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INTRODUCTION

Ecological studies of marine deposit feeders, particu-
larly conveyor-belt deposit feeders (Rhoads 1974),
have suggested that such organisms play an important
role in the consumption and burial of solid and dis-
solved organic matter during early diagenesis (Aller
1980, Berner 1980, Levinton 1989, Gilbert et al. 1995).

These deposit feeders ingest sediments at 10s of cm
below the surface and deposit ingested particles as
feces at the sediment-water interface. One of the
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ABSTRACT: Sediment mixing by benthic macroinvertebrates is an important process affecting the
fate of sediment-bound and dissolved contaminants in marine environments. A non-invasive, state-
of-the-art radiotracer technique was used to study sediment mixing by Heteromastus filiformis
(Capitellidae), a common marine head-down deposit feeder, exposed to several sub-lethal concen-
trations of DDT (0, 5, 10 and 20 µg g–1; control, Treatments 1, 2 and 3). Several horizontal sub-
millimeter layers of 137Cs-labeled clay were deposited approximately every 2 cm in each of 3 repli-
cate sediment columns per treatment; 4 polychaetes were then introduced to each column and the
γ activity of each column was measured vertically using an automated scan detector. Nonlinear least-
square fits were applied to obtain parameterized values that were used to determine the mixing rates
of each 137Cs layer over time. A simple diffusion model was used to calculate biological diffusion coef-
ficients (Db) for H. filiformis. Overall mixing rates increased towards the surface. Control and Treat-
ment 1 had higher Db values at the surface compared to Treatments 2 and 3. The Db depth profiles
were similar in the control and Treatments 1 and 2, with mixing occurring at the sediment water
interface and a subsurface maximum at 10 to 12 cm below this interface. This pattern was not clear
in Treatment 3, where Db had the lowest values and decreased with depth. Bioturbation besides mix-
ing of solids also changed the water content throughout the sediment column. Porosity profiles at the
end of the experiments increased by 10 to 20% at 10 to 12 cm depths compared to above and below
this horizon. The DDT depth concentration profiles decreased towards the surface as a result of the
mixing by the benthic macroinvertebrates, clearly indicating removal/uptake by the organism. The
feeding rate constant (γb, % h–1) in the control showed a maximum at 7 to 12 cm. However, the γb in
the treatments was essentially constant with depth. For all treatments and the control, the burial rate
(Wb) (downward movement of radiolabeled layers) decreased with depth. The surface layers were
buried faster (ANOVA, p < 0.05) in the control than in sediments containing DDT. A sensitivity ana-
lysis comparing burial rate, Db, γb (surface only) and worm weights showed that worm weights and
burial rate have the highest fractional rate changes per µg g–1 DDT.
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effects of such behavior is that it favors the interaction
of reduced chemical species buried deep in the sedi-
ments with well-oxygenated overlying waters after
passing through the digestive tract of the worms. This
conveyor-belt-feeding process affects stratigraphic
records as well as promotes changes in the chemical
properties of bottom sediments (McCall & Tevesz 1982).
Because of the ecological role of these organisms, it is
important to study their responses to environmental
stressors caused by anthropogenic contaminants in
estuarine and marine coastal environments (Dexter
& Pavlou 1973, Hom et al. 1974, Elder et al. 1976,
Heemkem et al. 2000). For example, the latter authors
reported an increase in organic micro-contaminant
concentration, particularly DDT, since 1991 in the Elbe
River. Further, Cantillo et al. (1997) showed a clear
relationship between DDT and its metabolite concen-
trations in sediments and sources (agricultural areas)
in south Florida. Although the trend indicated a de-
creasing concentration in sediment with time (1990
to 1991), biota did not follow the same temporal
tendency.

Organic contaminants (e.g. DDT, endrin, aldrin,
PCBs, PAHs) are strongly bound to the organic matter
fraction of suspended particles and bottom sediments
(Rice et al. 1993, Heemken et al. 2000). Because these
contaminants are highly refractive, they are charac-
terized by a long residence time after deposition. The
half-life of DDT in soil is 2 to 15 yr and ~150 yr in
aquatic ecosystems (HSDB 1998). Thus, these sedi-
ment-associated persistent contaminants are poten-
tially available to benthic organisms even after they
are no longer produced (Frankel 1995) or introduced
into the aquatic environment. DDT and its metabolites
as well as PCBs are still found in bottom sediments and
bottom-feeding fish from coastal areas at concentra-
tions in the ng g–1 lipid range (Young et al. 1977, 1991,
Verschueren 1983, Marcus & Renfrow 1990). Also, re-
markably high levels of DDT (1446 ng g–1 lipid weight)
have been reported for deep-sea fishes in the Arctic,
such as Macrurus berglax, which feed mostly on
benthos at depths of 2000 m (Berg et al. 1997). Similar
and somewhat higher values have also been reported
for deep-sea fishes in other parts of the world (Taka-
hashi et al. 1998).

