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FOREWORD

The roots of the Massachusetts Bays Program extend back to 1 982, when the City of Quincy filed

suit against the Metropolitan District Commission and the Boston Water and Sewer Commission
over the chronic pollution of Boston Harbor, Quincy Bay, and adjacent waters. Outdated and

poorly maintained sewage treatment plants on Deer Island and Nut Island were being

overwhelmed daily by sewage from the forty-three communities in the Metropolitan Boston area.

Untreated and partially treated sewage were spilling into Boston Harbor.

Litigation over the pollution of Boston Harbor culminated in 1 985 when the United States Attorney

filed suit on behalf of the Environmental Protection Agency against the Commonwealth of

Massachusetts for violations of the Federal Clean Water Act. The settlement of this suit resulted,

in 1 988, in the creation of the Massachusetts Water Resources Authority, the agency currently

overseeing a multi-billion dollar project to repair and upgrade Metropolitan Boston's sewage
treatment system. In addition, the settlement resulted in the establishment of the Massachusetts

Environmental Trust - an environmental philanthropy dedicated to improving the Commonwealth's
coastal and marine resources. $2 millon in settlement proceeds are administered by the Trust to

support projects dedicated to the restoration and protection of Boston Harbor and
Massachusetts Bay.

The Trust provided $1 .6 million to establish the Massachusetts Bays Program, a collaborative

effort of public officials, civic organizations, business leaders, and environmental groups to work
towards improved coastal water quality. The funding was used to support both a program of

public education and a scientific research program focussing on the sources, fate, transport and
effects of contaminants in the Massachusetts and Cape Cod Bays ecosystem. To maximize the

efficiency of limited research funding, the sponsored research program was developed in

coordination with research funded by the MWRA, the United States Geological Survey, and the

Massachusetts Institute of Technology Sea Grant Program. The study described in this report

characterizes the survival of bacterial indicators In sediments and provides recommendations on

the use of counts in sediments as a measure of public health risk.

In April, 1990, following a formal process of nomination, the Massachusetts Bays Program

became part of the National Estuary Program. The additional funding provided as part of this

joint program of the Environmental Protection Agency and the Commonwealth of Massachusetts

is being used to continue a coordinated program of research in the Massachusetts Bays

ecosystem, as well as supporting the development of a comprehensive conservation and

management plan for the coastal and marine resources of Massachusetts and Cape Cod Bays.

The information in this document has been subject to Massachusetts Bays Program peer and

administrative review and has been accepted for publication as a Massachusetts Bays Program

document. The contents of this document do not necessarily reflect the views and policies of

the Management Conference.

The Massachusetts Bays Program is sponsored by the Massachusetts Executive Office of Environmental Affairs through the Coastal Zone Management Office

and the U.S. Environmental Protection Agency, Region I, John F. Kennedy Federal Building, Boston. MA 02203
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This report investigated the survival of the two standard
bacterial counts, fecal coliforms and enterococci, and the effect
of environmental factors on their survival in Boston Harbor
sediment. The work was conducted under the mission of Projects 3

(transport and retention of contaminants) and Project 4 (bioa-
ccumulation and biotransformation of contaminants) of the Mas-
sachusetts Bays Program (MBP) . The impetus for the work stems from
acknowledged shortcomings of the fecal coliform and enterococcus
counts as they are used for monitoring the public health risks in
recreational waters and shellfish in marine environments.
Regulatory agencies still rely on the fecal coliform and/or
enterococcus count as a measure of water quality. Previous work in
this laboratory and other laboratories has shown that these indica-
tors of fecal contamination probably survive longer in sediments as
compared to their shorter survival in the overlying water. This
work was undertaken to better characterize the survival of
bacterial indicators in sediments and to provide recommendations on
the use of counts in sediments as a measure of public health risk.

Project Summary

The major findings of the report are that both fecal coliforms
and enterococci survived significantly longer in sediments than the
values reported by others in seawater and that fecal coliform
counts decreased more rapidly than enterococci in sediments.
Laboratory experiments demonstrated that grazing is an important
factor in the decline of enterococcus counts in sediments.
Decreases in fecal coliform and enterococcus counts were accelerat-
ed by increasing temperature and increasing salinity, to a lesser
degree. In field experiments, counts of bacterial indicators



seeded in surface intertidal sediments declined faster
corollary laboratory experiments, which indicated that
(physical transport out of the area) and/or sunlight may
important factors in the decline of counts. Preliminary
ments demonstrated that 10 to 2 0% of the fecal indicators
in raw sewage could settle within 2 hours. The settling
affected by salinity nor the concentration of sewage,
settling characteristics also appeared to occur in field
ments

