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INTRODUCTION

The planned closure in 1987 of the world’s largest
oceanic sewage sludge dump site, the 12-Mile Dump
Site (12MDS) in the New York (NY) Bight (see Fig. 1),
presented an opportunity for a field experiment to de-
termine the effects of termination of sewage sludge dis-
posal on important marine ecosystem components
(benthic macrofauna and demersal fish assemblages,
and sediment and water quality). A major consideration
in the development of the 12MDS Recovery Study
(12MDSRS) was the ability of the analytical techniques
to distinguish between the effects of termination of
sewage sludge disposal and background variability
from anthropogenic and natural sources (EPD 1988,

Pikanowski 1992). Past studies at 12MDS (Pearce 1972,
Botton 1979, Reid et al. 1982, Steimle et al. 1982) as well
as studies at other sewage sludge dump sites (Caspers
1987, Pearson 1987, Rees et al. 1992) were unable to
factor out the effects of background variability from the
effects of sewage because of problems related to
pseudoreplication (see EPD 1988, Pikanowski 1992).
Since pseudoreplication would also be a problem dur-
ing the 12MDSRS (EPD 1988, Pikanowski 1992), we
used a Before-After-Control-Impact (BACI) design
(Stewart-Oaten et al. 1986, EPD 1988, Pikanowski
1992) in an attempt to determine effects of cessation of
sewage sludge disposal. 

The Pearson & Rosenberg (1978) model, hereafter
P&R, has been used in many studies to explain effects
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of organic enrichment over various temporal and spa-
tial scales. Gray et al. (2002) questioned the predictive
capabilities of the model. Maurer et al. (1993) sug-
gested that changes in macrofaunal assemblages
along a gradient of organic enrichment in open ocean,
higher energy, erosional sites along the coast and shelf
are different from those proposed by P&R for semi-
enclosed, low energy, depositional sites with long resi-
dence times such as fjords and sea lochs. Other site-
specific factors may also influence the effects of
organic enrichment (Savage et al. 2002) and sewage
sludge (Norton & Champ 1989) on benthic habitats.
Since the NY Bight had a number of unique character-
istics (listed below), it could not be certain how pre-
cisely the responses of the benthic macrofauna at the
12MDS would follow P&R. We anticipated that there
would be a decrease in the abundances of Capi-
tella spp. and an increase in the numbers of macrofau-
nal species at the most sludge-influenced study site
after cessation (EPD 1988). 

Sewage sludge from the New York City metropoli-
tan area had been disposed at the 12MDS since 1924.
Prior to the start of phased cessation in 1986, the
12MDS was receiving up to 7.6 million tons (6.9 mil-
lion t) wet weight of sewage sludge per year, which
was at the time the largest known input of sewage
sludge to any oceanic dump site (Norton & Champ
1989). Although the 12MDS was in an open coastal
area, the overall dispersive and erosional capabilities
of the currents near the 12MDS were weak compared
to many other sludge dump sites (Norton & Champ
1989). However, due to local topography, shallow
depth, and prevailing currents, there was no long-
term accumulation of sewage sludge contaminants
within the boundaries of the 12MDS (EPD 1988,
Pikanowski 1992). Sediments in the nearby, deeper
Christiaensen Basin and upper Hudson Shelf Valley
(see Fig. 1) contain elevated concentrations of conta-
minants from sewage sludge as well as contaminated
dredged materials from NY Harbor and outflow of the
Hudson/Raritan Estuary (EPD 1988).

Although ocean disposal of sewage sludge has been
discontinued at many locations (Sheppard & Pearce
2000), there have been only a few published studies
documenting the recovery of benthic macrofauna fol-
lowing termination of sludge disposal. Moore & Rodger
(1991) found that macrofaunal measures near a former
dump site in the Firth of Clyde (Scotland) had recov-
ered substantially 11 yr after closure. Near the Hyper-
ion sewage sludge outfall in Santa Monica Bay, Cali-
fornia, Dorsey et al. (1995) found that macrofaunal
assemblages shifted from degraded to early transi-
tional 5 yr after closure. In these studies, however, no
attempt was made to quantitatively determine the
effects of termination of disposal.

A preliminary analysis of selected benthic macrofau-
nal variables from the 12MDSRS (Reid et al. 1995) indi-
cated increases in the numbers of benthic macroinver-
tebrate species, species of amphipods, mollusks and
polychaetes, numbers of amphipod individuals, abun-
dances of Unciola irrorata, and decreases in the abun-
dances of Capitella spp. at the most contaminated site
after termination of disposal. However, these data
were a small subset of the extensive benthic macro-
invertebrate database from the study. Details about the
BACI analysis and the limitations of the BACI design
were not discussed. Interactions of factors that may
have influenced the effects of sludge and recovery fol-
lowing cessation were not addressed. Because the NY
Bight has unique characteristics, the results of the
12MDSRS presented in this paper will provide addi-
tional information about effects of organic enrichment
and recovery on benthic macrofauna of anthropogeni-
cally stressed, open coastal environments.

