
fauna of the Norwegian continental shelf J. Exp. 
Mar. Biol. Ecol. 250: 23-49. [Section 8 analyzes 
changes in alpha and beta diversity along a 
Norwegian shelf pollution gradient analyzed 

previously by Olsgarde & Gray (1995)] 

Kingston, P. F. 1987. Field effects of platform discharges 
on benthic macrofauna. Phil. Trans. Roy. Soc. 
London B 316: 545-565. [Rarefaction curves, 
Pielou’s J used to assess changes in diversity in 
sites affected by North Sea drilling muds and 
cuttings. Community structure strongly affected 
near drillling platforms] 

Olsgarde, F., and J. S. Gray. 1995. A comprehensive 
analysis of the effects of offshore oil and gas 
exploration and production on the benthic 
communities of the Norwegian continental shelf. 
Mar. Ecol. Prog. Ser. 122: 277-306. [Effects of 
drilling with oil-based muds assessed with 
multivariate analyses. Severe impacts noted 

near the drilling rigs]{66} 

Olsgarde, F., P. J. Somerfield, and M. R. Carr. 1997. 
Relationships between taxonomic resolution and 
data transformations in analyses of a 
macrobenthic community along an established 
pollution gradient. Mar. Ecol. Prog. Ser. 149: 
173-181. [Pollutants from a Norwegian drilling 
rig produces drastic changes in community 
structure, detectable even when organisms are 
identified only to the level of Phylum or Class] 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 67 of 97 

Effect of oil drilling on Georges Bank 
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Technol. 26: 1621-1626. [19, 38] 
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fugacity model] 
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DDT profiles from the Palos Verdes shelf are 
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were good tracers of Boston Harbor Nut Island 
Sludge until Proctor & Gamble reduced their 

input into Boston Harbor (see Gallagher & 

Grassle 1989)] 
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Chemistry 70: 289-315. 
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the worm Nereis diversicolor. Bull Environ. 
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Envtl. Health Perspectives 90: 75-84. 
[Colloidal-bound organics may not be toxic] 
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Biological mixing responses to sublethal 
concetrations of DDT in sediments by 
Heteromastus filiformis using a 137Cs marker 
layer technique. Mar. Ecol. Prog. Ser. 239: 181­
191. [A tracer method, modeled after Bert 
Fisher’s, is used to measure bioturbation. 
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Verdes shelf, near the LA County Sewer outfalls, 
contains microbes capable of rapid rates of 
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Sun et al. 2002, Sherwood et al. (2002)] {69} 
2
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chemistry. John Wiley, New York. 681 pp. [See 
p. 280-284 for a description of the role of 
colloids in reducing the vapor pressure & 
fluorescence of organic compounds] 
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intertidal flats without reference to control 
areas, spatial patterns, and long-term patterns. 
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V, in 88% of samples {34% significantly so}. No 

apparent indication of disturbance. Warwick 

1993 found similar uninterpretable results with 
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community structure. J. Mar. Biol. Assoc. U. K. 
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Smith, R. W., 

Word, J. Q. 1978. The infaunal trophic index. Annual 
Report 1978. Southern California Coastal Water 
Research Project. El Segundo, California. pp 

19-39. {15} 

Word, J. Q. 1980a. Effects of screen size and replication 
on the infaunal trophic index. Annual Report 
1980. Southern California Coastal Water 
Research Project. El Segundo, California. p. 

123. {15} 

Word, J. Q. 1980b. Extension of the infaunal trophic 
index to a depth of 800 meters. Annual Report 
1980. Southern California Coastal Water 

Research Project. El Segundo, California. {15} 

Word, J. Q. 1980c. Classification of benthic invertebrates 
into infaunal trophic index feeding groups. 
Annual Report 1980. Southern California 
Coastal Water Research Project. El Segundo, 

California. {15} 

INDICATOR SPECIES 

Ampelisca 

Comment 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 72 of 97 
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west coast] 

Redmond, M. S. and K. J. Scott. 1989. Amphipod 
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Butman, C. A., J. P. Grassle, and C. M. Webb. 1988. 
Substrate choices made by marine larvae in still 
water and in a flume flow. Nature 333;  771­
773. [One of the first demonstrations of habitat 
selection using chemical cues in realistic flow 
{see also Crisp 1955}] 

Butman, C. A. and J. P. Grassle. 1992. Active habitat 
selection by Capitella sp. I larvae I. Two-choice 
experiments in still water and flume flows. J. 
Mar. Res. 50: 669-715. 
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Chareonpanich, Charumas, Montani, Shigeru Tsutsumi, 
Hiroaki. 1993. Modification of Chemical 
Characteristics of Organically Enriched 
Sediment by Capitella sp.1. Marine pollution 
bulletin. 26: 375 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 73 of 97 

Chesney, E. and K. R. Tenore 1985 

Cohen, R. A. and J. A. Pechenik. 1999. Relationship 
between sediment organic content, 
metamorphosis, and postlarval performance in 
the deposit-feeding polychaete Capitella sp. I. J. 
exp. mar. Biol. Ecol. 240: 1-18. 

Cuomo, M. C. 1985. Sulphide as a larval settlement cue 
for Capitella sp. I. Biogeochemistry 1:  169-181. 
[Carmella proposes that the distribution of 
Capitella can be explained by larvae homing in 
on sulfide, a generally toxic substance. The 
sulfide cue hypothesis has been largely 

discredited by Dubilier (1988).] 

Dubilier, N. 1988. H S - a settlement cue or a toxic 
substance for Capitella sp. I larvae. Biol. Bull. 

2

[Refutation of Cuomo (1985) A reviewer of 
Nicole’s paper wrote, `Sulphide is a larval 
settlement cue for Capitella in much the same 
sense as a SAM missile is a settlement cue for a 
B52'.] 

Eckelbarger, K. J. and J. P. Grassle. 1983. Ultrastructural 
differences in the eggs and ovarian follicle cells 
of Capitella (Polychaeta) sibling species. Biol. 
Bull. 165:  379-393. 

Eckelbarger, K. J. and J. P. Grassle. 1987. Interspecific 
variation in genital spine, sperm and larval 
morphology in six sibling species of Capitella. 
Bull. Biol. Soc. Wash. 7:  62-76. 

Fleming, T. S. 1989. A method for evaluating the 
abundance and distribution of fecal pellets in 
Boston Harbor sediments. M.Sc. dissertation, 
UMASS/Boston. [Capitella fecal pellets in 
Boston’s Inner Harbor] 

Forbes, T. L. and G. R. Lopez. 1987. The allometry of 
deposit feeding in Capitella sp. I (Polychaeta: 
Capitellidae): the role of termperature and pellet 
weight in the control of egestion. Biol. Bull. 
172: 187-201. 

Forbes, T. and G. R. Lopez. 1990. The effect of food 
concentration, body size, and environmental 
oxygen tension on the growth of the deposit-
feeding polychaete, Capitella species 1. Limnol. 
Oceanogr. 35: 1535­

Forbes, T. and G. R. Lopez. 1990. Ontogenetic changes 
in individual growth and egestion rates in the 
deposit-feeding polychaete. Capitella sp. 1. J. 
exp. Mar. Biol. Ecol. 143: 209-. 

Forbes, V. E., T. L. Forbes and M. Holmer. 1996. 
Inducible metabolism of fluoranthene by the 
opportunistic polychaete Capitella sp. I. Mar. 
Ecol. Prog. Ser. 132: 63-70. [Why can Capitella 
spp. survive in PAH-contaminated sediment? 
Capitella sp. I accumulates fluoranthene, but 
decrease after 2 d to undetectable 
concentrations at 7 d. Active metabolism and 
depuration proposed] 

Gallagher, E. D. & K. E. Keay. 1998. Organism-
sediment-contaminant interactions in Boston 
Harbor. Pp. 89-132 in K. D. Stolzenbach and E. 
E. Adams, eds., Contaminated Sediments in 
Boston Harbor. MIT Sea Grant College 
Program, Cambridge MA. 170 p. [There is a 
slightly expanded version of this document 
available as a pdf at 

http://www.es.umb.edu/edg/pub/bhms2.pdf]{68 

, 77} 

Gamenick, I., M. Abbiati, and O. Giere. 1988. Field 
distribution and sulphide tolerance of Capitella 
capitata (Annelida: Polychaeta) around shallow 
water hydrothermal vents off Milos (Aegean 
Sea). A new sibling species? Marine Biology 
130: 447-453. 

Gamenick, I., B. Vismann, M. K. Grieshaber, and O. 
Giere. 1988. Ecophysiological differentiation of 
Capitella capitata (Polychaeta). Sibling species 
from different sulfidic habitats. Mar. Ecol. Prog. 
Ser. 175: 155-166. 

Grassle, J. F. and J. P. Grassle. 1974. Opportunistic life 
histories and genetic systems in marine benthic 
polychaetes. J. Mar. Res. 32: 253-284. [A 
classic paper. Describes the succession after the 

West Falmouth oilspill. Grassle & Grassle 

(1976) showed that the changes in allozyme 
frequncies in Capitella capitata are caused by 
the succession among Capitella sibling species]. 

{5, 6, 20, 45} 

Grassle, J. F. and J. P. Grassle 1976. Sibling species in 
the marine pollution indicator Capitella. Science 

192: 567-569. [4, 5, 73] 

Grassle, J. F. and W. K. Smith. 1976. A similarity 
measure sensitive to rare species and its use in 
investigation of marine benthic communities. 
Oecologia 25: 13-22. [The NESS similarity 
index is introduced. Mediomastus and Capitella 

abundant after the west Falmouth oilspill] {5, 

20, 31, 65} 

http://www.es.umb.edu/edg/pub/bhms2.pdf
IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 74 of 97 

Grassle, J. F. and J. P. Grassle. 1977. Temporal 
adaptation in sibling species of Capitella. Pp. 
177-189 in B. C. Coull, ed., Ecology of marine 
benthos. University of South Carolina Press, 
Columbia. [The larval dispersal modes of the 
capitellid sibling species are discussed.] 

Grassle, J. F. and J. P. Grassle. 1978. Life histories and 
genetic variation in marine invertebrates. Pp. 
347-364. in B. Battaglia and J. A. Beardmore, 
eds., Marine Organisms: Genetics, Ecology and 
Evolution. Plenum Press, New York. {?} 

Grassle, J. P. and J. F. Grassle 1976. Sibling species in 
the marine pollution indicator Capitella 
(Polychaeta). Science 192: 567-569. [Six 

Capitella sibling species described]{4, 5, 73} 

Grassle, J. P. and J. F. Grassle 1984 

Grassle, J. P., C. E. Gelfman, and S. W. Mills. 1987. 
Karyotypes of Capitella sibling species and of 
several species in the related genera Capitellides 
and Capitomastus (Polychaeta). Bull. Biol. Soc. 
Wash. 7: 77-88. [This paper provides the most 
comprehensive listing of the Capitella sibling 

species]  {5} 

Grassle, J. P. and C. A. Butman. 1989. Active habitat 
selection by larvae of the polychaetes, Capitella 
sp. I and II, in a laboratory flume Pp. 107-114 in 
J. S. Ryland and P. A. Tyler, eds., Reproduction, 
genetics and distributions of marine organisms. 
23rd Eur. Mar. Biol. Symp. 