.
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Recommendations

These results indicate that counts of fecal coliforms and
enterococci in sediments have promise as an improved measure of
water quality in Boston Harbor and similar ecosystems. It is
plausible to assume that if fecal coliforms and enterococci settle
onto sediments and survive for prolonged periods, then potential
disease-causing agents associated with fecal waste can also settle
and survive. The complex and rapid water circulation patterns in
Boston Harbor when coupled with the relatively low frequency of
sampling feasible for assessing the bacteriological quality of the
Harbor, point to the potential use of employing sediment counts as
a more consistent measure of chronic fecal contamination. It is
recommended that this alternative measure be pursued. While newer
approaches based on emerging biotechnology may be the methods of
choice in the future, there are still many obstacles to overcome in
the next few years before these methods will be standardized,
widely available, and cost-effective. Clostridium perfringens
spore counts are too conservative to use in assessing risk to
public health. F-specific RNA bacteriophage of E. coli and other
viruses are good markers for sewage but their methods are involved
and the numbers are still of
dubious value. The use of sedi-
ment fecal coliform or entero-
coccus counts would be a rela-
tively simple alternative to
current practices.
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Results

Survival of indicator bacteria
in sediments: laboratory ex-
periments

Cores were taken from sedi-
ments adjacent to the Fox Point
CSO in Savin Hill Cove, Dorches-
ter Bay. -At the time of sam-
pling, the Fox Point CSO was
still a major source of fecal
indicator bacteria to this area.
Survival of extant fecal indica-
tor bacteria was monitored in
the laboratory. Cores were
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Figure 1. Survival of fecal coliforms
and enterococci in sediment cores from

Savin Hill Cove, Boston Harbor, MA.
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taken at several times during the year and a typical survival curve
is shown in Figure 1. The conclusions that were drawn from these
data is that enterococci survived longer in intertidal sediments
than fecal coliforms. The time elapsed for the fecal indicator
bacteria counts to decrease by 90% , or T90 , is given in Table 1.

Enterococci survived longer than fecal coliforms at either
incubation temperature. Also, the decrease in fecal coliform
counts in cores was accelerated by higher temperatures (Fig. 1)

.

A similar trend was not obvious for enterococci counts.

Tgo values for fecal coliforms and enterococci in cores taken fromTABLE 1.

Savin Hill Cove site SHC2.

Temperature ( C)

Site Incub.

T90 (days)

Fecal Coliforms Enterococci

11
11

20
6

75
35

65
70

February

July

5

5

28
28

4
23

4
23

3
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Distribution of indicators with depth in Savin Hill Cove sediments
Replicate cores were taken

in Fox Point sediments (site
SHC2) along a transect from the
CSO: at 5, 10, and 20 m. Cores
were subsampled for bacterial
indicator counts at 2-cm depth
intervals. Fecal coliform dens-
ities decreased rapidly below
the top 2 cm. Fecal coliforms
were not detected at 4 cm depth
at the 2 sites closest to the
CSO. In contrast, enterococcus
densities decreased less rapidly
than fecal coliforms and were
detected as deep as 10 cm.
Assuming that mixing is inconse-
quential at 4 cm in these sedi-
ments, this is further evidence
that enterococci survive longer
in marine environments, perhaps

100 r

with a T
90

on the order of
months in sediments.

Time (days)

Figure 2. Survival of fecal indicator
bacteria seeded on surface intertidal
sediment in the Wier River.
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Survival of indicator bacteria in sediments: field experiments
Surface sediments near the mouth of the Weir River, at World's

End, Hingham, Massachusetts were seeded with raw sewage and the
decline of bacterial indicators was monitored during 1990 and 1991.
Decline of fecal indicator bacterial counts are shown for only the
July 1990 in Fig. 2., but this trend was typical of all sampling
dates. Background counts for both fecal coliforms and enterococci
(surrounding sediments) were <100 CFU/ g wet wt at all times during
the sampling year. The surface sediment temperatures and estimated
90 values are given in Table 2

Table 2. Surface sediment temperatures and T90 values for fecal coliform (FC)
and enterococci (EC) survival in seeded Weir River surface sediments.

Month
Surface
Sediment
Temp ( °C

)

Bacteria
Raw Sewage

in
(CFU/ml)

T90 (days)

FC EC FC EC

July
September
December
April

23 - 29
21 - 26
8-12
7-10

5.9x10®
3.1x10®
9.0xl0

7

1.9x10®

2.4x10®
5.7x10®
2.6x10®
4.3x10®

1.8
1.8
1.3

10

4.7
2.0
5.8

>20

Approximately, 10% of the indicator bacteria that were added
to the sediment as raw sewage were deposited and still present one
day later (the first day of sampling) . Initial fecal coliform
counts were higher than enterococci, which reflected the higher
ratio of fecal coliforms to enterococci in the raw sewage of Nut
Island Sewage Treatment Plant. However, the T

90
values for fecal

coliforms were consistently shorter than the values for enterococci
(Table 2) . Temperature was not significantly correlated to T

90
values (p > 0.05). Except for April, the T

90
values for both fecal

coliforms and enterococci were lower than values determined in
cored sediments laden with fecal indicator bacteria that were
incubated in the laboratory (Table 2)

.