MATERIALS AND METHODS

Study sites. The 12MDS is 22 km (12 nautical miles)
east of Sandy Hook, New Jersey (NJ), (Fig. 1) in a
shallow (20–25 m) area known as the Cholera Bank.
The area of the dump site is 22.6 km2. Sediments on the
Bank are medium sands. Because of shallow depth and
prevailing currents, there is minimal influence of
sewage sludge on the biota and sediments at the actual
12MDS. Historical data indicated that sites within the
nearby deeper and lower energy Christiaensen Basin
and upper Hudson Shelf Valley (Fig. 1) contained finer
sediments and elevated levels of contaminants from
sewage sludge as well as from other sources (EPD
1988). Study sites were therefore chosen from the
Christiaensen Basin and upper Hudson Shelf Valley
based on similarities in depth, sediment grain size,
salinity, and seasonal water temperature cycles, and
differences as stated below with respect to sludge
influence on the biota and sediments (EPD 1988). 

In a typical BACI design, study sites with similar
environmental and biological characteristics are cho-
sen and sampled many times in the ‘before’ period
prior to initiation of impact at one site. Reference and
impact sites are then sampled many times in the ‘after’
period. BACI uses abundance data for specific species
at a reference site as a co-variable to factor out back-
ground variability over time for that species at the
impact site (Stewart-Oaten et al. 1986, Stewart-Oaten
& Bence 2001). Data from reference sites must be suffi-
cient in both ‘before’ and ‘after’ periods to be represen-
tative of the variability over time not associated with
impact. Reference data should also be relatively stable
between the before and after periods.

28



Vitaliano et al.: Recovery from sewage sludge disposal

Because the 12MDSRS was not a typical impact
study but addressed recovery from a long-term impact,
the choice of appropriate study sites for use in a BACI
analysis was not straightforward. No information was
available about the macrofaunal assemblage that was
present at a sludge impact site prior to disposal. The
assemblage that would be present at a sludge impact
site in the 21 mo after-cessation period was not known.
Thus we could not be confident that any nearby site
unaffected by sludge would be able to provide ade-
quate reference abundance data for any of the taxa
colonizing a sludge impact site. Also, it would most
likely take many years for the contamination levels in
the sediments at an impact site to become similar to the
levels at a reference site unaffected by sludge. To
increase the possible number of taxa that could be
tested for sludge cessation effect, we chose 3 study

sites: a highly contaminated sludge impact site, NY6;
a reference site with minimal sludge influence, NY11;
and an intermediate site, R2. All sites were located
along the 30 m depth contour (EPD 1988; our Fig. 1,
Table 1). 

NY6 is located near the eastern margin of the Christi-
aensen Basin at a depth of 31 m and is 1.6 km down-
slope from the northwest corner of the designated
dump site, the location where most sludge dumping
occurred (EPD 1988; our Fig. 1). Historical data on sed-
iment contaminant levels indicated that, of the 3 sam-
pling sites, NY6 was most influenced by sewage sludge
inputs (Table 1). The benthic macrofauna at this site
were characterized by reduced species richness, low
levels of abundance and biomass, and intermittently
high abundances of Capitella spp. Diversity and abun-
dance of crustaceans, especially amphipods, are low
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Fig. 1. New York Bight, showing the locations of the former 12-Mile Sewage Sludge Dumpsite and the 3 sampling sites (d) in the 
inner New York Bight study area
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compared to other less stressed areas of the NY Bight
(Steimle et al. 1982, Reid et al. 1991, Chang et al. 1992). 

NY11 is located along the eastern shoulder of the
upper Hudson Shelf Valley, 9.9 km south of where
most of the dumping occurred. The depth of NY11 is
29 m (Fig. 1). Historical data indicated minimal influ-
ence by sludge dumping in the sediments at this site
(Table 1). The macrofaunal species at NY11 are those
typically found in silty very fine sands of the upper
Hudson Shelf Valley (EPD 1988, Reid et al. 1991,
Chang et al. 1992). The data from NY11 were used as
reference data in the BACI analysis. 

The intermediate site, R2, is located 3.4 km NNW of
the center of the sludge dump site at the northern edge
of the Christiaensen Basin and at an average depth of
28.5 m (Fig. 1). The macrofauna at R2 were character-
ized as an enriched assemblage with high biomass of
several species (Reid et al. 1991). Sediment contami-
nant levels (total organic carbon [TOC] and trace met-
als) were approximately 20% of those at the sludge
impact site (Table 1). It was not known what percent-
ages of the contaminants at R2 were from sewage
sludge versus from other sources such as the Hudson-
Raritan Estuary (EPD 1988; our Fig. 1). The sediments
at R2 also contained tomato seeds (Table 1), which are
indicators of the heavier sludge fraction (Reid et al.
1995). Depending on the responses of the variables at
R2 during the study, its data could be used as a second
reference site or alternatively as an impact site with a
lower level of sludge treatment. Data from the
12MDSRS (Table 1) indicated that contaminant levels
in the sediments at R2 remained stable throughout the
study compared to levels at NY6. Therefore, we used
the data from R2 as reference data. 