Grassle, J. P, C. A. Butman, and S. W. Mills. 1992. 
Active habitat selection by Capitella sp. I 
larvae. II. Multiple choice experiments in still 
water and flume flows. J. Mar. Res. 50:  717­
743. 

Gremare, A. 1994. What describes fecundity of Capitella 
sp. I better: macro- or micronutrient availability? 
Marine Biology 119: 367-374. 

Gremare, A., A. G. Marsh, and K. R. Tenore, 1988. 
Short-term reproductive responses of Capitella 
sp. I (Annelida: Polychaeta) fed on different 
diets. J. exp. mar. Biol. Ecol. 123: 147-162. 

Gremare, A., A. G. Marsh and K. R. Tenore. 1989. 
Fecundity and energy partitioning in Capitella 
capitata type I (Annelida: Polychaeta). Marine 
Biology 100: 365-371. 

Gremare, A, A. G. Marsh and K. R. Tenore. 1989. 
Secondary production and reproduction of 
Capitella capitata Type I (Annelida: Polychaeta) 
during a population cycle. Mar. Ecol. Prog. Ser. 
51: 99-105. 

Hannan, C. A. 1981. Polychaete larval settlement: 
correspondence of patterns in suspended jar 
collectors and in the adjacent natural habitat in 
Monterey Bay, California. Limnol. Oceanogr. 
26:  159-171. [Jar collectors indicate settlement 
patterns which do not match apparent 
recruitment in the sediments. Reasons for the 
discrepancies are discussed] 

Hansen, F. T., V. E. Forbes, and T. L. Forbes. 1999. the 
effects of chronic exposure to 4-n-nonylphenol 
on life history traits and population dynamics of 
the polychaete Capitella sp. I. Ecol. Appl. 9: 
482-495. 

Holbrook, M. J. L. and J. P. Grassle. 1984. The effect of 
low density on the development of simultaneous 
hermaphroditism in male Capitella species I 
(Polychaeta). Biol. Bull. 166:  103-109. [To 
paraphrase Woody Allen, `being a 
hermaphrodite doubles your chance of getting a 
date on Saturday night.’] 

Holte, B.and B. Gulliksen. 1987. Benthic communities 
and their physical environment in relation to 
urban pollution down the city of Tromso, 
Norway. Sarsia 72: 133-141. [Capitella near 
sewer outfalls] 

Holte, B., K.-J. Jahola, and B. Gulliksen. 1987. Benthic 
communities and their physical environment in 
relation to urban pollution from the city of 
Tromso”, Norway. 1. The physical environment, 
plant nutrients, organic enrichment, heavy 
metals, and redox conditions. Sarsia 72: 125­
132. [Mercury, cadmium and zinc 
concentrations in sediments decrease at sites 
distant from Tromso, the largest city in 
Northern Norway which discharges raw 
sewage. Pollutant effects are restricted to sites 
adjacent to the city. This paper is complemented 
with the Holte & Gulliksen paper on benthic 
community] 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 75 of 97 

Lee, R. F., S. S. Singer, K. R. Tenore, W. S. Gardner and 
R. M. Philpot. 1977. Detoxification systems in 
polychaete worms: importance in the 
degradation of sediment hydrocarbons. Pp. 23­
37 in. W. B. Vernberg and A. Calabrese, F. P. 
Thurberg, and F. J. Vernberg (eds.). Marine 
pollution: functional responses. Academic Press, 
New York. [PAH degradation] 

Linke-Gamenick, V. E. Forbes, and R. M. Sibly. 1999. 
Density-dependent effects of a toxicant on life-
history traits and population dynamics of a 
capitellid polychaete. Mar. Ecol. Prog. Ser. 184: 
139-148. [134-d LTRE. A 2-factor ANOVA but 
with no d.f. to estimate interaction] [?] 

Linke-Gamenick, V. E. Forbes, and N. Méndez. 2000. 
Effects of chronic fluoranthene exposure on 
sibling species of Capitella with different 
development modes. Mar. Ecol. Prog. Ser. 203: 
191-203. 

Linton, D. L. and G. L. Taghon. 2000. Feeding, growth 
and fecundity of Capitella sp. I in relation to 
sediment organic concentration. Mar. Ecol. 
Prog. Ser. 220: 229-240. [Demographic 
parameters measured as f(protein 
concentration). Feeding rate increased with 
increasing protein up to 8.1 mg/g. The 
disappearance of Capitella consistent with 
reproductive failure and slow growth at low 
protein concentrations] 

Marsh, A. G., A. Gremare and K. R. Tenore. 1989. Effect 
of food type and ration on growth of juvenile 
Capitella sp. I: macro- and micronutrients. 
Marine Biology 102: 519- 

Marsh, A. G., H. R. Harvey and A. Gremare. 1990. 
Dietary effects on oocyte yolk-composition in 
Capitella sp. 1 (Annelida: Polychaeta): fatty 
acids and sterols. Marine Biology 106: 369-. 

Pechenik, J. A. and T. R. Cerulli. 1991. Influence of 
delayed metamorphosis on survival, growth, and 
reproduction of the marine polychaete Capitella 
sp. I. 151: 17-. 

Petraitis, P. S. 1985a. Digametic sex determination in the 
marine polychaete Capitella capitata (species 
Type I). Heredity 55: 151-156. [PSP’s results 
are not completely in accord with a digametic 
model; Judy Grassle’s hypothesis that sex is a 
polygenic trait may still hold.] 

Petraitis, P. S. 1985b. Females inhibit males’ propensity 
to develop into simultaneous hermaphrodites in 
Capitella species I (Polychaeta). Biol. Bull. 395­
402. 

Petraitis, P. S. 1988. Occurrences and reproductive 
success of femanized males in the polychaete 
Capitella capitata (Species Type I). Marine 
Biology 97:  403-412. [There is a fundamental 
problem distinguishing hermaphrodites from 
males; the distinction is important in deciding 
between the Grassle’s polygenic and PetraItis’s 
digametic models of Capitella sp. I sex 
determination.] 

Petraitis, P. S. 1991. The effects of sex ratio and density 
on the expression of gender in the polychaete 
Capitella capitata. Evolutionary Ecology 5: 
393-404. 

Phillips, N. W. and K. R. Tenore. 1984. Effects of food-
particle size and pelletization on individual 
growth and larval settelement of the deposit 
feeding polychaete Capitella capitata Type I. 
Mar. Ecol. Prog. Ser. 16: 241-247. 

Qian, P.-Y. 1994. Effect of food quantity on growth and 
reproductive characteristics of Capitella sp. 
(Annelida: Polychaeta. Invertebrare Reproduc. 
Dev. 26: 175-185. 

Qian, P.-Y. and Fu-Shiang Chia. 1991. Fecundity and egg 
size are mediated by food quality in the 
polychaete worm Capitella sp. J. exp. Mar. Biol. 
Ecol. 148: 11-25. 

Qian, P.-Y. and Fu-Shiang Chia. 1992. Effect of aging on 
reproduction in a marine polychaete Capitella 
sp. J. exp. Mar. Biol. Ecol. 156: 23-38. [On 
average, individuals reproduced 3.2 times, 
producing 2090 eggs in a life span. Fecundity 
didn’t change among first 3 spawnings, but then 
dropped.] 

Qian, P.-Y. and Fu-Shiang Chia. 1992. The 
“morphological females” of a marine 
polychaete, Capitella sp. are functional 
hermaphrodites. Invertebrate Reproduction and 
Development. 21: 107-. 

Qian, P.-Y. and Fu-Shiang Chia. 1992. Effects of food 
concentration on larval growth and development 
of two polychaete worms, Capitella capitata 
(Fabricius) and Polydora ligni Webster. Bull. 
Mar. Sci 9. 48: 477-. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 76 of 97 

Qian, P.Y., Chia, F. S. 1993. Larval development as 
influenced by food limitation in two 
polychaetes: Capitella sp. and Polydora ligni 
Webster. Journal of experimental marine 
biology and ecology 166: 93-. 

Reish, D. J. 1977. The role of life history in polychaete 
systematics. Pp. 461-476 in D. J. Reish and K. 
Fauchald, eds., Essays in memory of Dr. Olga 
Hartman. Allan Hancock Foundation, U. S. 
California Press, Los Angeles. [Evidence for 
sibling species in Capitella presented.] 

Spies, R. B., J. E. Bauer, and D. Hardin. 1989. Stable 
isotope study of sedimentary carbon utilization 
by Capitella spp.: effects of two carbon sources 
and geochemistry during their diagenesis. 
Marine Biology 101: 69-74. 

Tenore, K. R. 1977. Growth of Capitella capitata 
cultured in various levels of detritus from 
different sources. Limnol. Oceanogr. 22: 936­
941. 

Tsutsumi, H. 1987. Population dynamics of Capitella 
capitata (Polychaeta: Capitellidae) in an 
organically polluted cove. Mar. Ecol. Prog. Ser. 
36: 139-149. [The sibling species are not 
distinguished.] 

Tsutsumi, H. 1990. Population persistence of Capitella 
spp. (Polychaeta: Capitellidae) on a mud flat 
subject to environmental disturbance by organic 
enrichment. Mar. Ecol. Prog. Ser. 63: 147-. 

Tsutsumi, H. and T. Kikuchi. 1984. Study of the life 
history of Capitella capitata (Polychaeta: 
Capitellidae) in Amakusa, South Japan 
including a comparison with other geographical 
regions. Marine Biology 80:  315-321. 

Tsutsumi, H., S. Fukunaga and N. Fujita. 1990. 
Relationship between growth of Capitella sp. 
and organic enrichment of the sediment. Mar. 
Ecol. Prog. Ser. 63: 157-180. [Thrive when the 
protein content is high] 

Wang, Xu-Chen, Yi-Xian Zhang, and R. F. Chen. 2001. 
Distribution and partitioning of polycyclic 
aromatic hydrocarbons (PAHs) in different size 
fractions in sediments from Boston Harbor, 
United States. Marine Pollution Bulletin 42: 
1139-1149. [PAHs are associated with 

Capitella fecal pellets (and soot)] [19, 38] 

Ward, T. J. And P. A. Hutchings. 1996. Effect of trace 
metals on infaunal species composition in 
polluted intertidal and subtidal marine sediments 
near a lead smelter, Spencer Gulf, South 
Australia. Mar. Ecol. Prog. Ser. 135: 123-135. 
[Classification and ordination used to detect 
effects of Pb, Cu, Mn, Pb, Sb and Zn. 
Heteromastus filiformis and Capitella dominate 
polluted sites] 

Warren, L. M. 1976. A population study of the polychaete 
Capitella capitata at Plymouth. Marine Biology 
38:  209-216. 