The fate of compounds deposited at the sediment-
water interface will depend on a complex combination
of sediment properties, xenobiotic chemical character-
istics and physical variables as well as on the activity
patterns of the dominant benthic communities. Rates at
which sediments are ingested, deposited and sub-
sequently re-buried have been mainly studied with
freshwater invertebrates under both field and labora-
tory conditions (Fisher et al. 1980, McCall & Fisher
1980, Krezoski 1981, Robbins et al. 1984, Keilty et al.

1988a,b). Most research on marine invertebrates
involving chlorinated hydrocarbon contaminants has
focused on contaminant bioaccumulation and depura-
tion processes (Fowler et al. 1978, Elder et al. 1979,
Schiff 1991). Marine biological mixing studies have
been described in terms of the activities of major
mixing organisms (see Rhoads 1974, Thayer 1983 for
extensive reviews). These activities have usually in-
volved measurements of the volume or mass of fecal
pellets produced (Rhoads 1963, Appleby & Brinkhurst
1970, Hylleberg 1975, Cammen 1980, McCall & Fisher
1980, Whitlach & Weinberg 1982, Lopez & Cheng
1983, Thayer 1983, Rice et al. 1986) or of marked hori-
zons made out of various tracers, such as luminophores
(Mahaut & Graf 1987), pollen grains (Davis 1974),
copepods eggs (Marcus & Schmidt-Gegenbach 1986),
exotic sedimentary minerals (Aller & Dodge 1974,
McCall & Fisher 1980, Rice 1986, Olmez et al. 1994)
and radioactively labeled particles (Amiard-Triquet
1974, Haven et al. 1981, Santschi et al. 1984, Sorokin
1986). Changes in the amount of fecal pellets produced
gives a rough estimate of surface sediment move-
ments. With the exception of rare earth and radio-
isotopes, most of the particulate markers fall short of
the sensitivity required for measuring bioturbation
since their concentration, once it reaches the zone of
maximum mixing/feeding, becomes too low to reveal
the details of the mixing processes. Methods that are
more sensitive are therefore necessary to fully under-
stand the mixing activities of marine and freshwater
organisms.

One application of more sensitive techniques for the
study of biological mixing has been the use of radio-
isotope tracers. These studies have focused on the im-
pact of contaminants on mixing processes in oligo-
chaetes exposed to sediment-bound endrin (Keilty et
al. 1988a,b) under laboratory conditions. The effects of
a contaminant on biological mixing of sediments by
marine invertebrates has only been inferred from 234Th
sediment profiles at the community level (Wheatcroft
& Martin 1996); thus, direct cause-effect relationships
cannot be drawn from these studies. Mulsow & Lan-
drum (1995) have shown that Heteromastus filiformis,
a common and abundant (103 to 105 ind. m–2) conveyor-
belt deposit-feeding polychaete, not only bioaccumu-
lates DDT but also produces fecal pellets at a rate that
is negatively affected by DDT in low concentrations.
However, none of these studies quantified the effects
of sediment-bound contaminants on the mixing be-
havior of this conveyor-belt deposit feeder.

The objective of this study was to quantitatively
determine the effects of several sublethal concentra-
tions of DDT on the biological mixing activities of Het-
eromastus filiformis within the sediment column using
a non-invasive radiometric scanning technique. This
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methodology is based on an emitting radiotracer
(137Cs) monitored by a fully automated scan detector
(Robbins et al. 1979, Keilty & Landrum 1990).