Field sampling and laboratory procedures. Three
0.1 m2 Smith-McIntyre benthic grab samples were
taken each month at each of the 3 study sites for 18 mo

during phased cessation of sludge dumping (July
1986–December 1987) and for 21 mo after sludge
dumping ended (January 1988–September 1989) for a
total of 39 monthly sampling events. This was consider-
ably higher-frequency sampling both before and after
termination of sludge disposal than had been conducted
in other sewage sludge recovery studies (Moore &
Rodger 1991, Dorsey et al. 1995). Samples from grabs
penetrating the sea floor a minimum of 6 cm and show-
ing a relatively undisturbed surface were accepted.
Otter trawl samples were also taken at each site to as-
sess demersal fish abundance (Pikanowski 1992) and
food habits (Stehlik 1993, Steimle et al. 1994). Loran C
navigation, with nominal accuracy of ±50 m, was used
for sample site relocation. The 3 sites were sampled
within a consecutive 3 d period during most months;
this sampling is considered simultaneous for the pur-
poses of data analysis (EPD 1988).

Each grab sample included in situ vertical probe
measurements of sediment redox potential (EH). Core
subsamples were also taken from each grab to deter-
mine sediment grain size and the concentrations of sed-
iment trace metals and TOC (Draxler 1995, Packer et al.
1995, Zdanowicz et al. 1995). The remaining sediment
in each grab sample was washed through a 0.5 mm
stainless steel sieve. Retained materials were removed
and fixed in 10% buffered formalin and seawater solu-
tion with rose bengal biological stain added to aid in
sorting out the biological material. Within 72 h, the
samples were transferred to a 70% ethanol and 5%
glycerin solution. In the laboratory, samples were
sorted under a dissecting microscope, and the inverte-
brates were removed, counted, and identified to spe-
cies level where possible. Wet weight biomasses were
determined for each species in a sample by blot-drying
the species collections on absorbent paper towels for
about 3 min and weighing them to the nearest mg.
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Sediment variable Depth NY6 NY11 R2 Source

Before After Before After Before After

Mean grain size (Φ) 0–5 cm 3.58 3.47 3.13 3.07 3.14 3.18 Packer et al. 1995
Fines (% > 4 Φ) 0–5 cm 24.4 20.7 8.3 8.6 15.5 16.4 Packer et al. 1995
TOC (% weight) 0–1 cm 4.55 2.33 0.26 0.33 0.92 0.93 Packer et al. 1995
Redox (mV) 0.5 cm 87 218 245 286 205 244 Draxler 1995
Cr (µg g–1) 0–1 cm 163 96.5 15.8 12.9 37.2 36.7 Zdanowicz et al. 1995
Cu (µg g–1) 0–1 cm 312 151 10.9 6.74 38.6 37.5 Zdanowicz et al. 1995
Ni (µg g–1) 0–1 cm 29.5 16.9 5.81 4.67 8.58 8.32 Zdanowicz et al. 1995
Pb (µg g–1) 0–1 cm 272 153 22.5 19.3 56 54.3 Zdanowicz et al. 1995
Zn (µg g–1) 0–1 cm 532 232 32.7 26.4 83.9 79.6 Zdanowicz et al. 1995
Zn (µg g–1) 4–5 cm 289 288 35.2 34.9 147 147 Zdanowicz et al. 1995
Tomato seeds (no. grab–1) 0–10 cm 984 1233 0.5 0.4 328 420 Reid et al. 1995

Table 1. Mean before and after cessation concentrations of sediment variables measured at NY6, NY11, and R2 during the 
12MDSRS study from indicated sources
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Statistical analysis. The BACI design of Stewart-
Oaten et al. (1986) modified for this study by
Pikanowski (1992) was used to test the responses of
individual species to cessation at NY6. The average
monthly abundance for a given species at NY6 was
used as a statistical replicate. Prior to statistical test-
ing, a co-variable was subtracted from each monthly
replicate at NY6 in an attempt to account for back-
ground variability not associated with cessation of
sludge disposal (Stewart-Oaten & Bence 2001). The
co-variable used was the average abundance for the
same species during the corresponding month at a
reference site. This yielded 18 adjusted abundance
replicates prior to cessation to compare with 21
adjusted abundance replicates after cessation for each
species tested. We performed 2 separate analyses, 1
using the data at NY11 as a co-variable and the other
using data from R2 as a co-variable. We tested the dif-
ference in adjusted mean abundance between the
before- and after-cessation study periods for each spe-
cies using the parametric Student’s t-test. If our data
violated the normality and equal variance assump-
tions of the t-test, we used the non-parametric Mann-
Whitney U-test. 