Warren, L. M. 1976. A review of the genus Capitella 
(Polychaeta: Capitellidae). J. Zool. Lond. 180: 
195-209. [Misses the Capitella spp. sibling 
species story, being published the same year by 
Grassle & Grassle 1976] 

Weisburd, S. 1985. Sulfide searchers. Science News 127: 
108. [The popular science press report on 

Cuomo’s (1985) now discredited {by Dubilier 

1988} sulfide cue in Capitella.] 

Polydora & Streblospio 

Blake, J. A. 1969. Reproduction and larval development 
of Polydora from northern New England 
(Polychaeta: Spionidae). Ophelia 7: 1-63. 

Blake, J. A., and N. J. Maciolek. 1987. A redescription of 
Polydora cornuta Bosc (Polychaeta: Spionidae) 
and designation of a neotype. Bulletin of the 
Biological Society of Washington 7: 11-15. [P. 
ligni renamed] {?} 

Chu, J.-W. and L. A. Levin. 1989. Photoperiod and 
temperature regulation of growth and 
reproduction in Streblospio benedicti 
(Polychaeta: Spionidae). Invertebrate 
Reproduction & Development 15: 131­

Levin, L. A., H. Caswell, K. D. DePatra and E. L. Creed. 
1987. Demographic consequences of larval 
development mode: planktotrophy vs. 
lecithotrophy in Streblospio benedicti. Ecology 
68: 1877-1886. 

Llanso, R. J. 1991. Tolerance of low dissolved oxygen 
and hydrogen sulfide by the polychaete 
Streblospio benedicti (Webster). J. exp. Mar. 
Biol. Ecol. 153: 165-. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 77 of 97 

Rice, S. A. 1991. Reproductive isolation in the Polydora 
ligni complex and the Streblospio benedicti 
complex (Polychaeta: Spionidae). Bull. Mar. 
Sci. 48: 432­

Zajac, R. N. 1986. The effects of intra-specific density 
and food supply on growth and reproduction in 
an infaunal polychaete Polydora ligni Webster. 
J. Mar. Res. 44: 339-359. 

Mediomastus 

Day, J. 1973. New Polychaeta from Beaufort, with a key 
to all species recorded from North Carolina. 
NOAA Technical Report – NMFS circular 375: 
1-140. [M. californiensis, not M. ambiseta 
identified for the 1st time on the east coast by the 
eminent S. African polychaetologist]{?} 

Ewing, R. M. And D. M. Dauer. 1981. A new species of 
Amastigos (Polychaeta: Capitellidae) from the 
Chesapeake Bay and Atlantic coast of the 
United States with notes on the Capitellidae of 
the Chesapeake Bay. Proc. Biol. Soc. Wash. 94: 
163-168. [E & D list M. californiensis in 
addition to M. ambiseta in their key]{?} 

Fuller, C. M., C. A. Butman and N. M. Conway. 1988. 
Periodicity in fecal pellet production by the 
capitellid polychaete Mediomastus ambiseta 
throughout the day. Ophelia 29: 83-91. [800,000 
M. ambiseta per m2 have a diel periodicity in 
pellet production, with peaks at night] 

Grassle, J. F. and W. K. Smith. 1976. A similarity 
measure sensitive to rare species and its use in 
investigation of marine benthic communities. 
Oecologia 25:  13-22. [Mediomastus and 
Capitella abundant after the west Falmouth 

oilspill; NESS similarity introduced]  {5, 20, 31, 

65} 

Grassle, J. P. and J. F. Grassle. 1984. The utility of 
studying the effects of pollutants on single 
species populations in benthic mesocosms and 
coastal ecosystems. Pp. 621-642 in H. H. White, 
eds. Concepts in Marine Pollution 
Measurements. Maryland Sea Grant Program, 
College Park MD. [A very nice review of 
Mediomastus ambiseta autecology and 
taxonomy] 

Hobson, K. D. 1971. Polychaeta new to New England, 
with additions to the description of Aberranta 
enigmatica Hartman. Proc. Biol. Soc. Wash. 84: 
245-252. [1st description of M. ambiseta on the 

East Coast, discussed in Gallagher & Keay 

(1998)]{?} 

Oviatt, C., J. Frithsen, J. Gearing, and P. Gearing. 1982. 
Low chronic additions of No. 2 fuel oil: 
chemical behavior, biological impact and 
recovery in a simulated ecosystem. Mar. Ecol. 
Prog. Ser. 9: 121-136. [Mediomastus ambiseta 
is the numerical dominant in the MERL tanks, 
responding positively to organic enrichment but 
very sensitive to oil] 

Starczak, V. R., C. M. Fuller, and C. A. Butman. 1992. 
Effects of barite on aspects of the ecology of the 
polychaete Mediomastus ambiseta Mar. Ecol. 
Prog. Ser. 85: 269-282. 

Warren, L. M. 1979. Mediomastus fragilis Rasmussen 
(Polychaeta: Capitellidae), a species newly 
described from British Waters. J. mar. biol. Ass. 
U. K. 59: 757-760. 

Warren, L. M., P. A. Hutchings, and S. Doyle. 1994. A 
revision of the genus Mediomastus Hartman 
1944 (Polychaeta: Capitellidae). Records of the 
Australian Museum 46: 227-256. [?] 

Mulinia lateralis (Say, 1822) 

Comment: Most of these references were obtained by a 
computer search on Mulinia. The key papers to me are 
the papers by Luchenbach, Grassle, Snelgrove and 
Virnstein on the larval recruitment and mortality of this 
classic opportunistic species. 

Blundon, J. A. and V. S. Kennedy. 1982. Refuges for 
infaunal bivalves from blue crab, Callinectes 
sapidus (Rathbun), predation in Chesapeake 
Bay. J. exp. Mar. Biol. Ecol. 65: 67-82. 

Botton, M… L. 1982. Predation of commercially 
important bivalve species in New Jersey by the 
horseshoe crab Limulus polyphemus (Linnaeus). 
J. Shellfish Res. 2: 89-90. 

Botton, M. L. 1983. What determines the vulnerability of 
bivalve prey to horseshoe crab predation? J. 
Shellfish Res. 3: 83-84. 

Botton, M. L. 1984. Diet and food preferences of the 
adult horseshoe crab Limulus polyphemus in 
Delaware Bay, New Jersey, USA. Mar. Biol. 81: 
199-207 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 78 of 97 

Botton, M. L. 1984. The importance of predation by 
horseshoe crabs, Limulus polyphemus to an 
intertidal sandflat community. J. Mar. Res. 42: 
139-161. 

Calermwat, K., T. R. Jacobsen and R. A. Lutz. 1991 
Assimilation of bacteria by the dwarf surf clam 
Mulinia lateralis (Bivalvia: Mactridae). Mar. 
Ecol. Prog. Ser. 71: 27-35. 

Campos, B. and R. Mann. 1988. Swimming behaviour of 
mactrid larvae in response to salinity gradients. 
J. Shellfish Res. 7: 189. 

Churchill, K. M. and P. M. Gaffney. 1989. Heterosis and 
heterozygote deficiencies in Mulina lateralis. J. 
Shellfish Res. 8: 447 

Frithsen, J. B, D. T. Rudnick and P. H. Doering. 1986. 
The determination of fresh organic carbon 
weight from formaldehyde preserved 
macrofaunal samples. Hydrobiologia 133: 203­
208. 

Gaffney, P. M, T. M. Scott, R. K. Koehn, and W. J. 
Diehl.. 1990. Interrelationships of 
heterozygosity, growth rate and heterozygote 
deficiencies in the coot clam, Mulinia lateralis. 
Genetics 124: 687-699. 

Garton, D. W.,  R. K. Koehn, and T. M. Scott. 1984. 
Multiple-locus heterozygosity and the 
physiological energetics of growth in the coot 
clam, Mulinia lateralis , from a natural 
population. Genetics 108:  445-455. 

Grassle, J. P. 1992. Experimental studies on larval habitat 
choice in the mactrid bivalve Mulinia lateralis. 
J. Shellfish Res. 11: 195 

Grassle, J. P., P. V. R. Snelgrove and C. A. Butman. 
1992. Larval habitat choice in still water and 
flume flows by the opportunistic bivalve 
Mulinia lateralis. Neth. J. Sea Res. 30: 33-44. 

Grassle, J. P., P. V. R. Snelgrove, and C. A. Butman. 
1992. Larval habitat choice in still water and 
flume flows by the opportunistic bivalve 
Mulinia lateralis . Pp. 33-40 in C. H. R. Heib, 
and P. H. Nienhuis, eds. Proc. 26th European 
Marine Biology Symposium - Biological effects 
of disturbances on estuarine and coastal marine 
environments. 

Holland, A. F., N. K. Mountford, J. A. Mihursky. 
Temporal variation in upper bay mesohaline 

benthic communities: 1. The 9-m mud habitat. 
Chesapeake Science 18: 370-378. 

Koehn, R. K., W. J. Diehl, and T. M. Scott. 1988. The 
differential contribution by individual enzymes 
of glycolysis and protein catabolism to the 
relationship between heterozygosity and growth 
rate in the coot clam, Mulinia lateralis. Genetics 
118: 121-130. 

Luckenbach, M. W. 1984. Settlement and early 
post-settlement survival in the recruitment of 
Mulinia lateralis (Bivalvia). Mar. Ecol. Prog. 
Ser. 17: 245-250. 

Luckenbach, M. W. 1987. Effects of adult infauna on 
new recruits: Implications for the role of 
biogenic refuges. J. exp. Mar. Biol. Ecol. 105: 
197-206 

Ludwig, A. N. 1989. Heritability, genetic correlation, and 
genotype-environment interaction of larval and 
juvenile growth rate in the coot clam, Mulinia 
lateralis . J. Shellfish Res. 8: 486. 

Mann, R, Campos, B. M., and  Luckenbach,M. W. 
Swimming rate and responses of larvae of three 
mactrid bivalves to salinity discontinuities. Mar. 
Ecol. Prog. Ser. 68:  257-269. 

McClintock, J. B. and J. M. Lawrence. 1991. 
Characteristics of foraging in the soft-bottom 
benthic starfish Luidia clathrata 
(Echinodermata: Asteroidea): Prey selectivity, 
switching behavior, functional responses and 
movement patterns. Oecologia 66: 291-298. 

Morrison, G. E. and E. A. Petrocelli. 1991. Suitability of 
Mulinia lateralis as a euryhaline toxicity test 
species. Pp. 337-340 in P. Chapman, F. Bishay, 
E. Power, K. Hall, L Harding, D. McLeay, M. 
Nassichuk and W. Knapp, eds., Proceedings of 
the seventeenth annual aquatic toxicity 
workshop: Nov. 5 -7, 1990, Vancouver B. C., 
Vols. 1,2. 