MATERIALS AND METHODS

Sediment and polychaete collection. Marine sedi-
ments and polychaetes were collected with a brass
core (50 cm long, 15 cm diameter) from a subtidal
channel in Barnstable Harbor, Cape Cod, Massachu-
setts. Sediment samples were placed in plastic bags in
a cooler. Cores for organism collection were carefully
sectioned by hand to sort out only whole individuals of
Heteromastus filiformis. Individual polychaetes were
initially kept in glass vials (20 ml) containing seawater
and a few drops of wet sediments (2 to 4 ml), and then
transferred into a cooler half-filled with sediments. The
glass vials containing the polychaetes were inserted
into the sediments and the cooler filled with seawater
for transportation. The collected sediments and poly-
chaetes were transported to the laboratory within 24 h.
Once in the laboratory, the polychaetes were main-
tained in Instant Ocean® (Aquarium Systems) water
and constantly aerated at 14°C, and fed a natural fine
sediment mixture delivered to the individual glass
vials with a Pasteur pipette. Prior to the experiment,
the width (1.65 ± 0.2 mm) and length of the first seg-
ment with setae (0.74 ± 0.2 mm) of each polychaete
was measured with a dissecting microscope. The sedi-
ments were maintained at 4°C until use.

Sediment preparation. For the experiment, the sedi-
ments were pressed through a 250 mm mesh sieve to
remove macroinfauna. This experimental sediment
consisted of >60% mud and fine sand, which is within
the particle size range ingested by Heteromastus fili-
formis (Cadeé 1979, Neira & Höpner 1993). The sedi-
ment (free of macroinfauna) was split into 4 aliquots of
about 1.5 l each. Three sublethal DDT concentrations
were tested in this experiment: mixtures of non-radio-
labeled (Chem Service) and 14C-DDT (Sigma, 12 mCi
mmol–1) at 1 µCi labeled DDT per treatment, were dis-
solved in 2 ml acetone to reach final concentrations of
5, 10 and 20 µg g–1 DDT on a dry sediment basis. The
radio purity of the 14C-DDT was >98% and the non-
labeled compound purity was >99%. The solutions
were then added to the sediments under constant sus-
pension (1.5 l wet sediment and 1.5 l instant ocean as a
seawater substitute; 34 psu final) and stirred for 2 h.
The spiked sediments were allowed to settle over-
night. To remove the acetone, the overlying water was
withdrawn and replaced with clean Instant Ocean®

seawater. The rinsed sediment slurries were then
stirred for 2 h and allowed to settle overnight. The
overlying water was again discarded. The fourth

aliquot of sediment, used as the control treatment, was
subjected to the same procedure, but only 2 ml of ace-
tone with no DDT was added. Finally, DDT concentra-
tions were measured for each treatment by extracting
the pollutant from approximately 100 mg of sediment
(wet weight basis) using 12 ml of scintillation cocktail
(Research Products International 3a70B). This mixture
was then sonicated every other second for 3 min and
filtered. The filtered scintillation cocktail was counted
for 14C activity on an LKB 1217 Scintillation Counter
(Wallac). The liquid scintillation cocktail served as the
extracting agent for the sediment because it is a good
extracting solvent (xylene based). The rinse with cyclo-
hexane was used to ensure that all the material was
washed into the cocktail. The extracts were filtered
because 137Cs bearing particles at the end of the exper-
iment could have interfered while measuring labeled
DDT by liquid scintillation counting. The samples were
corrected for quench using the external standards ratio
method after subtracting background. A second sedi-
ment subsample was taken for determination of the
wet to dry weight ratio and dried at 105°C for 48 h. The
amount of radioactivity was used to calculate DDT con-
centrations on a dry sediment weight basis using the
specific activity after the isotopic dilution. All values
presented are mean values ±1 SD unless otherwise
indicated. The initial measured DDT concentrations in
the experimental sediments were: 5.8 ± 1.7 µg g–1

(Treatment 1), 10.6 ± 2.7 µg g–1 (Treatment 2) and
20.5 ± 6.5 µg g–1 (Treatment 3) (n = 3). The DDT distri-
bution among sediment particles was determined for
1 replicate per treated sediment. The sample was
sieved to 63 µm and analyzed using a pipette analysis
for the fractions below 63 µm (modified from Folk
1974). DDT was determined on each fraction as de-
scribed above. All the treated sediments (DDT-spiked
and control) were kept at 4°C (ca. 3 wk) until the start
of the experiment.