Non-additivity and serial correlation can confound
results of the BACI analysis (Stewart-Oaten et al. 1986,
Pikanowski 1992). Serial correlation indicates that
the replicates in time are not independent. One of the
functions of abundance data from the reference site is
to balance the effect of serial correlation in the
adjusted replicates. However, if abundance data over
time at impact and reference sites do not fluctuate in
synchrony (track), serial correlation can occur in the
adjusted replicates. We therefore tested the monthly
adjusted replicates for serial correlation using the
parametric (c) or the non parametric (runs) tests. Valid
interpretation of the statistical results can be made
based on the type of the serial correlation, the period
(before or after cessation) it occurred, and the ability of
log transformation to reduce its effect. It is expected
that reduction of sludge contaminants in the sediments
after cessation may cause trends (serial correlation) in
the data for some variables during the after period
(Pikanowski 1992).

PRIMER software (Plymouth Marine Laboratory, UK)
was used to follow changes in community structure
over time at the 3 sites. A similarity matrix based on the
Bray-Curtis coefficients was generated using [ln
(1+x)]-transformed average abundance data for all
species present at each site and sampling month.
Abundance data were transformed to reduce the effect
of dominant species on the Bray-Curtis similarity mea-
sure. A non-metric, multidimensional scaling (MDS)
ordination (Clarke 1993) was constructed using the
similarity matrix. The MDS ordination is the best

2-dimensional fit displaying differences in faunal simi-
larity among sites and sampling months. For this study,
there were 117 points on the plot (3 sites × 39 mo).

To examine factors that may be important to the
recovery of benthic macrofauna at NY6, we used the
BIO-ENV program of PRIMER (Clarke & Ainsworth
1993) to determine which combination of sediment
quality variables (Table 1) was most strongly related to
the macrofaunal ordination. We also used the bubble
plot feature of PRIMER to superimpose the relative
concentrations of sludge indicators in the sediments as
circles of different sizes onto the corresponding site
and sampling month on the macrofaunal ordination.
The bubble plot feature allowed visualization of simul-
taneous changes in macrofaunal community structure
and concentrations of sludge indicators in the sedi-
ments over time. 

RESULTS

Macrofaunal abundance and biomass

A total of 245 benthic macroinvertebrate taxa were
identified at the 3 study sites. The little nut clam
Nucula proxima was numerically dominant over the
entire study and was most abundant at reference site
NY11 (Fig. 2a–c). Reference site R2 had the greatest
biomass both before and after cessation (Table 2). The
large biomasses of Arctica islandica at NY11 and R2 in
the before period was due to 2 large individuals found
in the grabs at both sites (J. J. Vitaliano pers. obs.).
Although Capitella spp. were the numerically domi-
nant taxa prior to cessation at the sludge impact site,
NY6, monthly densities varied considerably in the
before period (Fig. 3). 

BACI analysis of the responses of individual species 

The BACI analysis (Table 3) indicated significant
sludge cessation effect for Spiophanes bombyx
(Fig. 4a), Sthenelais limicola, Photis pollex, Cerasto-
derma pinnulatum, and Pitar morrhuanus (Fig. 4b)
using data from both reference sites, NY11 and R2, as a
co-variable, Arctica islandica, Unciola irrorata, and
Dyopedos monacanthus using data from NY11 as a co-
variable, and Spio setosa and Phoronis architecta using
data from R2 as a co-variable. 

MDS plot

The MDS ordination showed that community struc-
ture at the impact site, NY6, was more variable among
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Fig. 2. (Above and facing page) Mean monthly abundances (0.1 m–2) for the numerically-dominant benthic macroinvertebrate
species over 39 mo from the 12MDSRS (a) impact site, NY6; (b) reference site, NY11; and (c) reference site, R2. See Table 3 

for full names of species
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months. Community structure at the reference sites
remained fairly stable (Fig. 5a). At NY6 there was an
obvious separation between the before-cessation and
after-cessation data. The community structure of the
August, September, and October 1986 samples
(Months 2, 3, 4) and July, August, and September 1987
samples (Months 13, 14, 15) at NY6 prior to cessation
were most dissimilar to the other months at NY6, with
Months 13, 14, and 15 being the most dissimilar to any

of the months at NY11 and R2 (Fig. 5a). Both the MDS
ordination (Fig. 5a) and plots of the Bray-Curtis simi-
larity coefficients between NY6 and NY11 and
between NY6 and R2 (Fig. 6) indicated that community
structure at NY6 was steadily becoming more similar
to that at both reference sites following cessation. The
stress value for the MDS plot was 0.13 and was accept-
able considering the large number of samples used in
the analysis (see Clarke 1993). 
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Fig. 2 (continued)