Moss, S. M. 1989. Effects of exogenous androgens on 
growth, biochemical composition, and 
reproduction of the coot clam, Mulinia lateralis 
. Pac. Sci. 43: 200. 

Powell, E. N., R. J. Stanton, D. Davies and A. Logan. 
1986. Effect of a large larval settlement and 
catastrophic mortality on the ecologic record of 
the community in the death assemblage. Est. 
Coastal Shelf Sci. 23: 513-525 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 79 of 97 

Purcell, J. E., F. P. Cresswell, D. G. Cargo and V. S. 
Kennedy. 1991. Differential ingestion and 
digestion of bivalve larvae by the scyphozoan 
Chrysaora quinquecirrha and the ctenophore 
Mnemiopsis leidyi . Biol. Bull. 180: 103-111. 

Reid, R. 1981. Long-term (1972-1980) trends in 
contaminants and macrofauna of muddy 
sediments in Long Island Sound. Estuaries 4: 
302 

Richardson, M. D., D. K. Young, and K. B. Briggs. 1983. 
Effects of hydrodynamic and biological 
processes on sediment geoacoustic properties in 
Long Island Sound, USA. Marine Biology 52: 
201-226. 

Rittschof, D., and A. B. Brown. 1986. Modification of 
predatory snail chemotaxis by substances in 
bivalve prey odors. Malacologia 27: 281-290. 

Santos, S. L. 1980. Response of soft-bottom benthos to 
annual catastrophic disturbance in a south 
Florida estuary. Mar. Ecol. Prog. Ser. 3: 
347-355 

Scarpa, J. and E. T. Bolton. 1988. Experimental 
production of gynogenetic and parthenogenetic 
Mulinia lateralis (Say). J. Shellfish Res. 7: 132. 

Scott, T. M. and R. K. Koehn. 1990. The effect of 
environmental stress on the relationship of 
heterozygosity to growth rate in the coot clam 
Mulinia lateralis (Say). J. exp. Mar. Biol. Ecol. 
135: 109-116. 

Shumway, S. E. 1983. Factors affecting oxygen 
consumption in the coot clam Mulinia lateralis 
(Say). Ophelia 22: 143-171. 

Snelgrove, P. V. R., C. A. Butman, and J. P. Grassle. 
1993. Hydrodynamic enhancement of larval 
settlement in the bivalve Mulinia lateralis (Say) 
and the polychaete Capitella sp. 1 in 
microdepositional environments. J. exp. Mar. 
Biol. Ecol. 168: 71-109. 

Virnstein, R. W. 1977. The importance of predation by 
crabs and fishes on benthic infauna in 
Chesapeake Bay. Ecology 58: 1199-1217. [Blue 
crabs wipe out Mulinia] 

Virnstein, R. W. 1979. Predation on estuarine infauna: 
response patterns of component species. 
Estuaries 2: 69-86. 

Wada, K. T, J. Scarbpa and Sk. Allen. 1990. Karyotype of 
the dwarf surf clam Mulinia lateralis (Say, 
1822) (Mactridae, Bivalvia). J Shellfish Res. 9: 
279-281 

Wilhite, H. S., T. C. Allison and J. A. Rickner. 1982. The 
diversity and distribution of living mollusks in 
the lower Laguna Madre of Texas. Pp. 233-247 
in J. R. Davis, ed. Proceedings of the 
symposium on recent benthological 
investigations in Texas and adjacent states. 

Williams, J. B. 1984. Respiratory changes in the 
euryhaline clam, Mulinia lateralis (Say), over a 
range of temperature and salinity combinations. 
J. exp. Mar. Biol. Ecol. 81: 269-280. 

Williams, J. B., B. J. Copeland and R. J. Monroe. 1986. 
Population dynamics of an R-selected bivalve, 
Mulinia lateralis (Say) in a North Carolina 
estuary. Contrib. Mar. Sci. 29: 73-89. 

Wright, D. A., V. S. Kennedy, W. H. Roosenburg, M. 
Castagna, and J. A. Mihursky. 1983. 
Temperature tolerance of embryos and larvae of 
five bivalve species under simulated power 
plant entrainment conditions: A synthesis. 
Marine Biology 77:  271-278 

Yingst, J. Y. 1978. Patterns of Micro- and Meiofaunal 
Abundance in Marine Sediments, Measured 
With the Adenosine Triphosphate Assay. 
Marine Biology 47: 41-54. 

Mya arenaria leukemia 

Comment: Carol Reinisch developed a monoclonal 
antibody to the leukemia-like neoplastic cells that can 
take over the hemolymph of the  soft-shelled clam, Mya 
arenaria. She thinks the incidence of this condition may 
be related to pollution. As part of a study with Gallagher, 
Grassle, Wallace and Eganhouse, we examined the 
incidence of clam neoplasia on Savin Hill Cove. The 
incidence of neoplasia on this polluted mudflat are less 
than the Cape Cod Bay control sites. 

Beckmann, N., M. P. Morse. and C. M. Moore. 1992. 
Comparative study of phagocytosis in normal 
and diseased hemocytes of the bivalve mollusc 
Mya arenaria . J. Invert. Pathol. 59: 124-132. 

Brousseau, D. J. 1987. Seasonal aspects of sarcomatous 
neoplasia in Mya arenaria (soft-shell clam) 
from Long Island Sound. J. Invert. Pathol. 50: 
269-276. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 80 of 97 

Cooper, K. R., Brown, R. S., and P. W. Chang. 1982. 
Accuracy of Blood Cytological Screening 
Techniques for the diagnosis of a Possible 
Hematopoietic Neoplasm in the Bivalve 
Mollusc, Mya arenaria. J. Invert. Pathol. 39: 
281-289. 

Farley, C. A., D. L. Plutschak and R. F. Scott. 1991. 
Epizootiology and distribution of transmissible 
sarcoma in Maryland softshell clams, Mya 
arenaria , 1984-1988. Environ. Health Perspect. 
90: 35-41. 

Miosky, D. L., R. M. Smolowitz and C. L. Reinisch. 
Leukemia cell specific protein of the bivalve 
mollusc Mya arenaria. J. Invert. Pathol. 53: 32­
40. 

Reinisch, C. L., A. M. Charles and J. Troutner. 1983. 
Unique antigens on neoplastic cells of the soft 
shell clam Mya arenaria Dev. Comp. Immunol. 
7: 33-39. [Clams in Buzzards Bay have 
leukemia-like cells. This paper describes a 
monoclonal antibody produced to a key antigen 
found in the cancerous cells] 

Reinisch, C. L. R. P. E. Yanong, and A. C. Craig. 1989. 
Prevalence of neoplasia in hemolymph of soft-
shell clams, Mya arenaria, in Boston Harbor. 
Final Report to Massachusetts Department of 
Environmental Quality Engineering. 

Smolowitz, R. M. and C. L. Reinisch. 1993. A novel 
adhesion protein expressed by ciliated 
epithelium, hemocytes, and leukemia cells in 
soft-shell clams  Dev. Comp. Immunol. 17: 
475-581. 

Sunila, I. 1991. Respiration of sarcoma cells from the 
soft-shell clam Mya arenaria L. under various 
conditions. J. exp. Mar. Biol. Ecol. 150:  19-29. 

Sunila, I. M. and C. F. Dungan. 1991. Hemolymph sera 
from sarcomatous and healthy softshell clams 
(Mya arenaria L.): Different biochemical and 
functional milieus. J. Shellfish Res. 10: 278. 

Sunila, I. and C. F. Dungan. 1992. Different proteins in 
the hemolymph sera from sarcomatous and 
healthy soft shell clams, Mya arenaria L. Comp. 
Biochem. Physiol. B. 102: 621-625. 

White, M. K., D. Miosky, D. A. Flessas, and C. L. 
Reinisch. 1993. The expression of an 
adhesion-related protein by clam hemocytes. J. 
Invert. Pathol. 61: 253-259. 

POLLUTION AND MEIOFAUNA 

Akesson, B. 1970. Ophryotrocha labronica as a test 
animal for the study of marine pollution. Helg. 
wiss. Meeresunters. 20: 293-303. [A small 
dorvelleid polychaete] 

Alongi, D. M., D. F. Boesch, and R. J. Diaz. 1983. 
Colonization of meiobenthos in oil-
contaminated subtidal sands in the lower 
Chesapeake Bay. Marine Biology 72: 325-335. 

Amjad, S. and J. S. Gray. 1983. Use of the nematode-
copepod ratio as an index of organic pollution. 
Mar. Poll. Bull. 14: 178-181. 

Austen, M. C., R. M. Warwick, and M. C. Rosado. 1989. 
Meiobenthic and macrobenthic community 
structure along a putative pollution gradient in 
southern Portugal. Mar. Poll. Bull. 20: 398-405. 

Bongers, T. 1990. The maturity index: an ecological 
measure of environmental disturbance based on 
nematode species composition. Oecologia 83: 
14-19. 

Boucher, G. 1980. Impact of Amoco Cadiz oil spill on 
intertidal and sublittoral meiofauna. Mar. Poll. 
Bull. 11: 95-101. 

Boucher, G. 1985. Long term monitoring of meiofauna 
densities after the Amoco Cadiz oil spill. Mar. 
Poll. Bull. 16: 328-333. 

Bouwman, L. A., K. Romeijn and W. Admiraal. 1984. On 
the ecology of meiofauna in an organically 
polluted estuarine mudflat. Est. Coastal Shelf 
Sci. 19: 633-653. 

Carman, K. R., J. W. Fleeger, J. C. Means, S. M. 
Pomarico, and D. J. McMillin. 1995. 
Experimental investigation of the effects of 
polynuclear aromatic hydrocarbons on an 
estuarine sediment food web. Marine 
Environmental Research 40: 289-318. [PAH 
spike to lab microcosms. Harp. copepod grazing 
or lipid content not affected. Nematode:copepod 
ratio increased. Sublethal effects minimal 
suggesting LA ecosystem adapted to low-level 
PAH] 

Coull, B. C., G. R. F. Hicsk and J. B. J. Wells. 1981. 
Nematode/copepod ratios for monitoring 
pollution: a rebuttal. Mar. Poll. Bull. 12: 378­
381. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 81 of 97 

Coull, B. C. and G. T. Chandler. 1992. Pollution and 
meiofauna: field, laboratory, and mesocosm 
studies. Oceanogr. Mar. Biol. Annu. Rev. 30: 
191-271. [A comprehensive review of the 
literature] 

Decker, C. J. and J. W. Fleeger. 1984. The effect of crude 
oil on the colonization of meiofauna into salt 
marsh sediment. Hydrobiologia 118: 49-58. 

