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ABSTRACT: An ecosystem-level experiment was carried out to determine the rate at which water
columns in estuarine areas grossly polluted by sewage, heavy metals, and hydrocarbons can recover
and the rates at which pollutant concentrations within sediments decrease when the input of pollutants
is terminated. Grossly polluted sed~mentfrom the Providence River (Rhode Island), measurably
polluted sediment from mid Narragansett Bay, and relatively unpolluted sediment from Rhode Island
Sound were placed in mesocosms containing clean flowing sea water. After 5 mo the behavior of the
grossly polluted system was not dramatically different from the other 2 situations and seasonal patterns
of phytoplankton, zooplankton, and benthic fauna were similar. The grossly polluted system was much
more similar to the other 2 treatment situations than to in situ conditions at the Providence River
sediment source with regard to nutrients, chlorophyll concentrations and oxygen concentrations,
suggesting that new pollutants dictate environmental conditions much more strongly than old pollutants trapped in sediments. The experiment predicts rapid recovery for temperate estuarine systems.
once pollutant loading has been discontinued, although pollutant material would remain detectable in
the sediments for a very long period of time.

INTRODUCTION
Since the industrial revolution a wide variety of
pollutant materials have been accumulating in the
sediments at the urban heads of estuaries. In Narragansett Bay, Rhode Island (USA), the accumulation
of nutrients, metals, hydrocarbons and exotic organic
compobnds has been well documented (Van Vleet and
Quinn, 1978; Nixon and Lee, 1979; Olsen and Lee,
1979; Elderfield et al., 1981; Santschi et al., in press).
The majority of the exogenous waste load to Narragansett Bay - including a large volume of sewage effluent
from treatment plants and rivers - enters at its head,
within the Providence River. Consequently, the Providence River area is highly degraded; it experiences
summer anoxic events and is closed to shellfishing due
to coliform contamination. Inputs to the Providence
River influence the entire bay by contributing to a
concentration gradient observed for many elements
and compounds in water column and sediment; the
gradient decreases sharply toward the mouth of Narragansett Bay.
O Inter-Research/Printed in F. R. Germany

In heavily impacted areas, there is concern as to how
fast the ecosystem might recover if loading rates were
significantly reduced. Will the toxic materials and nutrients accumulated within the sediments continue to
maintain undesired conditions within the water column for a long period of time, or are the conditions
mainly a function of continued external inputs?
Despite a decade of increased awareness and study of
ecological interactions between water column and
benthos in shallow marine ecosystems (c.f. Hargrave,
1973; Hale, 1974; Rowe et al., 1975; Nixon et al., 1976,
1980b; Boynton et al., 1980; Seitzinger e t al., 1980;
Zeitschel, 1980; Nixon, 1981; Oviatt et al., 1981;
Cloern, 1982; Officer et al., 1982; Nixon and Pilson, in
press; Santschi et al., in press), there remains a n insufficient understanding of the impact of polluted sedirnents upon the water column to allow any prediction
about the rate of ecosystem recovery. We tested this
question by employing a direct experiment, using the
mesocosms at the Marine Ecosystem Research Laboratory (MERL). The approach taken was to compare the
effects of 3 sediment treatments representing the pol-
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lution gradient in Narragansett Bay on water columns
which originate from the same clean source. This
paper focuses on nutrient and ecological results; a
previous one (Hunt and Smith, 1983) described the
remobilization of metals from sediments during this
experiment.

NARRAGANSETT BAY GRADIENT

About 7000 metric tons of total nitrogen, 670 tons of
total phosphorus and 2000 tons of dissolved silica enter
the Providence River through runoff, rivers and sewage
(Table 1).Double accounting probably results if runoff
and river inputs are added together, but runoff is a
relatively small term compared to the other 2 sources of
nutrients. It should be noted that the Nixon and Lee
(1979) estimates were for all of Narragansett Bay and
not just the Providence River. The fact that these estimates and those of Oviatt (1981) are often not very
different indicates that most of the nutrient input to the
bay is from the Providence River. Nutrients from sewage sources were generally comparable to river
sources except for silicate which was lower in sewage
effluent than river sources. Sewage inputs are mainly
from the Fields Point sewage treatment plant which
discharges directly into the Rovidence River.
These inputs and remineralization of added particulate and dissolved organic forms in water column and
benthos cause a dissolved nutrient gradient down the
north-south axis of Narragansett Bay (Fig. 1 and 2;
Oviatt, 1981). All dissolved inorganic nutrients were
elevated in Providence River and decreased down bay
to Rhode Island Sound. Ammonia concentrations were
4 and 8 times higher at the mouth of Providence River

(Fig. 1, Station 6) than at mid-bay (Fig. 1, Station 14)
and Rhode Island Sound (Fig. 1, Station IT), respectively. Mid-bay nutrient concentrations were approximately double the Rhode Island Sound levels. Dissolved inorganic nitrogen was the most elevated nutrient
and silicate was the least elevated nutrient. These
inputs of nutrients and the resulting biological activity
caused oxygen concentration in the bottom water to
drop to low values in Providence River and upper bay
for much of the summer (Fig. 3).
Phytoplankton biomass as indicated by chlorophyll
concentration had a gradient in the bay that correlated
with the nutrient gradient, with highest concentrations
in Providence River and lowest concentrations in
Rhode Island Sound (Fig. 4A; Oviatt, 1981).
Chlorophyll concentration in the Providence River at
Station 6 was about 1.5 times greater than mid bay and
about 7 times greater than Rhode Island Sound at
Station 17. By contrast, zooplankton biomass did not
correlate with the nutrient and chlorophyll gradients,
but reached a maximum in mid bay that decreased
both in Providence River and in Rhode Island Sound
(Fig. 4B). However, this decrease of roughly 50 % was
only extreme at the northern and southern boundaries
of the gradient (Fig. 4). Lower concentrations of
chlorophyll also occurred at the northern boundaries
where fresh water enters (Fig. 1).
A gradient in sediment concentrations of hydrocarbons, heavy metals and pore water nutrients has also
developed along the north-south axis of Narragansett
Bay (Table 2). The Providence River sediments from
Station 6 (Fig. 1) had the highest concentrations of
hydrocarbons, lead, cadmium, copper and nutrients
compared to lesser amounts at mid-bay (Fig. 1) and
least amounts in Rhode Island Sound sediments at