Taxa NY6 NY11 R2

Before After Before After Before After

Ceriantheopsis americanus 917.6 612.3 806.7 651.6 1898.5 1809.0
Nemertea sp. 2875.8 922.4 233.8 224.2 334.3 488.8
Nephtys incisa 281.0 47.9 88.3 86.6 1761.3 1058.4
Glycera dibranchiata 10.9 32.9 377.8 316.0 7.6 0.3
Scoletoma acicularum 4.6 4.3 358.3 420.6 0.0 0.0
Ninoe nigripes 2.0 13.2 123.7 184.3 183.9 91.4
Pherusa affinis 187.4 232.6 1232.3 1282.5 15 673.0 12 632.8
Capitella spp. 1450.7 3.6 14.3 2.7 0.3 0.1
Nucula proxima 110.7 54.2 724.2 722.1 134.9 144.9
Arctica islandica 0.7 8.3 8168.8 83.3 1813.8 5.6
Pitar morrhuanus 6.8 4.9 1199.9 1236.3 9845.8 10 845.8
Ensis directus 0.1 0.3 0.3 0.4 306.5 1036.6

Total biomass 6343.0 2836.0 16 029.0 8640.6 33 474.8 31 129.0

Table 2. Mean before and after cessation biomasses mg (0.1 m–2) of the 12 biomass-dominant taxa at NY6, NY11, and R2
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BIO-ENV results

Results of BIO-ENV analysis indicated that the high-
est correlation coefficient between the MDS ordination
and a single sediment quality variable at NY6 (Table 4)
was with redox potential (r = 0.407). The highest corre-
lation coefficient for a combination of sediment quality
variables was with redox potential, zinc, and TOC (r =
0.451). 

Bubble plots of superimposed variables

Sediments at NY6 were most influenced by sludge-
related indicators as shown by bubble plots of sedi-
ment redox potential at the 0.5 cm sediment layer (Fig.
5b) and for concentrations of zinc (Fig. 5c) and TOC
(Fig. 5d) in the 0–1 cm sediment layer. The study-wide
reduction in concentrations of TOC and zinc and
increase in redox potential after cessation (Draxler
1995, Packer et al. 1995, Zdanowicz et al. 1995) corre-
spond to shifts in macrofaunal community structure at
NY6 (Fig. 5a). Concentrations of zinc and TOC at NY11
and R2 remained stable over time (little change in cir-
cle diameters; Fig. 5c,d and Table 1).

DISCUSSION

Responses to cessation of sewage sludge disposal
at our most contaminated site were rapid for many
benthic macrofaunal measures (Figs. 2a & 3–6) de-
spite the fact that sewage sludge had been affecting
the area for 60 yr. The BACI analysis showed sludge
cessation effect for 10 taxa that included a number of
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Fig. 3. Mean monthly abundances (0.1 m–2) at NY6, NY11, and R2 for (a) Prionospio steenstrupi and (b) Capitella spp.

Species Raw Adjusted data
NY11 R2

Capitella spp. –756.6 X X
Asabellides oculata 113.4 X X
Prionospio steenstrupi 101.5 X X
Euchone incolor 64.8 X X
Parougia caeca 60.5 X X
Photis pollex 57.9 72.8* 48.1*
Echinarachnius parma 52.0 X X
Spiophanes bombyx 48.8 26.4* 42.7*
Edotia triloba 39.3 X X
Nucula proxima 29.8 X 26.9
Tharyx acutus –29.4 X –37.9
Unciola irrorata 16.4 13.3* X
Phoronis architecta 15.9 X 31.4*
Ceriantheopsis americanus –14.0 –8.4 –9.0
Mediomastus ambiseta 13.2 14.8 22.4
Arctica islandica 10.6 –6.7* X
Pherusa affinis –10.5 –9.9 –20.2
Pitar morrhuanus 10.3 5.6* 6.7*
Tellina agilis –8.3 X X
Nemertea sp. –7.3 –5.3 –4.7
Dyopedos monacanthus 6.9 6.4* 4.8
Cerastoderma pinnulatum 5.6 5.0* 4.8*
Spio setosa 4.5 –40.3 6.3*
Phyllodoce mucosa 4.4 X X
Sthenelais limicola 3.0 2.4* 2.8*
Nephtys incisa –2.5 –2.4 –3.3
Ninoe nigripes 2.0 X 0.7
Leptocheirus pinguis 1.1 X X

Table 3. Raw mean difference in abundance (After minus
Before) at the impact site (NY6), adjusted mean difference in
abundance (After minus Before) at NY6 (calculated separa-
tely using reference data from NY11 or R2 as a covariable).
*Significant difference at impact site after log transforma-
tion using either the t-test or Mann-Whitney U-test perfor-
med on the adjusted replicates in time; X: abundances over
time not sufficient at reference site to run statistical tests
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amphipod and mollusk species (Table 3). An overall
indicator of cessation of sewage sludge disposal at the
12MDS was the shift observed in benthic macrofaunal
community structure (Fig. 5a) at NY6, as well as the
increased Bray-Curtis similarity coefficient between
NY6 and both reference sites (Fig. 6). Multivariate
community analysis is an integration of the responses
of many taxa and has the advantage of enhancing
the response signal compared to individual species
analysis (Clarke 1993). 