Eskin, R. A. and B. C. Coull. 1984. A priori 
determination of valid control sites: an example 
using marine meiobenthic nematodes. Mar. Env. 
Res. 12: 161-172. 

Fleeger, J. W. and G. T. Chandler. 1983. Meiofauna 
responses to an experimental oil spill in a 
Louisiana salt marsh. Mar. Ecol. Prog. Ser. 11: 
257-264. 

Frithsen, J. B. 1984. Metal incorporation by benthic 
fauna: relationships to sediment inventory. Est. 
Coastal Shelf Sci. 19: 523-539. 

Frithsen, J. B., R. Elmgren, and D. T. Rudnick. 1985. 
Responses of benthic meiofauna to long-term, 
low-level additions of No. 2 fuel oil. Mar. Ecol. 
Prog. Ser. 23: 1-14. 

Gee, J. M. 1989. An ecological and economic review of 
meiofauna as food for fish. Zool. J. Linnaean 
Soc. 96: 243-261. 

Gee, J. M., R. M. Warwick, M. Schaanning, J. A. Berge 
and W. G. Ambrose. 1985. Effects of organic 
enrichment on meiofaunal abundance and 
community structure in sbulittoral soft 
sediments. J. exp. Mar. Biol. Ecol. 91: 247-262. 

Gerlach, S. A. 1971. On the importance of meiofauna for 
benthos communities. Oecologia 6: 151-165. 

Grassle, J. F., R. Elmgren, and J. P. Grassle. 1981. 
Response of benthic communities in MERL 
experimental ecosystems to low level, chronic 
additions of No. 2 fuel oil. Mar. Env. Res. 4: 
279-297. 

Hargrave, B. T. and H. Thiel. 1983. Assessment of 
pollution-induced changes in benthic 
community structure. Mar. Poll. Bull. 14: 41-46. 

Heip, C. 1980. Meiobenthos as a tool in the assessment of 
marine environmental quality. Rappp. P.-V. 
Reun. Cons. Int Explor. Mer 179: 182-187. 

Heip, C. and W. Decraemer. 1974. The diversity of 
nematode communities in the southern North 
Sea. J. Mar. Biol. Assoc. U. K. 54: 252-255. 

Heip, C., R. M. Warwick, M. R. Carr, P. m. J. Herman, R. 
Huys, N. Smol. and K. Van Holsbeke. 1988. 
Analysis of community attributes of the benthic 
meiofauna of Frierfjord/Langesundfjord. Mar. 
Ecol. Prog. Ser. 46: 171-180. 

Herman, P. M. J. and C. Heip. 1988. On the use of 
meiofauna in ecological monitoring: who needs 
taxonomy? Mar. Poll. Bull. 19: 665-668. 

Klerks, P. L and J. S. Levinton. 1989. Rapid evolution of 
metal resistance in a benthic oligochaete 
inhabiting a metal-polluted site. Biol. Bull. 176: 
135-141. 

Lambshead, P. J. D. 1984. The Nematode/Copepod ratio-
some anomalous results from the Firth of Clyde. 
Mar. Poll. Bull. 15: 256-259. 

Lambshead, P. J. D. 1986. Subcatastrophic sewage and 
industrial waste contamination as revealed by 
marine nematode analysis. Mar. Ecol. Prog. Ser. 
29: 247-260. 

Montagna, P. A., J. E. Bauer, J. Toal, D. Hardin and R. B. 
spies. 1987. Temporal variability and the 
relationship between benthic meiofaunal and 
microbial populations of a natural coastal 
petroleum seep. Mar. Env. Res. 16: 231-242. 

Moore, C. G. and B. J. Bett. 1989. The use of meiofauna 
in marine pollution impact assessment. Zool. J. 
Linn. Soc. 96: 263-280. 

Moore, C. G., D. J. Murison, S. M. Long and D. J. L. 
Mills 1987. The impact of oily discharges on the 
meiobenthos of the North Sea. Philos. Trans. R. 
Soc. London Ser. B. 316: 525-544. 

Oviatt, C. A., J. Frithsen, J. Gearing and P. Gearing. 
1982. Low chronic additions of No. 2 fuel oil: 
chemical behavior, biological impact and 
recovery in a simulated estuarine environment. 
Mar. Ecol. Prog. Ser. 9: 121-136. 

Palmer, M. A., P. A. Montagna, R. B. Spies, and D. 
Hardin. 1988. Meiofauna dispersal near natural 
petroleum seeps in the Santa Barbara Channel: a 
recolonization experiment. Oil Chem. Poll. 4: 
179-189. 

Parker, R. H. 1975. The study of benthic communities. 
Elsevier Press, Amsterdam, 279 pp. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 82 of 97 

Platt, H. M., K. M. Shaw, and P. J. D. Lambshead. 
Nematode species abundance patterns and their 
use in the detection of environmental 
perturbations. Hydrobiologia 118: 59-66. 

Raffaelli, D. 1981. Monitoring with meiofauna-a reply to 
Coull, Hicks & Wells (1981) and additional 
data. Mar. Poll. Bull. 12: 158-163. 

Raffaelli, D. 1982. An assessment of the potential of 
major meiofauna groups for monitoring marine 
organic pollution. Mar. Env. Res. 7: 151-164. 
[Nematode:copepod ratio] 

Raffaeilli, D. and C. F. Mason. 1981. Pollution 
monitoring with meiofauna, using the ratio of 
nematodes to copepods. Mar. Poll. Bull. 12: 
158-163. 

Rees, H. L. and A. Eleftheriou. 1989. North Sea benthos: 
a review of field investigations into the 
biological effects of man’s activities. J.Cons. 
Cons. Int. Explor. Mer 45: 284-305. 

Reise, K. 1984. Indirect effects of sewage on a sandy 
tidal flat in the Wadden Sea. Neth. Inst. Sea 
Res. Publ. Ser. 10: 159-164. 

Roberts, D. and C. Maguire. 1976. Interactions of lead 
with sediments and meiofauna. Mar. Pollut. 
Bull. 7: 211-214. 

Rygg, B. 1986. Heavy metal pollution and log-normal 
distribution of individuals among species in 
benthic communities. Mar. Poll. Bull. 17: 31-36. 

Schwinghamer, P. 1988. Influence of pollution along a 
natural gradient and in a mesocosm experiment 
on biomass-size spectra of benthic communities. 
Mar. Ecol. Prog. Ser. 46: 199-206. 

Shaw, K. M., P. J. D. Lambshead and H. M. Platt. 1983. 
Detection of pollution-induced disturbance in 
marine benthic assemblages with special 
reference to nematodes. Mar. Ecol. Prog. Ser. 
11: 195-202. [Critique of the nematode/copepod 
ratio] 

Spies, R. B. and P. H. Davis. 1979. The infaunal benthos 
of a natural oil seep in the Santa Barbara 
Channel. Marine Biology 50: 227-237. 

Spies, R. B., D. D. Hardin, and J. P. Toal. 1988. Organic 
enrichment or toxicity? A comparison of the 
effects of kelp and crude oil in sediments on the 
colonization and growth of benthic infauna. J. 
exp. Mar. Biol. Ecol. 124: 261-282. 

Stacey, B. M. and B. M. Marcotte. 1987. Chronic effects 
of No. 2 fuel oil on population dynamics of 
harpacticoid copepods in experimental 
microcosms. Mar. Ecol. Prog. Ser. 40: 61-68. 

Sundelin, B. and R. Elmgren. 1991. Meiofauna of an 
experimental soft bottom ecosystem-effects of 
macrofauna and cadmium exposure. Mar. Ecol. 
Prog. Ser. 70: 245-255. 

Tietjen, J. H. and J. J. Lee. 1984. The use of free-living 
nematodes as bioassay for estuarine sediments. 
Mar. Env. Res. 11: 233-251. 

Van Es, F. B, Van Arkel, M. A., Bouwman, L. A. and H. 
G. J. Schroder. 1980. Influence of organic 
pollution on bacterial, macrobenthic and 
meiobenthic populations in intertidal flats of the 
Dollard. Neth. J. Sea Res. 14: 288-304. 

Warwick, R. M. 1981. The Nematode/Copepod ratio and 
its use in pollution ecology. Mar. Poll. Bull. 12: 
329-333. 

Warwick, R. M. 1986. A new method for detecting 
pollution effects on marine meiobenthic 
communities. Marine Biology 92: 557-562. 

Warwick, R. M. 1988a. Effects on community structure 
of a pollutant gradient-summary. Mar. Ecol. 
Prog. Ser. 46: 207-211. 

Warwick, R. M. 1988b. The level of taxonomic 
discrimination required to detect pollution 
effects on marine benthic communities. Mar. 
Poll. Bull. 19: 259-268. [Species identifications 
not needed] 

Warwick, R. M., M. R. Carr, J. M. Gee, and R. H. Green. 
1988. A mesocosm experiment on the effects of 
hydrocarbon and copper pollution on a 
sublittoral soft-sediment meiobenthic 
community. Mar. Ecol. Prog. Ser. 46: 181-191. 

Warwick, R. M. and K. R. Clarke. 1991. A comparison of 
some methods for analyzing changes in benthic 
community structure. J. Mar. Biol. Assoc. U. K. 
71: 225-244. 

Widbom, B. and R. Elmgren. 1988. Response of benthic 
meiofauna to nutrient enrichment of 
experimental marine ecosystems. Mar. Ecol. 
Prog. Ser. 42: 257-268. 

TOXICOLOGY (NOT COMPREHENSIVE) 



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 83 of 97 

ASTM (American Society of Testing and Materials). 
1991. Standard guide for conducting 10-day 
static sediment toxicity tests with marine and 
estuarine amphipods. Annual Book of ASTM 
Standards 11.04:1052-1075. 

Becker, D. S., G. R. Bilyard, and T. C. Ginn. 1990. 
Comparisons between sediment bioassays and 
alteration of benthic macroinvertebrate 
assemblages at a marine Superfund site: 
Commencement Bay, Washington. Environ. 
Toxicol. Chem. 9: 669-685. 

Cairns, J and J. R. Pratt. 1989. The scientific basis of 
bioassays. Hydrobiologia 188/189: 5-20. 

Capuzzo, J. M., M. N. Moore and J. Widdows. 1988. 
Effects of toxic chemicals in the marine 
environment: Predictions of impacts from 
laboratory studies. Aquat. Toxicol. 11: 19-28. 

Chapman, P. M. and R. Fink. 1984. Effects of Puget 
Sound sediments and their elutriates on the life 
cycle of Capitella capitata. Bull. Environ. 
contam. Toxicol. 33:  451-459. 