Table 1. Nutrients from runoff, rivers and sewage entering the Providence River

Source

PN

DON

Runoff

NH,

NO,

+ NO,

6.1'

12.3'

Rivers

19.5~

68.1b

62.4b
53.0'

85.1b
57.0'

Sewage

47.1b

128~

96.4b
32.3'

6.6b
5.F

106 Mol yr-'
ZN
PP

DOP

PO,

ZP

SiO,

ZDIN
18.4'
16.2~
ZN
23sb

6.0~

3.7b

?Sb
7.gc

17.2~

66.2b
38.8'

ZN
278b

?.gb

3.sb

10.lb
5.6'

21.7~

19.fb
9.1"

Hanson (1982)
Nixon and Lee (1979); total for Narragansett Bay
C Oviatt (1981); calculated from gauged Blackstone River flow: 724.3 X 106m3 yr-' and gauged Pawtuxed River flow: 309.9
106m3 yr-l. The long-term average of Blackstone River flow is closer to 940 X 106yr-' if the whole drainage area is included
a

X
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STATION

Fig. 1. Bay stations 1 to 17 sampled biweekly September 1979
to September 1980. Sediments for the mesocosm experiment
were taken from the mouth of Providence River at Station 6,
from mid bay at 0 and from Rhode Island Sound at Stat~on17
Station 17. All 3 locations were depositional areas with
sediments having a high silt-clay content (Table 3).
The Providence River sediments had the highest clay,
water, organic carbon a n d nitrogen content. In comparison, Rhode Island Sound sediments had a higher
percentage of sand a n d lower percent of organic matter
compared to the other 2 locations. This Sound is more
exposed, deeper, has a more moderate bottom temperature range a n d is slightly more saline than the 2 bay
stations (Table 3).
All 3 stations have benthic communities numerically
dominated by small polychaetes a n d bivalves although
dominant species a r e different (Table 3). The Providence h v e r benthic community consisted almost
exclusively of the small bivalve Mulinia lateralis, a n
opportunistic species which can invade rapidly after
anoxic events. Decades ago the mid bay benthic community was dominated b y Nephtys incisa a n d Nucula
amulata; today the dominants are the opportunistic
Mediomastus ambisita, a small captellid polychaete,
a n d N. amulata (Grassle a n d Grassle, i n press). The
authors suggest the c h a n g e in dominance from N.

DISTANCE

(km)

FROM FOX

PT.

Fig. 2. Time-weighted annual mean nutrient concentrations
(based on 26 sampling dates) during the 1979-1980 ( 0 ) transect study in Narragansett Bay, compared to nutrient concentrations ( v ) April 1980 to April 1981 in the mesocosm treatments which derived their sediment from the 3 locations.
Numbers along top of figure are station locations along transect shown in Fig. 1
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Fig. 3. Oxygen concentration profiles along bay transect on
August 15, 1980

incisa may be due to nutrient enhancement. The Rhode
Island Sound community which is the least nutrient
enriched has N. annulata as a dominant but not M.
ambiseta.
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METHODS

Experiment
During August 2 to 9, 1979, 3 mesocosms were filled
with sediments from the grossly polluted Providence
River (Station 6), 3 mesocosms were filled with sediments from the measurably polluted mid Narragansett
Bay, and 3 mesocosms were filled with sediments from
relatively clean Rhode Island Sound (Station 17). The
sediments were obtained from the field in a structurally undisturbed condition with a 0.25 mZ X 40 cm
UNSEL spade corer (Hunt and Smith, 1983). In past
experiments the mesocosms at the Marine Ecosystem
Research Laboratory (MERL) have always been filled
with sediments from mid Narragansett Bay and
received sea water from the Graduate School of
Oceanography dock (Fig. 1 and 5). The mesocosms,
which are scaled to the natural system in terms of
sunlight, temperature, tidal mixing and flushing
(- 3.7 % volume exchange d-l), mimic the behavior of
the natural system with regard to phytoplankton, zooplankton, benthos, metabolism, nutrient concentrations, etc. (Pilson et al., 1979; Pilson et al., 1980). The
mesocosms were shallower than the stations from
which the sediments were derived, particularly the
Rhode Island Sound station, and like the mid bay
station intermediate between Providence River and
Rhode Island Sound with regard to temperature and
salinity (Table 3). Flushing rate in both mid bay and
mesocosms is slower than the 10 to 12 % d-' for Providence River (Gordon, 1982) and the more exposed
Rhode Island Sound. Mesocosms containing Providence River sediments and exposed to lower bay water
were expected to 'recover'; whereas mesocosms containing Rhode Island Sound sediments were expected
to become slightly enriched compared to field nutrient

D I S T A N C E ( k m ) FROM

FOX

PT

Fig. 4. Time-weighted annual mean chlorophyll concentration and zooplankton biomass (based on 26 sampling dates)
during 1979-1980 ( 0 ) transect study in Narragansett Bay,
compared to time-weighted annual mean chlorophyll concentration and zooplankton biomass (based o n 3 mesocosms
in each treatment, 52 sampling dates per year) August 1979 to
August 1980 (Q) and April 1980 to April 1981 (v) in the
mesocosm treatments which derived their sediments from the
3 locations. Numbers along top of graphs are station locations
along transect shown in Fig. 1

conditions (Fig. 2). The experiment was to move both
ends of the gradient in the bay towards the mid bay
condition although the differences between Providence River and mid bay were much greater than
between mid bay and Rhode Island Sound. All 9 mesocosms were simultaneously refilled with sea water on
August 9 and the experiment was conducted to April
1981.