Experimental design. A total of 15 glass microcosms
(3 × 5 × 30 cm) were filled with uniformly mixed sedi-
ments that were added in layers about 2 cm thick alter-
nated with submillimeter layers of 137Cs (T1/2

= 30.2 yr)
sorbed to illite clay (5 to 6 layers each containing ca.
1 µCi per layer). Three replicates per treatment (con-
trol, Treatments 1, 2 and 3) were introduced into large
aquaria (55 l) and kept constantly aerated (air pumps)
and maintained at 14°C using a closed circulation
system connected to a refrigerated cooler. The distrib-
ution of the microcosms into the aquaria was not ran-
dom, instead the aquaria were filled with the micro-
cosms from left to right and from controls to Treatment
3. After 48 h, 4 polychaetes were introduced into each
of the microcosms. Three replicates with no poly-
chaetes were used as the control for sediment com-
paction.
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The activity and position were determined for each
of the layers in each microcosm using a scan system.
The basic system has been previously described (Rob-
bins et al. 1979). For these experiments, an upgraded
automated system was used (Keilty & Landrum 1990).
It consisted of a well-collimated lithium-drifted ger-
manium detector supported on a mechanically driven
elevator/platform capable of precise, repeatable move-
ments (0.1 mm accuracy and repeatability) in both
x- and y-axes. The apparatus was used to vertically
scan the experimental microcosms. The microcosms
were scanned continuously for 64 d and the system
completed a total scan of the microcosms every 4 d.
A scan of each microcosm was performed before the
addition of the polychaetes to the microcosms.

At the end of the experiment, the microcosms were
opened and the sediment column was sampled ca.
every 1 cm (2 replicates) with a modified 25 ml plastic
syringe corer. One replicate was used for DDT mea-
surement and the other for total organic carbon (TOC).
Profiles of sediment characteristics were determined
for water content, bulk density and porosity (standard-
ized at 34 psu and 2.65 g cm–3) for each microcosm.
Sediment DDT concentration was measured follow-
ing the procedure described earlier. Polychaetes were
collected, accumulated DDT concentrations were
measured (see Mulsow & Landrum 1995 for details)
and lipids were determined using a microgravimetric
method based on a chloroform-methanol extraction
(Gardner et al.1985). TOC was measured on powdered
dry sediment (105°C for 48 h) using high-temperature

oxidation (CHN Perkin Elmer Analyzer) after removal
of inorganic carbonates by treating the sediments
within 1 N HCl. DDT degradation measurements were
done on 200 mg of sediment extracted with 50 ml scin-
tillation cocktail, centrifuged and decanted. A second
extraction of the sediment was done with cyclohexane
and the solvents combined. The extract volume was
reduced to 2 ml (rotary flash evaporation). This small
sample was placed with standards of DDT, DDE and
DDD, and run on a thin layer chromatographic plate of
silica. After development with benzene: acetone, the
bands were viewed with UV and scraped from the
plate. The radioactivity in the silica gel was deter-
mined to obtain a quantitative estimation of the DDT
degradation.

Interpretation of scan profiles. A representative
scan of a microcosm containing several labeled layers
of sediment is shown in Fig. 1. Because the detector
system is well-collimated, a scan of a thin layer of emit-
ting material produces a net counting rate profile that
has a Gaussian functional form (Robbins et al. 1979):

R(z) =  R(zmax)e–(z – zmax)2/2σ2obs (1)

Thus, each profile can be described in terms of 3
parameters: the depth of the maximum counting rate
(zmax) in cm, the width or spread in the profile (σobs) in
cm and the maximum counting rate (Rmax). Indepen-
dent least-squares fits of Gaussian functions to layer
profiles (solid line in Fig. 1) provide an acceptable rep-
resentation of the data.

The observed spread (σobs) is due to a combination of
the actual spread in the distribution of tracer in the
microcosm (σ) and that due to the optics of the detector
system (σo). This latter value (0.04 cm) was determined
by scanning an extremely thin layer of tracer em-
bedded in a plastic medium. A correction for detector
optics is obtained using the semi-empirical relation:

σ2 =  σobs
2 – σo

2 (2)