Dahl, B. and H. Blanck. 1996. Use of sand-living 
microalgal communities (epipsammon) in 
ecotoxicological testing. Mar. Ecol. Prog. Ser. 
144: 166-173. [TBT tested on epipsammic 
diatoms. They aren’t very sensitive to TBT] 

DeWitt, T. H., G. R. Ditsworth and R. C. Swartz. 1988. 
Effects of natural sediment features on survival 
of the phoxocephalid amphipod Rhepoxynius 
abronius. Mar. Env. Res. 25: 99-124. [Muddy 
sediments kill these amphipods, but a regression 
against silt-clay can be used to control for 
mortality due to the silt-clay fraction. This 

problem discussed by Spies (1989)] {84} 

DeWitt, T. H, R. C. Swartz, and J. O. Lamberson. 1989. 
Measuring the toxicity of estuarine sediment. 
Environ. Toxicol. Chemistry 8: 1035-1048. 
[Using Rhepoxynius, the effects of mortality due 
to silt-clay fraction must be taken into account. 

See Spies]  {84} 

DiToro, D. M., J. D. Mahony, D. J. Hansen, K. J. Scott, 
M. B. Hinks, S. M. Mayr and M. S. Redmond. 
1989. Toxicity of cadmium in sediments: the 
role of acid volatile sulfide. Environ. Toxicol. 
Chem. 9: 1487-1502. [If AVS>SEM (AVS: acid 
volatile sulfide, SEM simultaneously extractable 

metals) Cd isn’t toxic] {17, 35} 

DiToro, D. M., C. Zarba, D. J. Hansen, W. Berry, R. C. 
Swartz, C. E. Cowan. S. P. Pavlou, H. E. Allen, 
N. A. Thomas and P. R. Paquin. 1991. 
Technical basis for establishing sediment quality 
criteria for nonionic organic chemicals using 
equilibrium partitioning. Environ. Sci. Technol. 

10: 1541-1583. {17, 18, 19, 35, 37} 

DiToro, D., J. D. Mahoney, D. J. Hansen, K. J. Scott, A. 
R. Carlson and G. T. Ankey. 1992. Acid volatile 
sulfide predicts the acute toxicity of cadmium 
and nickel in sediments. Environ. Sci. Technol. 
26: 96-101. [The technical basis for using the 
SEM/AVS ratio is described. If the molar 
concentration of the cationic metals (Cd,. Cu, 
Hg, Ni, Pb, and Zn) extracted by cold 0.5 M 
HCl (the SEM) is less than the molarity of acid 
volatile sulfides, the sediments are not toxic. 
They may or may not be toxic if the SEM>AVS, 
because the metals may be bound by other 

ligands and be unavailable.]  {17, 35} 

Driscoll, S. K. and A. E. McElroy. 1996. 
Bioaccumulation and metabolism of 
benzo[a]pyrene in three species of polychaete 
worms. Environ. Toxic. Chem. 15: 1401-1410. 

Forbes, V. E., T. L. Forbes and M. Holmer. 1996. 
Inducible metabolism of fluoranthene by the 
opportunistic polychaete Capitella sp. I. Mar. 
Ecol. Prog. Ser. 132: 63-70. [Why can Capitella 
spp. survive in PAH-contaminated sediment? 
Capitella sp. I accumulates fluoranthene, but 
decrease after 2 d to undetectable 
concentrations at 7 d. Active metabolism and 
depuration proposed] 

Kane, S. B. 1994. Accumulation, metabolism, and 
elimination of benzo[a]pyrene in three species 
of polychaete worms. Ph.D. thesis. University of 
Massachusetts, Boston, MA, USA [A spionid, a 
nereid and Leitoscoloplos analyzed from 
different mudflats - big differences in the ability 
to metabolize PAH, but little evidence for 
induction] 

Landrum, P. F. 1989. Bioavailability and toxicokinetics of 
polycyclic aromatic hydrocarbons sorbed to 
sediments for the amphipod Pontoporeia hoyi. 
Environ. Sci. Technol. 23: 588-595. 

IT
Stamp



EEOS 630 
Biol. Ocean. Processes 
Pollution, P. 84 of 97 

Long, E. R. and L. G. Morgan. 1990. The potential for 
biological effects of sediment-sorbed 
contaminants tested in the National Status and 
Trends Program. NOAA Technical 
Memorandum NOS OMA 52 US Department of 
Commerce, National Oceanic and Atmospheric 
Administration, National Ocean Service, 
Rockville, MD. 175 pp.+2 Appendices. 

Long, E. R., D. D. MacDonald, S. L. Smith and F. D. 
Calder. 1995. Incidence of adverse biological 
effects within ranges of chemical concentrations 
in marine and estuarine sediments. 
Environmental management 19: 81-97. [The 

Long & Morgan (1990) ER-M and ER-L 
thresholds for sediment toxicity are revised.] 

Long, E. R., G. M. Sloane, R. S. Carr, K. J. Scott, G. B. 
Thursby and T. L. Wade 1996. Sediment 
toxicity in Boston Harbor: magnitude, extent 
and relationships with chemical toxicants. 
NOAA technical memorandom NOS ORCA 96, 
June 1996. 

McElroy, A. E., J. W. Farrington and J. W. Teal. 1989. 
Bioavailability of polycyclic aromatic 
hydrocarbons in the aquatic environment. Pp. 1­
39 in U. Varanasi, ed., Metabolism of polycyclic 
aromatic hydrocarbons in the aquatic 
environment. CRC, Boca Raton, FL. 

McElroy, A. E., J. W. Farrington and J. W. Teal. 1990. 
Influence of mode of exposure and the presence 
of a tubiculous polychaete on the fate of 
benz[a]anthracene in the benthos. Environ. Sci. 
Technol. 24: 1648-1654. 

McElroy, A. E. And J. D. Sisson. 1989. Trophic transfer 
of benzo[a]pyrene metabolites between benthic 
marine organisms. Mar. Environ. Res. 28: 265­
269. 

Mearns, A. J., R. C. Swartz, J. M Commins, P. A. 
Dinnell, P. Plesha and P. M. Chapman. 1986. 
Inter-laboratory comparison of a sediment 
toxicity test using the marine amphipod 
Rheponxynius abronius. Marine Environmental 
Research 18:  13-37. 

Spies, R. B. 1989. Sediment bioassays, chemical 
contaminants and benthic ecology: new insights 
or just muddy water?  Mar. Environ. Res. 27: 
73-75. [The amphipod assay, used by the EPA 
on the west coast is affected by silt-clay content 
of the sediment. This problem was corrected in 

a paper by DeWitt et al. (1988, 1989)] {83} 

Swartz, R. C., W. A. DeBen, K. A. Sercu, and J. O. 
Lamberson. 1982. Sediment toxicity and the 
distribution of amphipods in commencement 
Bay, Washington, USA. Marine Pollution 
Bulletin 13: 359-364. [The Rhepoxinius assay] 

Swartz, R. C., W. A. DeBen, J. K. P. Jones, J. O. 
Lamberson and F. A. Cole. 1985. 
Phoxocephalid amphipod bioassay for marine 
sediment toxicity. Pp. 284-307 in R. D. Cardwll, 
R. Purdy and R. C. Bahner, ed., Aquatic 
toxicology and hazard assessment. Seventh 
Symposium ASTM STP 854. American Society 
for Testing and Materials, Philadelphia. [The 
Rhepoxinius assay] 

Swartz, R. C., D. W. Schultx, T. H. DeWitt, G. R. 
Ditsworth and J. O. Lamberson. 1990. Toxicity 
of fluoranthene in sediment to marine 
amphipods:  a test of the equilibrium 
partitioning approach to sediment quality 
criteria. Environ. Toxicol. Chemistry 9: 1071­
1080. [Rhepoxynius abronius and Corophium 
spinicorne tested with fine sands with 3 different 
(but low) organic carbon concentrations. 
Predictions of pore-water fluoranthene using 
equilibrium partitioning approach borne out. 
Tube-building Corophium less sensitive than 
burrowing Rhepoxynius] 

Swartz, R. C., D. W. Schults, J. O. Lamberson, R. J. 
Ozretich and J. K. Stull. 1991. Vertical provides 
of toxicity, organic carbon, and chemical 
contaminants in sediment cores from the Palos 
Verdes Shelf and Santa Monica Bay, California. 
Mar. Env. Res. 31: 215-225. [Laboratory assays 
of Palos Verdes shelf sediments with 
Rhepoxynius abroonius. 5-cm vertical sections. 
Samples taken from a zone of high H2S, high 
heavy metals, 3DDT and PCBs were toxic. 
Surface sediments were not.] 

Swartz, R. C, F. A. Cole, J. O. Lamberson, S. P. Ferraro, 
D. W. Schults, W. A. DeBen, H. Lee, and R. J. 
Ozretich. 1994. Sediment toxicity, 
contamination and amphipod abundance at a 
DDT- and Dieldrin-contaminated site in San 
Francisco Bay. Environ. Toxicol. Chemistry 13: 
949-962. [Euhaustorius estuarius. Sediment 
contamination negatively correlated with 
natural amphipod abundance.] 

Weston, D. P. 1990. Hydrocarbon bioaccumulation from 
contaminated sediment by the deposit-feeding 
polychaete Abarenicola pacifica. Marine 
Biology 107: 159-169. 
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The Fugacity Approach in Toxicology 

Campfens, I and D. Mackay. 1997. Fugacity-based model 
of PCB bioaccumulation in complex aquatic 
foodwebs. Environ. Sci. Technol. 31: 577-583. 
[This model couples a pelagic & benthic food 
chain to assess bioaccumulation and 
bioconcetration of PCB congeners through a 
Great Lakes Food Chain. I have this 
programmed in Matlab for those interested in 

the problem]  {18, 36, 37} 

Mackay, D., S. Patterson, B. Cheung, and W. B. Neely. 
1985. Evaluating the environmental behaviour 
of chemicals with a level III fugacity model. 
Chemosphere 14: 335-374. 

Mackay, D. 1991. Multimedia environmental models:  the 
fugacity approach. Lewis Publishers, Chelsea 
MI. 257 pp. 

Mackay, D., S. Sang, P. Vlahos, M. Diamond, F. Gobas, 
and D. Dolan. 1994. A rate constant model of 
chemical dynamics in a lake ecosystem: PCB’s 
in Lake Ontario. J. Great Lakes Res. 20: 625­
642. 

Sherblom, P. M. 1990. Factors affecting the availability 
and accumulation of long chain alkylbenzenes in 
Mytilus edulis. Ph.D. Dissertation. 
Environmental Sciences Program, 
UMASS/Boston. 195 pp. 

HUBBELL’S & OTHER NEUTRAL 

MODELS OF DIVERSITY 

Bell, G. 2001. Neutral macroecology. Science 293: 2413­
2418. [A review of neutral models, including a 

superb graphical  summary of Hubbell’s (2001) 
neutral theory with extenstions to 
coenoclines]{[?]} 

CASVAR.FOR Caswell’s neutral model can 
generate a logarithmic series. It is based on the 
Ewens infinite allele model in genetics. 