Mesocosms
All 9 mesocosms were designed to have regimes of
temperature, mixing, turnover, and light as close as
practical to the natural system (Pilson et al., 1977;
Pilson et al., 1979; Nixon et al., 1980a; Oviatt et al.,
1981). The temperature of the water followed within
2 C" that of the bay at the Graduate School of Oceanography (GSO) dock (Fig. 1). Rotating plungers mixed
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Table 2. Sediment (dry w e ~ g h tconcentrations
)
of hydrocarbons (HC),total trace metals of lead (Pb),cadmium (Cd), copper (Cu),
and nutrients at the 3 sites from which the sediments were derived
Source

Conimicut Point-Providence River
HC
Pb
Cd
Cu

Sediment

PS g-'

0- l cm
4- 5 cm
9-10 cm

Sediment-pore
waterd
0.5 cm
4.5 cm
9.5 cm
a
C

-

PS g-'
140d
12gb
150a
150'

NH,

PO,

@

PM
118
642
617

710b
570'

369
1123
1127

)lg $3-'
1.25'
1.65~
1.25a
1.5'

W S-'
250'
284b
550a
510a

M d bay
Pb
Cd

HC
Pg g-'

Cu

Rhode Island Sound
Pb
Cd
Cu

P9 9-'

PS S-'

-

20a
25a
25"

-

Ccg g-'
45"
44b
40'
25a

SiOI

NH,

PO,

SiO,

NH,

PO4

SiO,

CIM

PM
72
158
234

PM
5.4
22.0
37.6

KM
208
392
634

PM
36
61
66

PM
2.6
7.2
13.2

PM
112
221
267

400b
287'

500
882
1040

Pg g-' Pg g-'
.25a
10"
1 . 6 2 ~ 52b
25a
50'
.25a
10"

HC

25'

PS S-'

Pg g-'

.lOd
.15a
.15a

c 10"

20a

< 10a

Hunt and Smith (1983)
Widdows et al. (1980-81)
Van Vleet and Quinn (1978); average of 0 to 10 cm
July 1980, this study

Table 3. Characteristics of water and sediment at the source stations for the sediment gradient experiment (After Ovlatt, 1981;
Hunt and Smith, 1983)

Parameter
Depth (m)
Bottom Temperature (")
Mean
Range
Bottom Salinity (%o)
Mean
Range
Sediment
Sand (%)
Silt (%)
Clay (%)
Water (%)
Loss on Ignition (%)
Carbon (0-4 cm), mg g-'
Nitrogen (0-4 cm), mg g-'
C/N (W cm)
Numerically dominant
macrofauna species

Providence River

Mid bay

Rhode Island
Sound

7

7

28

12
1-24

10
1-22

9
3-17

29
27-31

30
27-31

31
29-32

17
55
28
63
3.69
40.7 1
3.75
10.83

Mulinia
la teralis

the mesocosms on a schedule of 2 h on, 4 h off to mimic
tidal currents and to suspend bottom sediments to the
same level as in the bay (- 3 mg 1-l) (Fig. 5). During
each mixing event 120 1 (or 480 1 24 h-') of bay water
flowed into the mesocosm to give a water column turnover time of 27 d. The 5 m deep water column prevented significant sunlight (usually less than 1 %) from
reaching the bottom thus maintaining the sediments in
a heterotrophic condition. The walls of the mesocosms

18
60
23
47
2.14
17.95
1.61
11.15

Mediornastus
arnbiseta

51
31
18
41
1.30
9.56
0.80
12.03

Nucula
annulata

were brushed twice a week in summer and weekly
during the rest of the year to reduce fouling.

Biological sampling
The water column of the mesocosms was sampled
weekly for phytoplankton (chlorophyll a ) ,zooplankton
(species, number of individuals, biomass), dissolved
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sediment by divers to contain 3 1 of overlying water.
The chambers were fit with expansion chambers to
allow water to be drawn from the chamber without
contamination of outside water at the conclusion of the
incubations which lasted 1.5 to 2 h. Samples for the
flux of oxygen, ammonia, nitrate plus nitrite and silicate were measured.

Annual means
Time-weighted annual means were estimated by
integrating between variable sampling intervals and
dividing by the total number of days of the study
period. These periods, which were within a few days of
1 yr, were then normalized to annual periods. Coefficients of variation were calculated on the 3 replicates
(S/;) within each of the 3 treatment situations.