Our results confirm the difficulties identified a priori
about the data from reference sites needed to run a
valid BACI analysis (Stewart-Oaten et al. 1986, Pika-
nowski 1992). Therefore, some taxa showing large dif-
ferences in abundance after cessation at the impact
site such as Prionospio steenstrupi (Fig. 3a), Capitella

spp. (Fig. 3b), Euchone incolor, and Echinarachnius
parma (Fig. 2) could not be statistically tested for
sludge cessation effect (Table 3). There were inade-
quate abundance data at either reference site to factor
out the effects of background variability at the impact
site. For example, there were large increases in
the mean abundances of P. steenstrupi (Fig. 3a) at all
3 sites in the after-cessation period. Because abun-
dances of P. steenstrupi were inadequate (low) in the
before period and not stable between the before and
after periods at either reference site, it could not be
determined if the increases at the impacted site, NY6,
was due to cessation of sludge dumping or background
factors, such as the unavailability of larvae at all 3 sites
in the before-cessation period. Other sites along the 30
m depth contour in the inner NY Bight may have pro-
vided reference abundance data for some of these spe-
cies. Despite our inability to perform a valid BACI
analysis on the responses of Capitella spp., the large
decrease in the mean abundance at NY6 in the after-
cessation period (Fig. 3b) was most likely an effect of
cessation of sludge dumping. It has been well docu-
mented that large numbers of Capitella spp. are an
indicator of organic enrichment in marine sediments
(Pearson & Rosenberg 1978).

The intent of 12MDSRS was to synoptically measure
the responses to cessation of as many ecosystem vari-
ables as possible. These included sediment quality, fish
abundance and biomass, and benthic macroinverte-
brate abundances. Due to differences in variance and
effect size, sampling requirements were different for
each variable. Because of the short duration of the
12MDS study and the need to provide as many repli-
cates as possible before and after cessation for the sta-
tistical comparisons for each variable, we decided on a
monthly sampling frequency (Pikanowski 1992). High
frequency sampling as well as asynchronous data
between reference and impact sites were responsible
for serial correlation found in the adjusted abundance
data for macrofauna. We were able to validate a sludge
cessation effect for 10 species following log-transfor-
mation and confirmation that there were no period-
wide trends in the temporal abundance data during
the before period (Table 3, Fig. 4 and see Stewart-
Oaten et al. 1986, Pikanowski 1992). Sediment quality
data and trawl data from the 12MDSRS did not exhibit
serial correlation (Pikanowski 1992, Packer et al. 1995,
Zdanowicz et al. 1995).

There have been numerous clarifications and modifi-
cations of the BACI designs, and there is no consensus
about the necessity of using more than one reference
site (Underwood 1991, Humphrey et al. 1995, Hewitt et
al. 2001, Stewart-Oaten & Bence 2001, Underwood &
Chapman 2003). In our study, we sampled 2 reference
sites: a minimal sludge-influenced site, NY11, and an
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BIO-ENV Results

r Sludge indicator

0.407 Redox
0.217 Zn
0.195 Cu
0.177 Pb
0.158 TOC
0.073 Cr

0.442 Redox, Zn

0.451 Redox, Zn,TOC

Table 4. Results of the BIO-ENV procedure used to select
sediment variables associated with the community structure
patterns at NY6. The r value is given for the individual
sediment variables and for the best 2 and 3 variable 

combinations
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intermediate site, R2. Although there were differences
in concentrations of sludge indicators in the sediments
between the 2 sites, concentrations of these indicators
remained stable over the entire study at both sites
(Table 1, Fig. 5b–d). Therefore, the responses of the
species at the impact site were tested separately using
the corresponding abundance data for that species
from each reference site as a co-variable (albeit at a
different level of reference). Of the 10 species at our
impact site showing a significant sludge cessation
effect, 5 species were confirmed separately using ref-
erence data from both NY11 and R2 (Table 3). The
results for the other 5 species, Spio setosa, Phononis
architecta, Arctica islandica, Unciola irrorata, and
Dyopedos monacanthus, were not as strong. All 5 spe-
cies showed a significant sludge cessation effect based
on data from only 1 reference site.