Goldman & Lambshead (1989) have applied 
the neutral model to assess degradation of 

benthic communities.]  {15, 51, 70, 71, 86, 87} 

Caswell, H. 1983. Reply to a comment by Ugland and 

Gray. Ecology 64: 605-606.[Rebuttal to Ugland 

& Gray 1983]{87} 
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Caswell, H. 1976. Community structure: a neutral model 
analysis. Ecol. Monogr. 46: 327-354. [Caswell 
uses Ewens’ infinite alleles model to generate 
expected H’ and variances for H’. The infinite 
alleles model was originally proposed by 
Kimura and Crow (1964). The Ewens algorithm 
needs only the number of alleles and the number 
of individuals to predict the expected 
frequencies.. Caswell uses the analogy that 
species can be regarded as analogous to alleles. 
I doubt whether the analogy is valid. I have 

Platt & Lambshead’s (1985) FORTRAN code 
for the infinite alleles model, called 

Chisholm & Burgman (2004) Ecology 85: 3172 
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Crowder, L. B. 1980. Ecological convergence of 
community structure: a neutral model analysis. 
Ecology 61: 194-204. [A reanalysis of Fuentes’ 
study of convergence in lizard communities 
(Ecology 57: 3-17) using a neutral model. 
Fuentes had argued that microhabitat 
utilization was similar in CA and Chile because 
of similar environments. Crowder argued that 
the microhabitat utilization patterns were 
exactly what would be expected by chance 
alone. Fuentes responded to Crowder’s article 
and disputed the null model used.] 

Ewens, W. J. 1972. The sampling theory of selectively 
neutral alleles. Theor. Pop. Biol. 3: 87-112. 
[Ewens analyzes the sampling distribution of 
Crow & Kimura’s (1964) infinite alleles model. 
His expected diversities, under the infinite 
alleles neutral model, provides the basis for 
Caswell’s null model for community diversity.] 

Goldman, N. and P. J. D. Lambshead. 1988. Optimization 
of the Ewens/Caswell neutral model program for 
community analysis. Mar. Ecol. Prog. Ser. 50: 
255-261. [Introduction of the CASVAR 
program] 

Gotelli, N. J. and G. R. Graves. 1996. Null models in 
ecology. Smithsonian Institution Press, 

Washington D.C. [see Hubbell 2001] 

Gray, J. S. 1978. The structure of meiofauna 
communities. Sarsia 64: 265-272. [Summarized 

by Lambshead & Platt (1988). Used Caswell’s 

(1976) expected H’ values]{?} 

Hartl, D. L. and A. G. Clark. 1989. Principles of 
population genetics, 2nd Edition. Sinauer 
Associates, Sunderland MA. [Provides an 
excellent discussion of the Ewens-Watterston 
infinite alleles model on pp. 122-140.] 

Harvey, P. H., R. K. Colwell, J. W. Silvertown, and R. M. 
May. 1983. Null models in ecology. Ann. Rev. 
Ecol. Syst. 14: 189-211. 

Hubbell, S. P. 1997. A unified theory of biogeography 
and relative species abundance and its 
application to tropical rain forests and coral 
reefs. Coral reefs 16 (Suppl): S9-S21 . [Cited in 

Hubbell 2001, p. 58 as the introduction of the 
zero-sum multinomial model] [?] 

Hubbell, S. P. 2001. The unified neutral theory of 
biodiversity and biogeography. Princeton 
University Press, Princeton & Oxford. 375 
pp.[Criticizes most previous species-abundance 

models, including Fisher et al.’s 1943 logseries 

and Preston’s (1962) canonical lognormal and 
introduces a neutral model that produces his 
zero-sum multinomial distribution, similar to 

Hughes (1984, 1986)] [85, 86, 87] 

Hubbell, S. P. 2003. Modes of speciation and the 
lifespans of species under neutrality: a response 
to the comment of Robert E. Ricklefs. Oikos 
100: 193. 

Hubbell, S. P. and R. B. Foster. 1986. Commonness and 
rarity in a neotropical forest: implications for 
tropical tree conservation. Pp. 205-231 in M. E. 
Soule, ed., Conservation Biology: the science of 
scarcity and diver sity. Sinauer Associates, 
Sunderland MA. [Times to competitive 
exclusion long for species with similar resource 
requirements] {?} 

Hubbell & Borda-de-Agua. 2004 Ecology 85: 3175 

Hughes, R. G. 1984. A model of the structure and 
dynamics of benthic marine invertebrate 
communities. Mar. Ecol. Prog. Ser. 15: 1-11. 
[Few benthic samples fit either the log-series or 
the log-normal distribution. A dynamic model is 

proposed. Hubbell (2001, p. 55-56) regards this 
model as being similar but more complex than 
his neutral model.] [?] 

Hughes, R. G. 1986. Theories and models of species 
abundance. Amer. Natur. 128: 879-899. [Most 
distributions fit Hughes dynamic model, which 
isn’t really described well here, rather than the 
log normal or canonical log-normal. Hughes 

distribution looks like the log series of Fisher et 

al. (1943), but the highest ranked few species 
have more individuals than the log series 
predicts. A log abundance vs. rank graph is 

convex up at low rank rather than linear]  [86] 

Joyce, P. and S. Tavare. 1990. Random permutations and 
neutral evolution models. Stoch. Proc. and App. 

36: 245-261. [An alternative to Ewens 1972] 

Lambshead, P. J. D. 1986. Sub-catastrophic sewage and 
industrial waste contamination as revealed by 
marine nematode faunal analysis. Mar. Ecol. 

Prog. Ser. 29: 247-260. [Caswell’s (1976) 
neutral model a sensitive indicator of pollution] 
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Lambshead, P. J. and H. M Platt. 1985. Structural 
patterns of marine benthic assemblages and 
relationship with empirical statistical models. 
Pp. 371-380 in P. E. Gibbs, ed., Proc. 19th Eur. 
Marine Biol. Symposium, Cambridge University 
Press, Cambridge. [Benthic data can’t be fitted 
to the log-normal distribution and such 
distributions are not helpful. Even the data used 

by Preston (1962a) and Williams (1964) to 
describe the log-normal aren’t log normal. 

According to Hubbell (2001, p. 36), the 

Rothamstead moth data used by Fisher et al. 

1943 were lognormal, but they pooled data 
inappropriately -- pooled logseries can look 

lognormal. Hubbell (2001, p. 40) notes that 

Routledge (1980) had argued that lognormals 

arise by pooling unrelated samples.]  {87} 

Lambshead, P. J. D. and H. M. Platt. 1988. Analyzing 
disturbance with the Ewens/Caswell neutral 
model: theoretical review and practical 
assessment. Mar. Ecol. Prog. Ser. 43: 31-41. 
[Application of the Platt-Lambshead CASVAR 

program]  {86, 87} 

May, R. M. 1984. An overview: real and apparent 
patterns in community structure. Pp. 3-16 in D. 
R. Strong, D. Simberloff, L. G. Abele, and A. B. 
Thistle, eds. Ecological communities: 
conceptual issues and the evidence. Princeton 
University Press, Princeton. [May introduces 
the famous, contentious Strong et al. symposium 
volume. He also has a cogent discussion of the 
use of null hypotheses and neutral models in 
community analyses] 

McGill, B. J. 2003. A test of the unified neutral theory of 
biodiversity. Nature 422: 881-885. [McGill 
programmed the neutral model in Matlab, 
available on his web site] 

Platt, H. M. N. and P. J. D. Lambshead. 1985. Neutral 
model analysis of patterns of marine benthic 
species diversity. Mar. Ecol. Prog. Ser. 24: 75­
81. [They wrote the CASVAR  program (EDG 
has a copy) to analyze Caswell’s neutral model. 
They and Lambshead use it to routinely assess 

disturbance on benthic communities.]  {85} 

Rainer, S. 1981. Temporal patterns in the structure of 
macrobenthic communities of an Australian 
estuary. Estuar. coast. mar. Sci. 13: 597-620. 

[As reviewed by Lambshead &Platt (1985) he 
fit succession data with the neutral model and 
found that diversity matched neutral model 
predictions at an ecotone point, but in areas 
with expected important biological interactions, 
diversity was lower than expected.] 

Ugland, K. I. and J. S. Gray. 1983. Reanalysis of 
Caswell’s neutral model. Ecology 64: 603-605. 

[Caswell’s (1976) model is not neutral, they 

say, but Caswell (1983) rebuts. The meaning of 

neutrality is more clearly presented in Hubbell 

2001]{85} 

Volkov, I, J. R. Banavar, S. P. Hubbell, and A. Maritan. 
2003. Neutral theory and relative species 
abundance in ecology. Nature 424: 1035-1037. 

[Provides the analytical solution to Hubbell’s 

(2001) neutral model] 

Warwick, R. M. 1981. Survival strategies of meiofauna. 
Pp. 39-52 in N. V. Jones, and W. J. Wolff, eds. 
Feeding and survival strategies  of estuarine 
organisms. Plenum press, New York. [As 
reviewed by Lambshead and Platt, Warwick 
found meiofauna communities fit neutral model 
predictions] 

Warwick, R. M. and J. M. Gee. 1984. Community 
structure of estuarine meiobenthos. Mar. Ecol. 
Prog. Ser. 18: 97-111. [Summarized in 

Lambshead & Platt (1988). Three sites 
analyzed. Diversity is lower than Caswell model 
expectation in sights where competitive 
exclusion was more likely] 

Warwick, R. M., H. M. Platt, K. R. Clarke, J. Aghard. 
and J. Gobin. 1990. Analysis of macrobenthic 
and meiobenthic community structure in relation 
to pollution and disturbance in Hamilton 
Harbour, Bermuda. J. exp. Mar. Biol. Ecol. 138: 
119-142. [They use ABC, NMDC, neutral 
model, H’, and higher OTU’s] 

Williamson, M. And K. J. Gaston. 2005. The lognormal 
distribution is not an appropriate null hypothesis 
for the species–abundance distribution. J. 
Animal Ecology 74: 409-422. 
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EMAP & CHESAPEAKE BAY 

Gallagher, E. D. and J. F. Grassle. 1997. Virginian 
Province Macroinfaunal Community Structure: 
PCA-H Analyses and an Assessment of 
Pollution (available at 

http://www.es.umb.edu/edgwebp.htm) 

Knapp, C. M., D. R. Marmoreck, J. P. Baker, K. W. 
Thornton, J. M. Klpateck and D. F. Charles 
1990. The indicator development strategy for 
the Environmental Monitoring Assessment 
Program. Washington, D.C. U. S. EPA Office of 
Research and Development, EPA 600/3-91/023. 