Deposition of indicator bacteria

Autoclaved (sterile) sediments were placed in cores of varying
diameters (from 6 to 65 mm diam.) to determine the appropriate core
diameter for survival and deposition rate experiments. Cores were
placed into Fox Point sediments, removed 12 days later, and
enumerated for enterococci. No differences in deposition rate of
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jsettled fecal coliforms

jfecal coliforms in water column
jsettled enterococci

lenterococci in water column

enterococci were found based on core diameter. The deposition rate
(uncorrected for loss of CFU during the incubation time) was 2 3

enterococcus CFU cm* day" . No statistically significant differ-
ences in deposition rates were found among similar size cores
placed a meter apart at site SHC2 , nor among variances of these
rates. Thus it appears that enterococcus deposition was uniform on
a scale of meters at this site.

The results of the field
work (Table 2) indicated that a
significant portion of the fecal
indicator bacteria settled out
of raw sewage in a relatively
short period of time, thus set-
tling experiments were done
employing Imhoff cones. Approx-
imately 22% of fecal coliforms
but only 9% of enterococci (Fig.
3) settled out of the water
column within 2 hours. Varying
ratios of sewage to seawater
(Fig. 3) did not affect the
proportion of fecal indicators
that settled in 2 hours. The
ratio of fecal coliforms to
enterococci that settled was
also unaffected by seawater
(Fig. 3) . In other words, vary-
ing salinity and bacterial den-
sities did not significantly
affect settling characteristics.

u.
o

sewage 10:1 1:1

Treatment
1 10

Figure 3. The influence of seawater on
the settling of fecal coliforms and
enterococci from raw sewage.

Effect of environmental parameters on fecal indicator survival in
sediments: laboratory experiments

Effect of temperature and salinity on survival of fecal in-
dicator bacteria in sediments . A 3 x 3 matrix was used to examine
the interactive effect of temperature and salinity on survival.
These experiments were conducted in seeded sterile sediments in the
laboratory to isolate the temperature and salinity effects from
other environmental parameters. Results are shown in Figs. 4 and
5. The non-sterile controls, which were incubated at 25°C and 3 0°/

00
salinity, displayed survival curves typical of previous experi-
ments. As before (Fig. 1) , the enterococci survive significantly
longer than fecal coliforms in these sediments. What is striking
in these experiments compared to previous experiments, is the ex-
tended survival of both fecal coliforms and enterococci that were
incubated in sterile sediments. The fecal coliform counts
decreased by approximately 99% in the non-sterile controls (Fig.
4), while counts in all the experimental autoclaved sediments did
not change. A similar trend can be seen for enterococci (Fig. 5)

,

except that enterococci counts decreased only by approximately 50%
in five days.

Temperature, to a greater degree than salinity, intensified
the decline of both fecal coliforms and enterococci counts.
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Neither temperature nor salinity significantly affected indicator
counts until 20 days for fecal coliforms (Fig. 4) and 49 days for
enterococci (Fig. 5) . Results of 2-way analysis of variance indi-
cated that temperature accounted for 60% of the variation in fecal
coliform counts and salinity for 19% (data not shown) . Similarly,
temperature accounted for 68% of the variation in enterococci
counts and salinity for 8%, but there were significant non-additive
effects between temperature and salinity for the enterococcus
counts

.
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Figure 4. Effect of temperature and Figure 5. Effect of temperature and
salinity on survival of fecal coliforms salinity on survival of enterococci in

in sediments. See Fig. 5 for symbols, sediments.

Effect of grazing on indicator bacteria in sediments . Savin
Hill Cove surface sediment samples contained bacteria, microphyto-
benthic species (not studied) , protozoans, nematodes, harpacticoid
copepods and their nauplii, and gastrotrichs. The extant bacteria
were mostly rod-shaped cells at a density of 7.5 x 10 cells/cm
( s.e. ± 2.2 x 10 ) . Protozoans were represented by microflagel-
lates, ciliates, and foraminiferans. Microflagellates, mostly
small round cells 2 to 6 /Lim in diameter, outnumbered all other pro-
tozoans; their mean density was 1.1 x 10 cells/cm . The ciliated
protozoan assemblage was relatively poor in both abundance and
species diversity. The two species Prorodon sp. and Chlamidodon
sp. represented 40% of the total ciliate density of only 84
individuals/cm . Foraminiferans were rare; their density was less
than 10 individuals/cm .