RESULTS

Nutrient gradient in the 3 mesocosm treatments
concrete pad-

Fig. 5. Cross section of a MERL mesocosm showing mixer,
input and output sea water lines, heat exchanqer, and sedimint. Water depth and volume are 5.00m and 13 m3; sediment depth and area are 37 cm and 2.52 mZ

inorganic nutrients (ammonia, nitrite plus nitrate,
phosphate, silicate), particulate carbon and nitrogen
and total system metabolism (for methods see Oviatt et
al., 1982). Phytoplankton and macrobenthic fauna
were sampled, preserved and counted monthly.
Meiobenthic fauna were sampled preserved and
counted in October 1979, April 1980. and June 1980. At
the end of the experiment all sediments were sieved
(3.2 mm) for larger organisms (Oviatt et al., 1982).
Benthic respiration and nutrient release (ammonia,
nitrite plus nitrate, phosphate and silicate) were sampled in August 1979, February 1980, June 1980, August
1980 and April 1981, using an incubation chamber
which fits over the entire sediment surface (Oviatt et
al., 1982). Benthic pore water nutrients were sampled
seasonally (Beach, 1981; Douglas, 1981). Wall fauna
and large benthic predators were removed monthly by
SCUBA divers; numbers, wet weight and dry weight
were measured. Shrimp (Crangon septernspinosa)
were captured in baited traps daily during the summer
and fall of 1980 and numbers, wet weight and dry
weight were measured.
Benthic respiration and nutrient flux were measured
twice in situ in Providence River in July and September 1980. On both sampling dates 3 chambers
enclosing 0.021 m2 of sediment were placed into the

In contrast to the nutrient gradient in Narragansett
mean ConBay, the gradient of time-weighted
centrations was barely discernible in the 3 mesocosm
treatments (Fig. 2 ) . In situ concentrations of nitrogen
were 2 to 10 times higher than in experimental treatments. By the second year of the experiment, nutrient
concentrations in the water column were similar in all
3 treatments and to lower-bay in situ values (Table 4 ) .
Both nitrogen and phosphate had very low average
values. Silicate was greater than 6 PM in all treatments, but highest in the Providence River treatment
(PR) and lowest in the Rhode Island Sound treatment
(RIS).
The seasonal patterns of ammonia concentration
show high values at the initiation of the experiment in
all 3 treatments (Fig. 6). The highest initial values
were observed in the PR treatment. Concentrations in
all treatments remained at a relatively high level until
January 1980 with the exception of a September
decrease. Nitrogen was very low and probably limiting
primary production during summer 1980 in all treatments. During June, July and August, net production
was a linear function of total inorganic nitrogen in the
3 treatments (r = 0.88). During fall 1980 ammonia
increased in all 3 treatments with the highest levels in
PR, but these increases were much less than those
observed at the initiation of the experiment (Fig. 6).
The differences between in situ gradient and treatment
gradient suggest new inputs of nutrients and organics
maintain the gradient in Narragansett Bay.
A gradient in benthic nutrient regeneration did
occur among the 3 mesocosm treatments. Regeneration
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Table 4. Annual time-weighted mean nutrient concentrations (Y) and coefficients of variation (C.V.. %
3 replicate mesocosms in each treatment
Nutrient

Period

Ammonia (PM)
Nitrite plus
nitrate (PM)
Phosphate (PM)
Silicate (PM)

X

c.v (%l

2.35

21

0.94

23

1.59
0.77
1.65
1.51
10.69
10.75

7
29

MEAN OF M I D BAY MESOCOSMS

MEAN OF RHODE 151 A N D

SOUND

S/:

10
13

MESOCOSMS

Fig. 6. Mean (n = 3) ammonia concentration in the 3 sediment treatments over the course of the experiment from
August 13, 1979, to April 1, 1981
rates of nitrogen and phosphate August 13-30, 1979
(2 d after initiation of experiment) and in August 1980
were greater in PR compared to the mid bay treatment
(MB) and RIS, while silicate showed a smaller difference over the treatments (Table 5). Nutrient-regeneration rates decreased slightly in all treatments between
August 1979 and August 1980 despite increased
benthic metabolism in the PR and RIS treatments.
However, variability in the measurements makes this
trend uncertain. In both MB and RIS some mesocosms
had net production by benthic algae during the August
1980 flux measurement. There was, therefore, a low
value of 437 for MB respiration and a nighttime measurement was made for RIS (Table 5). Benthic algal
production is a rare occurrance in the mesocosms and
only happens when phytoplankton production is very

X

0.85
0.54
1.16
0.85
0.96
0.92

15
9

I

-

6.80
8.45

X

100) within the

RIS

MB

PR

8/79-8/80
4/80-4/81
8/794/80
M80481
8/79-8/80
4/80-4/81
8/79-8/80
4/80-4/81

=

c.v

(%)

6
2

14
16
9
8
18
25

X

0.41
0.52
0.47
1.06
0.97
0.98
6.36
7.25

C.V. (%)
20
15
19
14
5
8
24

22

low in the water column allowing sufficient light to
reach the bottom. Two comparisons of in situ and
treatment rates of benthic flux indicated that the rates
in the PR treatments were about 50 % of in situ rates for
nitrogen and about an order of magnitude less than in
situ rates for phosphate and silicate (Table 5). The
August 1979 measurements for PR which were lower
than in situ values measured the following year may
reflect the loss of surface flocculent material during
sediment recovery and not be solely due to annual
variations or to in situ vs. mesocosm differences. The
fact that treatment flux rates are not very different a
year later suggests that much of the surface flocculent
layer in the Providence River has a source other than
primary productivity in the overlying water column,
i.e. sewage-derived particulates and nutrients.
Another indication of the relative importance of new
inputs of BOD and nutrients compared to benthic
respiration and remineralization is oxygen concentration. In contrast to the low oxygen concentration in the
Providence River (Fig. 3), the oxygen concentration in
the PR treatment was seldom below saturation (Fig. 7).
However, the water column in the mesocosms is
homogeneous during mixing compared to the stratified