Physical oceanographic factors near the 12MDS
(Manning et al. 1994, Davis et al. 1995, Mountain &
Arlen 1995, Packer et al. 1995) may have intermittently
altered the presence of sludge and its effect on the
biota. For example, in the summer months, higher
water temperatures resulted in water mass stratifica-
tion; in addition to reduced wave and current activity,
this increased the possibility of accumulation of sludge
contaminants. The interactions of the various sludge
components as well as background physical and bio-
logical variables (see Clarke & Ainsworth 1993) near
12MDS may explain the high degree of variability in
community structure at the sludge impact site (Fig. 5a),
especially during dumping, and may also explain our
inability to detect strong associations between macro-
faunal community structure and indicators of sludge
in sediments (Table 4). A study near a sewage outfall
on the US Pacific coast also found that relationships
between macrofaunal community structure and sedi-
ment quality are not highly correlated. The fluctua-
tions in community structure in that study are thought
to be a result of natural events, such as winter storms
and El Niño, as well as changes in contaminant input
(Zmarzly et al. 1994).

In the 12MDSRS there was no evidence linking
reduction in sludge inputs during the before period
(phase-out) to the variability in community structure
and sediment quality at NY6 (Fig. 5a–d). Significant
reductions in trace metal concentrations were not
found in the before period (Zdanowicz et al. 1995).
Redox potentials in surface sediments at NY6 were
lowest (Fig. 5b) during the summer months in the
before-cessation period (Draxler 1995). Community
structure at NY6 was most dissimilar to that of the
reference sites in the summer just prior to complete
cessation (Figs. 5a & 6).

The rapid improvements in surface sediment quality
at NY6 after cessation (Fig. 5b–d, Table 1) may be due

not only to the elimination of contaminant input from
sewage sludge, but also to rapid degradation of
organic sludge components (Nedwell & Lawson 1990),
the nature of bottom currents in the vicinity of NY6
(Manning et al. 1994, Packer et al. 1995, Zdanowicz et
al. 1995), and the relief associated with bottom topo-
graphic features such as the Hudson Shelf Valley
(Fig. 1). Most of the taxa that increased in abundance
on the cleaner surface sediments at NY6 after cessa-
tion (Fig. 2a) were typical of silty fine sand habitats of
the inner NY Bight (Caracciolo & Steimle 1983, Reid et
al. 1991, Chang et al. 1992). These species apparently
have life cycle characteristics that enable them to
rapidly colonize a site once conditions become favor-
able for their survival (Pearson & Rosenberg 1978,
Zajac & Whitlatch 1982, Caspers 1987). 

The recovery of macrofauna at NY6 may have been
influenced by the presence of large numbers of the
tube-building polychaete Asabellides oculata (Fig. 2a).
The opportunistic A. oculata builds mud tubes, known
locally as ‘spaghetti mud,’ that extend well above the
sediment surface (Caracciolo & Steimle 1983). The
presence of these tubes may have enhanced the
recruitment and survival of the large abundances of
juvenile (J. J. Vitaliano pers. obs.) sand dollars, Echi-
narachnius parma (Fig. 2a) as well as other inverte-
brates, that appeared at NY6 after cessation (sensu
Gallagher et al. 1983, Schaffner 1990). Increased pre-
dation as a result of termination of sludge disposal may
also have affected recovery. A benthic predator, winter
flounder, increased in abundance at NY6 after cessa-
tion (Pikanowski 1992). At the same time, there was an
increased frequency of occurrence of the benthic
amphipod Unciola irrorata in stomachs of winter floun-
der at NY6 (Steimle et al. 1994). This corresponds to
the time when the abundances of U. irrorata were
increasing in the sediments at NY6 (Fig. 2a). In field
studies, however, quantitative links between macro-
fauna and benthic predators are difficult to establish
due in part to predator mobility and differences in the
scale of the sampling devices (grab and trawl; Stehlik
1993, Steimle et al. 1994). 

The numbers and biomasses of deeper burrowing,
longer lived species such as Glycera dibranchiata,
Ninoe nigripes, Pherusa affinis, Ceriantheopsis amer-
icanus, Nephtys incisa, and Pitar morrhuanus at NY6
did not approach the numbers and biomasses for
these species at NY11 or R2 during the 21 mo after-
cessation period (Fig. 2a–c, Table 2). Since many of
these species have slow growth rates, sampling over
a longer time period would be required to determine
if the extent of recovery may have been affected by
the reservoir of sewage sludge components in the
deeper sediments remaining after cessation (Table 1,
Fig. 5b–d). Trace metal concentrations in the 4–5 cm
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sediment layer at NY6 did not decrease in the after
period (Zdanowicz et al. 1995). Also, sludge detritus
was observed in the deeper sediment layers in all
grab samples taken at NY6 in the after-cessation
period (J. J. Vitaliano pers. obs.). 