The 3 Gaussian parameters may be related to inter-
actions of organisms with sediments. Layers of radio-
labeled sediment in experimental microcosms are
altered by feeding and locomotory activities of intro-
duced infaunal benthos. First, thin-labeled layers will
spread vertically as organisms mix sediments. This
process has often been successfully treated being
small-scale diffusive in character (Boudreau 1986), and
measured in terms of a bulk sediment mixing coeffi-
cient, Db. It can be shown (Crank 1975) that σ2 = Dbt,
where t is the time elapsed since the start of the exper-
iment. Hence, in this study, Db is obtained as the slope
of σ2 versus t. Second, infaunal feeding will remove
radiolabeled sediments from initial layers and distrib-
ute them to other parts of microcosms, particularly to
the surface for head-down feeders. While the absolute
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Fig. 1. Non-linear least-squares (NLLS) curve fit (—) to raw
data (s) of a selected activity profile (cpm) showing each one 

of the 137Cs-labeled layers
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amount of tracer is not easily determined by the scan-
ning method, it is proportional to the product σRmax.
For the present study, extraction of tracer feeding
information follows the approach Krezoski & Robbins
(1985) developed for lumbricid oligochaete feeding in
tracer-labeled microcosms. They observed that a de-
crease in amount of tracer at a given depth (i.e. σRmax)
was proportional to the amount remaining at a par-
ticular time, t. As a result:

(σRmax)t =  (σRmax)t = 0e–γt (3)

where γ is the feeding rate constant (h–1) characterizing
removal of the tracer (i.e. 137Cs). Third, in the case of
head-down deposit feeders such as Heteromastus
filiformis, which feed well below the sediment-water
interface under natural conditions, a marked layer at
depth z above their zone of feeding will be displaced
downward as ingested sediments are removed and re-
deposited at the surface. The rate of layer burial is
measured as Wb = dzmax/dt. In principle, Wb may be
used to obtain the fundamental, biological parameter,
γb, which is the rate of infaunal feeding on bulk sedi-
ment and to infer a selectivity factor η = γ/γb (Krezoski &
Robbins 1985, Robbins 1986) that measures organism
preference (or lack thereof) for ingesting tracer-
labeled over bulk sediment. However, effects of DDT
on bulk sediment feeding can equally well be mea-
sured by Wb itself, since this study did not reveal sig-
nificant selectivity (i.e. η = 1).

RESULTS

All polychaetes were recovered alive at the end of
the experiment (64 d). During the same time, TOC
decreased in all the experimental cells (Table 1): con-
trol and Treatment 1 decreased 68 and 57%, Treat-
ments 2 and 3, 45 and 23%, respectively (Table 1).
Mean values of TOC in Treatments 2 and 3 at the end
of the study were significantly larger than in Treat-
ment 1 and control (Kruskal-Wallis rank test; p < 0.05).

Unfortunately, only the top 6 cm were measured for
TOC. Therefore, possible changes with depth could
not be observed.

By the end of the experiment, DDT sediment con-
centrations had decreased consistently in all the treat-
ments from a depth of 9 to 12 cm to the surface
(Fig. 2B). This may be the result of uptake and/or
removal of the contaminant from the sediment column
towards the sediment-water interface. As expected at
the end of the experiment, DDT measured in Hetero-
mastus filiformis (total body) was higher for worms
exposed to the highest sediment DDT concentrations,
reaching up to 4 times the DDT concentration present
in sediments (Treatment 3) (Table 1).

No degradation of DDT in sediment was observed
during the experimental period, and most of the DDT
was parent compound (radio purity of 97%, n = 3).
DDT was found to be bound to particles ranging in size
from 4 to 6 phi (63 to 32 µm) corresponding to medium
silt size class (Folk 1974). This fraction of the sediment
accounted for 59.7 ± 7.1% of the total DDT measured
in the bulk sample (Fig. 2C). We have analyzed only 1
replicate per treatment and certainly more replicates
may have provided additional insight on the distribu-
tion of DDT within the sediment fractions (sand, silt
and clay). This observed fractionation might be closely
linked to the usually higher TOC content in the fine
fraction of sediments. Nonetheless, the reported distri-
bution indicates that DDT was primarily sorbed to par-
ticle sizes that fall within the feeding range described
for Heteromastus filiformis in the field (Cadée 1979,
Clough & Lopez 1993, Neira & Höpner 1993). Thus, H.
filiformis is expected to be exposed through ingestion
of contaminated particles as well as to DDT desorbing
into porewater.