-

0
0
A S O N D J F M A M J J A S O N D J F M

Fig. 7. Dawn and dusk oxygen concentrations in 1 PR mesocosm treatment compared to water oxygen saturation values
(dashed line) over the experimental period from August
1979-April 1981
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Table 5. Benthic flux rates in 3 sediment treatments and in situ in the Providence River
(A) Mesocosms; means for each treatment (n

=

3);rates pg at m-? h-' k coefficient of variation (C.V.)in percent
MB
August

PR
August

Parameter

Oxygen
Inorganic nitrogen
Inorganic phosphorus
Silicate

1979 (C.V.)
-4269 (30)
369 (34)
47 (36)
349 (83)

1980 (C.V.)
-5042 (18)
320 (16)
35 (22)
l81 (21)

(B) Providence River in situ; all rates yg at m-? h-' (n
July'

'

1980

1980 (C.V.)
-437 (279)
99 (53)
9 (109)
102 (92)

1979 (C.V.)
-1831 (10)
99 (43)
l0 (54)
367 (41)

1980'
- 2663

81
4
78

3)

September 1980
-

X

(C.V.)
- l50 (150)
829 (113)
318 (85)
567 (87)

Oxygen
Inorganic nitrogen
Inorganic phosphate
Silicate

=

1979 (C.V.)
-2188 (18)
131 (37)
6 (64)
198 (30)

RIS
August

X (C.V.)
-5988 (28)
648 (19)
324 (23)
1133 (19)

'l night measurement; day time measurement indicates mean production of 250 f 648 %
water-column oxygen concentration

' 'Low

water column in Providence River and accounts for
some of the difference between oxygen concentration
in PR and in situ (Fig. 3).
If nutrient inputs were reduced in the PR treatment
compared to in situ conditions while the benthic
remineralization remained high, some decrease in the
sedimentary reservoir of nutrients should have occurred. In the PR treatment, sediment pore-water concentrations of ammonia decreased (from September 1979
to July 1980) by 17 mMol mP2 (Fig. 8). If this decrease
were to continue at the same rate, the PR sediment
would be similar to those of ME3 in about 7 yr down to a
depth of 12 cm, but this does not take account of the
reservoir of solid phase nitrogen or of ammonia deeper
in the sediment or the presumably slower rate of loss in
subsequent years. Between September 1979 and July
1980 the pore-water concentrations in the MB sediment did not change while RIS increased by
100 %
(Fig. 8). The increase in RIS may have been due to

-

PORE WATER
400

800

l200

NHS,

1600
I

PROVIDENCE

12

9-9

SEPTEMBER, 1979

0-*

J U L Y . 1980

increased organic deposition (Garber, 1982) or it may
be due to decreased macrofaunal activity (Kelly, 1983)
or the more nutrient rich input water may have been
driving the RIS treatment toward a mid bay condition
(Fig. 8, Table 5).
An annual nitrogen budget from August 1979 to
August 1980 was calculated to observe differences in
magnitude of cycling within the three treatments. Nitrogen was imported from the sea water flow in all 3
treatments and it was actually comparable to benthic
regeneration in RIS (Table 6). Benthic regeneration of
nitrogen was highest in PR and lowest in RIS. Integrated annual benthic respiration rates were the same
proportion of net production as previous estimates of
25 to 50 % being 41 %, 37 % and 29 % in PR, MB and
RIS, respectively (Nixon, 1981). Observed rates of nirogen regeneration were less than those predicted
from oxygen uptake rates using the Redfield 0 : N ratio
of 13.25 (Nixon, 1981). The 0 : N atomic ratios in

pM
2000

1

7

RIVER

Fig. 8.Average (1 core in each treatment mesocosm) sediment pore water
concentrations of ammonia with
depth in the 3 mesocosms treatment
in September 1979 and July 1980
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Table 6. Comparison of nitrogen inputs and regeneration
from August 1979 to August 1980

numbers of species observed increased from the PR
treatment to the MB treatment to the RIS treatment
with 8, 19, and 30 species, respectively. The PR treatment was subsequently dominated for 2 mo by the
euglenoid Eutrepita viridis, an organism typical of
sewage enriched areas. Chlorophyll a concentrations
in all mesocosms dropped after the initial bloom (least
so in the MS treatment) and then increased in January
during the winter-spring bloom. Phytoplankton
dynamics after this time were similar in all treatments
with the exception of a considerably higher winter
spring bloom in the PR treatment in 1981. Chlorophyll
a concentrations remained low in all treatments until
the next December-January period of blooms, but with
the frequent appearance of small blooms in the summer, especially in RIS.
Zooplankton were generally most abundant when
phytoplankton were not, but it is not clear whether the
relationship was causative (Fig. 9). It is probable that
during summer, at least, phytoplankton were kept in
low concentration by zooplankton grazing (Durbin and
Durbin, 1981). This pattern was similar among treatments.
Initial blooms in MB and RIS may have been stimulated by the fill with seawater or they may have been
from release of benthic grazing pressure due to benthic
macrofauna mortality during sediment transfer in 2 of
the treatments (Fig. 9). In MB the 4 most abundant
species (Mediomastus ambiseta, Nucula annulata,
Yolida limatula, Mulinia lateralis) dropped from
31,000 m-2 to 15,000 m-' in the first month while the
in situ values in mid bay doubled. In RIS the 4 same
species dropped from 97,000 m-2 to 17,000 m-* over
the same period while field values remained slightly
over 100,000 m T 2 . No mortality was evident in PR.
Thereafter, all treatments were similar with oscillations around 10,000 individuals m-' (Fig. 9). We
expected that these polychaetes and bivalves would
recolonize to field levels of abundance during the
summer of 1980 as observed in previous experiments
(Oviatt et al., 1982). Indeed, bivalve veligers and
polychaete larvae were abundant in the water column
throughout the summer indicating reproduction in all