Meiobenthic species composition was typical for intertidal
communities. Nematodes were the predominant group with a total
density of 118 individuals/cm . Three species numerically dominat-
ed the nematodes: Metoncholaimus sp. , Comesoma sp. , and Monhystera
sp. Harpacticoid copepods represented the second most abundant
metazoan group with a total density of 42 individuals/cm . Other
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meiobenthic animals were rare relative to nematodes and harpacti-
coids (total density < 20 individuals/cm , Table 3)

.

Bacterivorv by the micro- and meiobenthos . Almost all
animals examined ingested fluorescently-labelled bacteria (FLB)

,

but the rates of FLB ingestion varied by over 2 orders of magni-
tude. The number of ingested fluorescently-labeled coliforms by
Prorodon sp. , Metoncholaimus sp. , and other nematodes increased
steadily with time. In contrast, the number of fluorescently-
labeled coliforms encountered in microflagellates, Chlamidodon sp.,
unidentified ciliates, and nauplii did not maintain a steady
increase beyond the 15-min incubation period. Therefore, ingestion
rates of all animals were calculated from the number of fluores-
cently-labeled coliforms consumed in 15 min (Table 3)

.

TABLE 3. Benthic animal field densities, their grazing rates on fluorescently-
labelled bacteria and calculated grazing rates on field bacteria.

Organism Field Density Ingestion rates Ingestion rates
(ind

a
/cm ) (FLCol /ind/h)

(bac
c
/ind/h)

Microflagellates 1.1x10
Ciliates

Prorodon sp. 18 (10)
Chlamidodon sp. 16 (22)
Other ciliates 50 (40)

Foraminiferans < 10
Nematodes

Metoncholaimus sp. 14 (14)
Other nematodes 104 (58)

Harpacticoid copepods 42 (48)
Nauplii 18 (20)
Gastrotrichs < 10

1.2 (4.0) 5

169 (147) 704
162 (128) 675
26 (59) 108

126 (128) 525
5 (31) 21
10 (32) 42
8 (12) 33

ind, individuals
FLCol, fluorescently-labelled coliforms
bac, bacteria
± standard error of the mean in parenthesis

Two ciliates, Prorodon sp. and Chlamidodon sp. , and a

nematode, Metoncholaimus sp. , had the highest coliform ingestion
rates, 126 to 169 FLB/h. Other ciliates, as well as other
nematodes, consumed either few fluorescently-labeled coliforms or
none, with a resulting grazing rate of <5 to 26 FLB/h. Micro-
flagellates, harpacticoid copepods and their nauplii also had low
rates of FLB consumption, 1.2 to 10 fluorescently-labeled coli-
forms/h. On one occasion only, however, we observed a harpacticoid
copepod specimen with the gut filled with thousands of fluores-
cently-labeled enterococci. Since it was the only specimen out of
hundreds of harpacticoid copepods examined that contained FLB, we
omitted that datum from further calculations. Other groups of
benthic animals, foraminiferans and gastrotriches, did not contain
FLB.

Differences in ingestion rates were also distinguishable at
the genus level (Table 3) . Thus, the grazing rates on FLB were not
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only group-specific, but, also, at least genus-specific: the two
most abundant ciliate genera (represented probably by a single
species each) consumed fluorescently-labeled coliforms at rates
statistically higher (p < 0.01, Wilcoxon two-sample test) than the
ingestion rates of other ciliates (Table 10) . Similarly,
Metoncholaimus , a nematode, consumed fluorescently-labeled
coliforms at a significantly higher rate (p < 0.01) than other
nematodes

.

Benthic animals appeared to select between fluorescently-
labeled enterococci and fluorescently-labeled coliforms. Unfor-
tunately, acridine orange-labeled enterococci lost their fluores-
cence within 1 to 3 days following the completion of the ex-
periment, so that the data comparing coliform consumption with
enterococcus consumption were available only for ciliates, because
they were processed and enumerated first. The binomial test
indicates that the ratio of fluorescently-labeled coliforms-
/fluorescently-labeled enterococci in digestive vacuoles of
Prorodon sp. and Chlamidodon sp. (155:1 and 74:1, respectively) was
significantly different (p < 0.01) from the expected ratio (5:3).
Some unidentified ciliates contained a 5:4 ratio of fluorescently-
labeled coliforms/fluorescently-labeled enterococci, which was not
significantly different from expected. Some ciliates, therefore,
discriminated between enterococci and coliforms with preference for
rod-shaped coliforms while others consumed different FLB without
selection.
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