Heteromastus filiformis affects the physical charac-
teristic of experimental sediments as observed in
porosity-depth profiles (Fig. 2A). Because porosity is
very sensitive to small changes in water content, han-
dling and sampling of sediment is crucial to obtain
accurate information. Porosity profiles were measured
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Treatments Sedimenta Polychaetesb

TOC (%) DDT concentration Weight DDT concentration
Initial Final (µg g–1) (µg) (µg g–1)

Control 0.41 ± 0.06 0.13 ± 0.02 – 4.1 ± 2.7 –
Treatment 1 0.42 ± 0.07 0.18 ± 0.09 5.8 ± 1.7 2.7 ± 1.1 6.8 ± 0.9
Treatment 2 0.36 ± 0.02 0.20 ± 0.08 10.6 ± 2.7 1.2 ± 0.9 20.5 ± 2.4
Treatment 3 0.42 ± 0.12 0.32 ± 0.15 20.5 ± 6.5 1.1 ± 0.7 80.3 ± 27.5

aMean ± SD, n = 3; bmean ± SD, n = 4

Table 1. Experimental sediment characteristics and biological parameters of the polychaete Heteromastus filiformis. Initial (0 d)
and final (67 d) total organic carbon (TOC) (% of sediment) and average DDT concentrations (µg g–1) throughout the experiment. 

Final dry weight (g) of the experimental polychaetes and bioaccumulation of DDT (µg g–1 total body dry weight)
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at the end of the experiment in all the microcosms. The
data presented here are unique in the sense that one
clearly can observe the increased porosity at about 9 to
12 cm (Fig. 2A) from H. filiformis bioturbation com-
pared to surrounding values and to porosity measured
in the microcosms without animals. This pattern is
independent of DDT concentration. This observation
must be considered when treating porosity as constant
in the interpretation of radiotracer studies (Mulsow et
al. 1998).

Polychaete body weight was significantly greater for
those in sediments with no DDT (control: 4.1 ± 2.7 mg)
and Treatment 1 (2.7 ± 1.1 mg) compared to body
weights measured in Treatments 2 (1.2 ± 0.9 mg) and
3 (1.1 ± 0.7 mg) (Kruskal-Wallis rank test and Student-
Newman-Keuls comparison method; p < 0.05). Al-
though the initial polychaete weight was not deter-
mined, similar size organisms (similar size of second
segment, width/length ratio, of each polychaete) were
selected to be added to each of the experimental
microcosms. While it was not possible to calculate

growth rates, the organisms in Treat-
ments 2 and 3 appeared to grow more
slowly.

Layer burial rate (Wb)

Non-linear least-square curve fits to
the data proved to be a reliable tech-
nique to obtain parameterized values of
the marker layer position, concentra-
tion (activity) and spreading (mixing) as
previously demonstrated (Fisher et al.
1980, Robbins et al. 1984, Krezoski &
Robbins 1985). A major impact of head-
down deposit feeders is the rate at
which they can bury incoming particles
(natural and anthropogenic) into the
sediment. This ecological process plays
a major role in the fate of sediment-
bound exogenous compounds by re-
ducing the time a newly settled com-
pound is in contact with the overlying
water. We estimated this process by fol-
lowing the burial of the top 137Cs layer
in each microcosm. The radiolabeled
top layer was buried at a significantly
faster rate in the control (no DDT) than
in sediments containing DDT (Table 2).
Sediment compaction was very low
during the experiment (0.01 cm wk–1;
top layer; 3 replicates with no worms)
and 0 in the deeper layers. This value
was used to correct biological burial

rates (Wb; top layer) in the control and treatments. The
control burial rate (4.45 ± 0.62 cm worm–1 yr–1) was
1.6 times higher than for Treatment 1 (2.71 ± 0.42 cm
worm–1 yr–1), 2.7 times higher than for Treatment 2
(1.61 ± 0.16 cm worm–1 yr–1) and 2.4 times the value
obtained in Treatment 3 (1.85 ± 0.58 cm worm–1 yr–1).
All the burial rates were significantly different among
treatments and control (Kruskal-Wallis rank test and
Student-Newman-Keuls comparison method, p < 0.05).

Mixing coefficient (Db)