MB
RIS
PR
(mg at N m-* yr-l)

Parameter
Net import
Seawater flow'
Regeneration
24 h benthos2
24 h water column3
Standing stock4

126

255

330

1302
4057
20

587
2832
10

272
3446
4

Available for
gross production

5505

3689

4072

l By difference of bay input water (annual mean particulate and inorganic N) with 3 treatments X total flow
through the tanks (175.200 1)
Integrated over the year based on 4 measurements: Aug
79, Feb 80, Jun 80, Jul-Aug 80 and temperature predictions
Night respiration minus benthic respiration extrapolated
to 24 h and assuming Redfield ratio 0 : N of 13.25
Time-weighted annual means

benthic regeneration were 15.8, 20.4, and 17.7 in PR,
MB and RIS, respectively, which is consistent with the
occurrence of denitrification (Seitzinger, 1982) with
the highest rates in MB. In contrast with the benthic
regeneration of nitrogen, water-column regeneration
was highest in PR and lowest in MB (Table 6). This
same pattern was also true for the total nitrogen available for gross production.

Seasonal patterns in the 3 treatments
Phytoplankton dynamics and biomass were similar
in all treatments. When the mesocosms were first filled
with seawater (August 1979), high ammonia concentrations were observed in all 3 treatments (Fig. 6) and
phytoplankton blooms occurred subsequently in all
treatments (Fig. 9). During these initial phytoplankton
blooms diatoms dominated in all treatments and the
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Fig. 9. Mean chlorophyll a
concentration, zooplankton
biomass (left axis) and total
numbers of benthic macrofauna (bars on histograms are
95 % confidence intervals) in 3
mesocosm treatments over the
course of the recovery experiment: (A) Rovidence River
(PR); (B) mid bay (MB); (C)
Rhode Island Sound (RIS)
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Fig. 10. Numbers of (a) bivalve veligers, (b)polychaete larvae
and (c) Crangon in the water column during summer 1980 in
Providence River treatment (a),mid bay treatment ( 0 ) and
Rhode Island Sound treatment (0)

mesocosms (Fig. 10A, B). However, bivalves and
polychaetes remained in low abundance throughout
the experiment, probably due to predation by shrimp
(Crangon septemspinosa). Large numbers of these
shrimp grew up in the mesocosms (Fig. 10C) and
although they were removed throughout the summer,
they remained abundant enough to eat most juvenile
bivalves and polychaetes as they set on the sediment
(Table 7).

Plankton concentrations in the 3 mesocosm treatments did not follow the gradient patterns in Narragansett Bay (Fig. 4). Annual mean chlorophyll concentrations were of similar magnitude in all 3 treatments and to lower bay concentrations. Annual mean
zooplankton biomasses in the 3 treatments were variable. Biomasses in the PR treatment were similar to in
situ conditions; biomasses in the MB treatment were
lower and in RIS treatment higher than i n situ (Fig. 4B).
The magnitudes of many parameters in all 3 treatments were apparently related to the relative amounts
of nitrogen available for gross production and the
degree of pollution in the sediment (Tables 2 and 6 ) .
Many variables were higher in PR and RIS than MB
(metabolism, chlorophyll, zooplankton, meiofauna and
Crangon); although these variables were generally
highest in PR (Table 7). The established benthic fauna
continued to grow in PR; whereas wall fauna replaced
benthic fauna suffering initial mortality in RTS
(Table 7). Throughout the experiment most of the
benthic individuals and biomass in PR were Mulinia
lateralis, a small opportunistic bivalve (Table 8). The
pollution impact may have been revealed by the greate r number of large-sized animal species in MB and RIS
compared to PR (Table 8). Dominant large-sized animals were generally different between the 3 treatments, but MB and RIS had more in common than MB
and PR (Table 8). However, crustaceans (mainly Crangon and Neomysis) which are usually sensitive to pollution were most abundant in PR (Table 8).
The initial maaofaunal mortality and loss of biomass
in MB and RIS was compensated by a n increase in
shrimp and wall fauna during summer 1980. The 3 g
C m-' lost in MB in August 1979 was compensated by
an accumulation of 12 g C m-2 in summer 1980; the
14 g C m-2 lost in RIS was balanced by an accumulation of 16 g C m-2 (Table 9). The low wall-fauna
growth in PR may have been due to competition for
food in the water column by filter feeding Mulinia. For
example, in PR the filter feeding tunicate Mogula
produced a biomass of 1.3 g dry wt m-' compared to
17.8 in MB and 13.8 in RIS. Other species may have
been responding to the pollution gradient. In RIS Crepidula (C. fornicata and C. plana) produced a biomass
of 11.3 g shell-free dry weight compared to 3.3 in MB
and 0.8 in PR. The overall wall-fauna gradient was
3.6 g C m-' in PR, 12.4 in MB, and 14.0 in RIS
(Table 9). The wall fauna removed in MB and RIS was
greater than in PR, but this was balanced by the larger
biomass of Mulinia in PR such that wall fauna plus
large benthic infauna was approximately the same in
the 3 treatments (Table 8 and 9). Total system net
production plus net carbon input was nearly equiva-
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Table 7. Percent increase or decrease from Providence River Treatment (PR) and Rhode Island Sound Treatment (NS) over midbay treatment. Mean values are given for mid-bay treatment (MB) along with the corresponding coefficient of variation (C.V.) in
percent
Parameter

PR

(I) Integrated values (Apr 80-Apr 81)
System metabolism (g 0,m-, yr-')
Net production
Night respiration
(11) Time-weighted annual means
(Apr 80-Apr 81)
Chlorophyll (pg 1-l)
Zooplankton
Biomass (mg dw m-3)
Numbers (no. m-3)
Acartia tonsa (no. m-3)
Acartia clausi (no. m")
Neornysis sp. (no. m-')
(111) Standing crop
Macrofauna abundancea (no. m-2)
Meiofauna abundanceb (no. m-')
Crangon sp. biomassC(g dw m-2)
Wall fauna biomassd (g dw-shellfree m-2)
Crepidula spp.
Mogula sp.
Microciona sp.