Direct comparisons of the responses documented in
the 12MDSRS to those of the few other studies that
have measured recovery following termination of
sewage sludge disposal are difficult due to differences
in site characteristics, amount and duration of dump-
ing, and study design. Moore & Rodger (1991) sampled
a sewage sludge dump site in the Firth of Clyde (Scot-
land) 11 yr after cessation. Their results indicate that
macrofaunal measures near the dump site showed
substantial differences compared to these same mea-
sures taken during active dumping and were consid-
ered normal for this slightly enriched area. Near the
7-mile Hyperion treatment plant outfall in Santa
Monica Bay, California, recovery appeared to be pro-
gressing much slower compared to 12MDS in the NY
Bight. Sites near the outfall continue to show substan-
tial numbers of Capitella spp. 2 yr after cessation of
sludge discharge, and after 5 yr, macrofaunal assem-
blages shifted from degraded to early transitional
(Dorsey et al. 1995). In our study, once sludge dumping
ended, Capitella spp. did not appear in large numbers
at the sludge impact site (Figs. 2a & 3b). Also in our
study, community structure at the sludge impact site
was approaching that at both reference sites 21 mo
after cessation (Figs. 5a & 6). Limited data from semi-
annual surveys from 1991 to 1995 indicated that the
community structure (Draxler et al. 1996) and biomass
(J. J. Vitaliano unpubl. data) at NY6 were becoming
very similar to that at our minimal sludge-influenced
reference site, NY11, 7 yr after cessation. 

The results of the 12MDSRS partially followed P&R.
As predicted by the model, there was an increase in
the numbers of species (Reid et al. 1995) and a
decrease in the abundances of Capitella spp. (Fig. 3b)
at NY6 following termination of disposal at the 12MDS.
However, during the time course of the study, azoic
conditions were not found at our most contaminated
study site, NY6. Dissolved oxygen (DO) levels in the
water, 0.1 m above the bottom at NY6 never fell below
2 mg l–1 (L. Arlen unpubl. data). At the beginning of
the study, the site we chose as an intermediate site, R2,
appeared to have biological and sediment charac-
teristics similar to that of a transitional site in P&R.
However, macrofaunal community structure and sedi-
ment contaminant levels remained stable throughout
the study (Packer et al. 1995, Zdanowicz et al. 1995;
Table 1, Fig. 5a–d).

The specific characteristics of the 12MDSRS study
sites as well as the overall oceanographic conditions
within the inner NY Bight may explain differences

observed between the responses of the macrofauna
during the 12MDSRS and P&R. 12MDSRS oceano-
graphic data indicate equilibrium between erosional
and depositional events at our 3 study sites with little
net accumulation of sediments (Bopp et al. 1995, Davis
et al. 1995, Packer et al. 1995). These oceanographic
characteristics are in contrast to the depositional sites
used to develop P&R and are more similar to open
coastal sites discussed in Maurer et al. (1993). Oceano-
graphic events may have also masked the effects of
cessation of sludge disposal at our intermediate site,
R2. Episodic up-valley flow events (Manning et al.
1994) may have transported contaminated resus-
pended material from the vicinity of NY6 and the
upper Hudson Shelf Valley towards R2 at the edge of
the Christiaensen Basin after cessation. It is also likely
that R2 was influenced by contaminant input from the
outflow of the Hudson-Raritan estuary (EPD 1988,
Zdanowicz et al. 1995). The responses of the benthic
macrofauna from sites within the deeper, more quies-
cent, Hudson Shelf Valley (Fig. 1) which most likely
were receiving sludge input during dumping may
have followed P&R more precisely. 

The results of the 12MDSRS demonstrate the diffi-
culty involved in detecting effects of human impacts
(sewage sludge in this study) on benthic ecosystem
measures. Our results have implications for future
BACI studies attempting to determine the effects of
other human impacts (e.g. oil and gas exploration,
dredge spoils disposal, sand mining, fishing gear, and
waste discharges) on essential fish habitats and other
important marine ecosystem components. The BACI
design we used (Stewart-Oaten et al. 1986, Pikanowski
1992) was able to show a significant sludge cessation
effect for only some of the species that became estab-
lished at the sludge impact site after cessation
(Table 3). For other species, there was a lack of before
and after abundance data at the reference sites to fac-
tor out the effects of background variability from the
effects of sludge cessation. Since all BACI designs
have their specific difficulties in determining signifi-
cant impact, Hewitt et al. (2001) suggested that versa-
tile sampling strategies be used in impact studies so
that a number of BACI designs can be attempted. The
12MDSRS was multidisciplinary and had the advan-
tage of measuring many variables including sediment
quality. We not only used a BACI design but also a
number of multivariate data analysis techniques. MDS
analyses and the corresponding bubble plots showed
clear differences in benthic community structure and
sediment quality at our most contaminated site follow-
ing termination of sludge disposal (Fig. 5). These fea-
tures of the 12MDSRS complemented each other to
demonstrate the effects of sludge disposal and recov-
ery of the benthic habitats near the former 12MDS.
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