Schimmel, S. C, B. D. Melzian, D. E. Campbell, C. J. 
Strobel, S. J. Benyi, J. S. Rosen and H. W. 
Buffum. 1994. Statistical Summary: EMAP-
Estuaries Virginian Province -1991. U.S. 
Environmental Protection Agency, Office of 
Research and Development, Environmental 
Research Laboratory, Narragansett, RI 
EPA/620/R-94/005. [Another EMAP biotic 

integrity index introduced] {29, 30} 

Strobel, C. J., H. W. Buffum, S. J. Benyi, E. A. Petrocelli, 
D. R. Reifsteck, and D. J. Keith. 1995. 
Statistical Summary: EMAP-Estuaries Virginian 
Province - 1990-1993. U. S. Environmental 
Protection Agency, National Health and 
Environmental Effects Research Laboratory, 
Atlantic Ecology Division, Narragansett, RI 
EPA/620/R-94/026. 

Weisberg, S. B, J. B. Frithsen, A. F. Holland, J. F. Paul, 
K. J. Scott, J. K. Summers, H. T. Wilson, R. M. 
Valente, D. G. Heimbuch, G. Gerritsen, S. C. 
Schimmel and R. W. Latimer. 1993. EMAP-
Estuaries, Virginian Province 1990 
Demonstration Project Report. EPA/620/R­
93/006. Narragansett, RI: U.S. Environmental 
Protection Agency, Environmental Research 
Laboratory, Office of Research and 
Development. [The first EMAP Benthic index, 
based on number of species per grab, number of 
capitellids, and average weight per polychaete 
developed using step-wise multiple linear 
discriminant analysis.] 

MASSACHUSETTS (GRAY & PEER­
REVIEWED) BENTHIC LITERATURE 

(CHRONOLOGICAL) 

Comment: All of the MWRA Technical Reports are 
available free of charge from the Environmental Quality 
Division at the MWRA. The MWRA web page is URL: 

http://www.mwra.com. You can find a listing of reports 
and phone numbers to call to order reports. 

Warrent, S. 1917. Molluscks collected at Castle Island, 
Boston. The Nautilus 30:  129-130. 

Burbanck, W. D., M. E. Pierce, and G. C. Whiteley. 
1956. A study of the bottom fauna of Rand’s 
Harbor, Massachusetts:  an application of the 
ecotone concept. Ecological Monographs 26: 
214-243. 

Sanders, H. L. 1958. Benthic studies in Buzzards Bay. I. 
Animal-sediment relationships. Limnol. 
Oceanogr. 3:  245-258. 

Sanders, H. L. 1960. Benthic studies in Buzzards Bay III. 
The structure of the soft-bottom community. 
Limnol. Oceanogr. 5:  138-153. 

Weiser, W. 1960. Benthic studies in Buzzards Bay. II. 
The meiofauna. Limnol. Oceanogr. 5:  121-137. 

Sanders, H. L., P. C. Mangelsdorf and G. R. Hampson. 
1965. Salinity and faunal distribution in the 
Pocasset River, Massachusetts. Limnol. 
Oceanogr. 10: 216-220. [They document the 
reduction of species richness along this 
pollution gradient] 

Green R, H, K. D. Hobson and S. L. Santos. 1967. 
Analysis of invertebrate distributions in the 
intertidal zone of Barnstable Harbor. Biological 
Bulletin 133: 454-455. 

Sanders, H. L. 1968. Marine benthic diversity:  a 
comparative study. Am. Nat. 102:  243-282. 

Rhoads, D. C. and D. K. Young. 1970. The influence of 
deposit-feeding organisms on sediment stability 
and community trophic structure. J. Marine Res. 
28:  150-178. [Trophic group amensalism 
introduced. ] 

Young, D. K. & D. C. Rhoads. 1971. Animal-sediment 
relations in Cape Cod Bay, Massachusetts I. A 
transect study. Marine Biology 11:  242-254. 

http://www.es.umb.edu/edgwebp.htm
http://www.mwra.com
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Rowe, G. T., P. T. Polloni, and J. I. Rowe. 1972. Benthic 
community parameters in the lower Mystic 
River. Int. Revue ges. Hydrobiol. 57:  573-584. 
[Capitella is by far the most abundant benthic 
taxon in the Mystic River. It appears to be 
replaced by spionid polychaetes in the lower 
reaches; Rowe attributes the replacement to 
competition.] 

Whitlatch, R. B. 1977. Seasonal changes in the 
community structure of the macrobenthos 
inhabiting the intertidal sand and mudflats of 
Barnstable Harbor, Massachusetts. Biological 
Bulletin 152:  275-294. 

Sanders, H. L. 1978. Florida oil spill impact on the 
Buzzards Bay benthic fauna:  West Falmouth. J. 

Fish. Res. Bd. Can. 35: 717-730. {5} 

Taxon, Inc. and Wilce, R. T. 1978. Summary Report. 
Benthic studies in the vicinity of Pilgrim 
Nuclear Power Station, 1969-1977. In Marine 
Ecology studies related to operation of pilgrim 
station. Final Report, July 1969-December 1977. 
Volume 3a. 672 pp. 

Sanders, H. L., J. F. Grassle, G. R. Hampson, L. S. 
Morse, S. Garner-Price, and C. C. Jones. 1980. 
Anatomy of an oil spill:  long-term effects from 
the grounding of the barge Florida off West 
Falmouth, Massachusetts. J. Marine Research 
38:  265-380. 

Grassle, J. F. and J. P. Grassle. 1974. Opportunistic life 
histories and genetic systems in marine benthic 
polychaetes. J. Marine Research 32:  253-284. 
[Six sibling species of the genus Capitella are 
documented from the Woods Hole Sewer outfall. 
Grassle later found 4 of these species (Capitella 

spp. I, Ia, II, and IIIa) in Boston Harbor]  {5, 6, 

20, 45} 

Haedrich, R. L. and S. O. Haedrich. 1974. A seasonal 
survey of the fishes in the Mystic River, a 
polluted estuary in downtown Boston, 
Massachusetts. Est. Coastal Mar. Sci. 2: 59-73. 

Marine Environmental Services (MES). 1976. Ecological 
survey of Massachusetts Bay. New England 
Aquarium, Central Wharf, Boston, 
Massachusetts. Prepared for Massachusetts 
Division of Water Pollution  Control. [Spio 
filicornis and Prionospio malmgreni are the two 
most common organisms in Massachusetts Bay; 
Capitella capitata was found in 32 of 73 grab 
samples but in very low abundances (less than 

210 per 0.1 m  Smith-McIntyre grab [ 0.5
mm-mesh screens]).] 

Michael, A. D., M. A. Mills, and J. S. O’Connor. 1978. 
The subtidal benthic macrofauna of Cape Cod 
Bay. Publication #14,772-257-10-3-87-CR. 
[Funding began in June of 1964 under ONR 
funding and continued under DWPC funding. 
The samples were taken from 1966-1969). 100 
stations were sampled with a 1-mm mesh sieve.] 

Metcalf and Eddy, Inc. 1982. Commonwealth of 
Massachusetts Metropolitan District 
Commission. Application for modification of 
secondary treatment requirements for its Deer 
Island and Nut Island effluent discharge into 
marine waters. Addenda 1-3. [Addenda 3 
contains the results of benthic sampling carried 
out during June 1982.] 

Davis, J. D. and D. Merriman, eds. 1984. Observations on 
the ecology and biology of Western Cape Cod 
Bay, Massachusetts. Lecture notes on coastal 
and estuarine studies, Vol. 11. Springer-Verlag, 
Berlin. [Studies funded by Pilgrim, Boston 
Edison, Coastal Zone Management, Division of 
Marine Fisheries, U.S. Fish & Wildlife. Includes 
a weak chapter by Davis and McGrath on 
benthic macrofauna.] 

Blake, J. A., E. M. Baptiste, R. E. Ruff, B. Hilbig, B. 
Brown, R. Etter and P. Nimeskern. 1987. Soft 
Bottom Benthos of Massachusetts Bay. Marine 
Ecology and Water Quality Field Studies for 
Outfall Siting. Deer Island Secondary Treatment 
Facilities Plan. Report to Camp, Dresser and 
McKee, inc. for MWRA, Boston MA 109 pp +2 
Appendices. 

Shiaris, M. P., A. C. Rex, G. W. Pettibone, K. Keay, P. 
McManus, M. A. Rex, J. Ebersole, and E. 
Gallagher. 1987. Distribution of indicator 
bacteria and Vibrio parahemolyticus in sewage 
polluted intertidal sediments. Appl. Env. 
Microbiol. 53: 1756-1761. 
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Keay, K. 1988. Benthic community structure on a 
polluted intertidal mudflat. M.Sc. dissertation. 
University of Massachusetts at Boston. 

McManus, P. J. 1988. Life history and spatial analysis of 
marine soft-bottom benthic populations along a 
pollution gradient:  Savin Hill Cove, Boston 
Harbor. M.Sc. Dissertation, University of 
Massachusetts at Boston. 

Gallagher, E. D. and J. P. Grassle. 1989. Assessment of 
Boston Harbor’s Savin Hill Cove & Fox Point 
Benthic Community Structure before 
modification of the Fox Point Combined Sewer 
overflow. Technical report 87-08 Massachusetts 
DEQE Division of Water Pollution Control. 

[Data analyzed with PCA-H in Gallagher et al. 

1992] 

Shea, D., D. Lewis, B. Buxton, D. Rhoads, and J. Blake. 
1991. The sedimentary environment of 
Massachusetts Bay:  physical, chemical and 
biological characteristics. MWRA Tech Rpt. 
Series No. 91-6 139 pp. 

SAIC. 1992. REMOTS sediment-profile photography 
survey of Boston Harbor, Dorchester, Quincy, 
Hingham, and Hull Bays. MWRA Tech Rpt. 
Series 92-6. 42 pp. 

Blake, J. A., D. C. Rhoads, and I. P. Williams. 1993a. 
Boston Harbor sludge abatement monitoring 
program: soft bottom benthic biology and 
sedimentology, 1991-01992 surveys. MWRA 
Environmental Quality Dept. Tech. Rpt. Series 
No. 93-11. Massachusetts Water Resources 
Authority, Boston MA 65 pp. 

Kelly, J. R. and R. K. Kropp. 1992. Benthic recovery 
following sludge abatement to Boston Harbor. 
MWRA Tech Rpt. Series 92-7. 149 pp. 

Adams, E., K. Stolzenbach, J. Abbott, D. Agostini, A. 
Canaday, J. Caroli, M. Lawler, J. Lee, D. 
Martin, K. Newman, and X. Zhang. 1992. 
Transport of contaminated sediments in Boston 
Harbor: fluorescent tracer studies. MWRA Tech 
Rpt. Series 92-9. 106 pp. 

Gallagher, E. D., G. T. Wallace and R. P. Eganhouse. 
1992. Final report, the effects of the Fox Point 
CSO on chemical and biological pollution 
indices in Boston Harbor’s Dorchester Bay. 
Submitted to Department of Environmental 
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