MB
X

+

C.V.
10
10

+
+

20%
11 %

+
+
+
+

8%

+

70%
59%

+

18%

2.5

20

97 %
90%
- 8%
+267 %
+l00 %

20.7
10,000
2,500
2.800
1.121

26
10
11
24
41

6,710

24
12
16

- 23 %

50
4
78

+242 %
22 %
- 45 %

+

+

+
+

40%
11%
+l33 %

384
330

RIS

7.5 X 106

1.69

- 75 %

-

+

3.3
17.8
2.9

93%
69%

-

+
+

74%
60%
12 %
92%
33 %

98%
88%

-

Aug 80
Apr 80, 0-2 cm deep
'Jun-NOV 80
Jul 80-Mar 81; harvested from walls, standardized to water-surface area of the tank, 2.66 mZ

Table 8. Characterization, mean, and coefficient of variation of total large-sized animals per mesocosm, collected on 3.2 mm
sieve, at experiment (Apr 1981)
Organisms

PR

MB

RIS

Number of species
Most
abundant benthic animal
X number

23
Mulinia
4019

43
Mulinia
170

41
Neph tys
34

Largest weight benthic animal
X biomass, g ash free dry wt

Mulinia
51

Cefiantheopsis
7

Ceriantheopsis
7

Most abundant fouling animal
X biomass, g ash free dry wt

Microciona
1

Crepidula
3

Crepidula
7

Nephtys & Pectinaria
3 each

Asychis
53

Nephtys
34

Mercenaria
9

Pitar
7

Crepidula
7

Neom ysis
28

Crangon
4

Crangon
5

56 f 20%
53 f 142 %
245 -C 25 %
12 2 2 9 %

Most abundant polychaete
C number
Largest
individuals
X biomass, g ash free dry wt
Most
- abundant crustacean
X number
Total mean number
Polychaetes
Bivalves
Gastropods
Crustaceans
Total of all
Total, g ash free dry wt

9
4039
20
36

f22%
f 10 %
f 30 %
k 60 %

101 f 43 %
229 f 158 %
48 ? 123 %
112 1 7 %

4109
64

+ 8%
+ 10%

50 %
701
44 ? 20 %

+

+

672
22 f

26 %
28 %
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Table 9. Carbon available for storage or biomass, and amount of biomass in most compartments from Apr 80 to Apr 81

System net production
net production - night respiration (g C m-'; Note 1)
net import (g C m-'; Note 2)
Total

.45
.l0
1.41
.81
2.00
3.60
25.40

Chlorophyll a (g C m-2; Note 3)
Zooplankton (g C m-'; Note 4)
Macrofauna (g C m-'; Note 5)
Meiofauna (g C m-2; Note 6)
Crangon sp. (g C m-2; Note 4)
Hawested wall fauna (g C m-2; Note 4)
Large benthic fauna (g C m-'; Note 7)
Total biomass
In storage or unaccounted

52

33

33

19

-3

27

(1) Converted from total system oxygen metabolism using a P.Q. = 1.21 (Oviatt et al., 1981)
(2) By difference of annual mean particulate carbon in input water and of each treatment X total flow through each tank
(175,000 1)
(3) C:Chl = 30
(4) g d r y w t t 2 = C
(5) Irrespective of species or size categories for macrofauna the following relationship was used: Ash free dry wt (g) =
number of animals x 3.01 X 10d (Oviatt et al., 1982
(6) For meiofauna, total C, (g) = number of animals X 1.07 X 10-' (Oviatt et a1.,1982)
(7) From Table 8

lent to total biomass in MB. PR treatment and RIS
treatment have unaccounted carbon of 15 % and 37 %,
respectively. Total biomass was not distinguishably
different in the 3 treatments.

DISCUSSION

Mesocosm operation

Two unanticipated events occurred during this
experiment which warrant discussion. Initial benthic
mortality and subsequent Crangon predation do not
change the basic conclusion of the experiment: watercolumn communities in all 3 treatments after 5 mo
were very similar to each other and to i n situ conditions
in mid bay. The impact of initial benthic mortality and
subsequent failure of recruitment because of Crangon
predation does obscure the possibility of similar
benthic community development in the 3 treatments.
Water-column abundances suggest polychaetes should
have become more abundant in the sediments of the
PR treatment and bivalves should have become abundant in the RIS treatment (Fig. 10). However, both
types of larvae were abundant in the water columns of
all 3 treatments.

Although Providence River macrofauna suffered no
mortality, the high initial mortality of macrofauna in
Rhode Island Sound sediments suggests a need for
discovering the cause of this mortality before another
such experiment is attempted. The bottom temperature
in Rhode Island Sound was about 5 C O cooler than
water in the mesocosms at the time of sediment recovery (Table 1). This and warm air temperatures during
sediment transport may have contributed to the
observed mortality in both mid Bay and Rhode Island
Sound sediments.
This experiment was continued for 21 mo to observe
recovery rates and it was anticipated that during summer 1980 benthic macrofauna would recover in abundance in MB and RIS. Instead, wall fauna grew in the
treatments. The reason, we suspect, was Crangon septemspinosa predation and this suspicion precipitated
the several month effort to trap them out. However,
their predation may have been heavy enough throughout summer 1980 to prevent colonization by macrofauna in MB and RIS (Fig. 10).Evans (1983) found that
the congener C. crangon fed upon spionid polychaetes
and newly settled bivalves, among other food sources,
and that the shrimp could be a significant predatory
force when community energetics were considered. In
PR Mulinia were apparently not vulnerable to this
predation and did not change during the course of the
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experiment (Fig. 9, Table 8). C. septemspinosa predation in this treatment probably prevented diversification from the setting of polychaetes and bivalves
(Fig. 10).

Impacts of polluted sediments
Considering the sedimentary reservoir of nutrients
and pollutants (Table 2), PR treatment caused effects
remarkably similar to those in the other 2 treatments.
After the first 5 mo the 3 treatments had similar seasonal patterns of phytoplankton although, there were
fewer diatom species and higher chlorophyll levels
initially in the PR treatment. They had similar patterns
of zooplankton with the highest values during summer,
and similar abundances of benthic infauna throughout
the year. Dominant large-sized animals were more
similar between MB and RIS than between either of
these and the PR treatment due to the dominance of
Mulinia in the PR treatment. Nevertheless, carbon
budgets were not very different in the 3 treatments.
With regard to Providence River, Olsen and Lee
(1979),stated: 'On the basis of available data, it is not
possible to predict with any confidence the effects on
the ecosystem of reducing the flow of polluted
effluents in the upper bay. We do not know what the
flux of pollutants from the sediments to the water
column might be if the overlying waters were clean.'
On the basis of the results reported here, we can
predict that removing pollutant inputs will, after a
short time, result in a relatively clean and biologically
normal water column. Nutrient levels and productivity
were slightly elevated in the PR treatment during the
first year of the experiment compared to the other 2
treatments. However, they were much lower than those
observed in situ in Providence River even though the
flushing rate of Providence River is more than twice as
fast as the mesocosm flushing rate (Gordon, 1982).
This same pattern of low values in the PR treatment

and high in situ values was also observed for metals
(total copper, lead and cadmium) (Hunt and Smith,
1983). Elevated copper fluxes from the sediment in the
PR treatment compared to the MB treatment were
measured during summer 1980, but these did not result
in toxic concentrations and they were small compared
to the sedimentary reservoir of copper (Hunt and
Smith, 1983). These authors estimated that it would
take 44 yr to bring the sedimentary reservoir of copper
in the top 1 cm of sediment down to mid-bay levels.
Many anthropogenic organic compounds (e.g. hydrocarbons and phthalates) are stable in sediments for
long periods of time (Jungclaus et al., 1978; Wade and
Quinn, 1980). During experiments with Number 2 fuel
oil, we observed very slow sedimentary degradation
rates (Oviatt et al., 1982) as has been observed in the
field (Sanders et al., 1980). Volatile organic components were elevated in Narragansett Bay with residence times on the order of 200 to 300 h and generally
not present in the 3 mesocosm treatments, suggesting
their sources were new inputs (Wakeham et al., 1982;
Wakeham et al., 1983). Partition coefficient for most
volatiles (except alkanes) are such that sorption onto
particulate matter would be small; thus few volatile
organic compounds should have accumulated in sediments and little would be available for subsequent
remobilization (Wakeham et al., 1983). The evidence
suggests that pollutant materials in the sediments will
stay there for long periods of time, but will not have
large impacts on the behavior of the overlying water
column. New inputs of pollutants appear to be responsible for degraded environmental conditions in Providence River, such as anoxia, rather than old pollutants
in the sediments.

Recovery rates
The results obtained in the mesocosms may be due to
capping of rich organics of PR with 'mid-bay' like

Table 10. Estimated sedimentation rates
Locality
Upper Narragansett Bay:
Ohio Ledge
Upper Narragansett Bay:
Rumstick Neck

Lower Narragansett Bay:
Dutch Island
Long Island Sound
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cm yr-'

0.50
0.17
0.30
0.37
0.01
0.05
0.11

Santschi et al. (1984)

i

Recalculated from
Goldberg et al. (1977)
by Santschi (1980)
Santschi et al. (1984)
Gordon (1979)
Benninger et al. (1979)
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organics. Kelly (1983) has shown that recently produced organic matter remineralized more rapidly than
background sediment organics and, therefore, has
more control on sediment-water nutrient exchange. In
Providence River the continuous rain of sewage particles probably contributes to the high rates of nutrient
regeneration. Since pollutant materials appear to
remain in the sediments, sedimentation rates of clean
sediment probably influence the development rates of
unimpacted benthic fauna. No sedimentation rates
have been estimated for Providence River. However, a
few estimates have been made for Narragansett Bay
and Long Island Sound (Table 10). If realistic rates of
0.2 to 0.3 cm yr-' are assumed and if a depth of 2 cm is
assumed necessary to support a dense surface macrofauna, then in 7 to l 0 yr an unimpacted benthic
macrofauna should develop. Resuspension of polluted
sediments and bioturbation could lengthen this estimate. On the other hand, the highest sedimentation
rate of 0.5 cm yr-' (Table 10) might be the better estimate for the less exposed Providence River, where the
fresh water enters, providing an estimate of - 4 yr.
Considering the length of time the area has been
impacted, all these estimates suggest rapid recovery.
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