In general, polychaetes exposed to 5 and 10 µg g–1

DDT showed a similar Db profile as the control (Fig. 3).
These mixing profiles demonstrated decreased mixing
with depth down to 10 to 14 cm, the approximate feed-
ing zone of Heteromastus filiformis, where the values
became similar to those at the surface, particularly for
the control. This pattern was not as clear in Treat-
ment 3. In the latter treatment, although similar values
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Fig. 2. Experimental sediment characteristic at the end of the experiment: 
(A) porosity gradients measured (n = 3) and (B) DDT concentration gradient
profiles (n = 3) at the end of the experiment. (C) DDT partitioning measured
at the sediment fraction smaller than 63 micron (mud-clay fraction). Shaded
area in (A) and (B) is an average estimate of the natural feeding depth of
Heteromastus filiformis (author’s pers. obs., Cadée 1979, Clought 1993).
Hatched region on (C) represents 59.6 ± 7.1% of the total DDT found in these
fractions (medium silt size; Folk 1974). Error bars in (A) and (B) represent 

mean values ±1 SE
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for surface mixing were observed, mixing at depth was
less pronounced and represented by lower values. Per-
haps a more defined pattern could have been observed
if the experiment had lasted longer. The time con-
straint comes from the non-steady state conditions of
the experimental design. The organic carbon source is
finite and decreases significantly over the course of
the experiment (Table 1), and the geochemical milieu
is controlled to a great extent by external aeration.
Controlling the temperature of the sediment column

only reduces the microbial degradation of the sedi-
ment column and thus avoidance of anoxic conditions
in the microcosms.

Feeding rate constant (γγb)

Feeding rate constant (γb, % h–1) was calculated for
each peak and was clearly a Gaussian-like function
for the control. The treatments clearly showed an
essentially constant γb pattern (Fig. 4) that was basi-
cally independent of the DDT concentration but sub-
stantially different from the control. The feeding rate
constant was generally constant with depth and lower

187

Fig. 3. Mixing coefficients determined for each layer for all
treatments and the control. Db values are mean values ±1 SD
of at least 3 replicates with the exception of Treatment 1 (*).
In this latter case, only 1 microcosm had that particular layer 

marked with 137Cs

Toxicological indexes
Body weight (mg) Wb (cm w–1yr–1) DB (cm2 yr–1)a γ (% h–1) × 10–3 a

Control 4.1 ± 2.7 4.45 ± 0.62 0.88 ± 0.18 0.23 ± 0.08
Treatment 1 2.7 ± 1.1 2.71 ± 0.42 0.75 ± 0.51 0.06 ± 0.05
Treatment 2 1.2 ± 0.9 1.61 ± 0.16 0.74 ± 0.44 0.07 ± 0.03
Treatment 3 1.1 ± 0.7 1.85 ± 0.58 0.55 ± 0.12 0.07 ± 0.09
RC (µg–1 g–1) 0.09 ± 0.02 0.07 ± 0.03 0.02 ± 0.004 0.14 ± 0.07
r2 0.93 0.79 0.95* 0.70
aValues represent the average of the parameter over the length of the sediment column

Table 2. Toxicological indexes: body weight, biological mixing DB, feeding rate constant g, based on first-order kinetics (lnA vs t ) 
and burial rate (Wb). Rate of change is also given. *p < 0.05

Fig. 4. Feeding rate constant (γ) calculated for each layer.
Only the control appears to have a Gaussian-like function
with depth, showing a maximum g at depth of 7 to 12 cm
below the surface. Dashed line: Gaussian fit curve. Mean 

depth layer ± 1 SD
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than that for the control for all the treatments. Further,
feeding appears to be largely restricted to near-
surface sediments for the DDT treatments (Fig. 4). In
general, the values are small compared to those
reported for a freshwater annelid (Krezoski & Robbins
1985). Nonetheless, Heteromastus filiformis is a well
known head-down deposit feeder; thus, the observed
subsurface peak for γb in this study confirms the poly-
chaete’s feeding behavior by showing a maximum in
the range of 7 to 12 cm (Fig. 4). Perhaps the differ-
ences between control and treatments makes this
parameter a very sensitive one that would enable the
detection of the impact of sediment-bound contami-
nants on this species.

A sensitivity analysis among the parameters deter-
mined in this study (Table 2, Fig. 5) was carried out as
a function of DDT concentration. This comparison
showed that: (1) all the parameters decreased with
increasing DDT concentration; and (2) the relation-
ships were apparently non-linear. Only Db versus DDT
showed a significant correlation coefficient (r2 = 0.95, 
p < 0.05). The feeding rate constant (γb) showed the
highest fraction change µg–1 g–1 DDT of all the para-
meters (0.14 ± 0.07) but also the lowest correlation
coefficient (0.7). Body weight and burial rate exhibited
a fractional rate change of 0.09 ± 0.02 and 0.07 ±
0.03 µg–1 g–1 DDT respectively, followed by bioturba-
tion coefficient (Db) at 0.02 ± 0.004 µg DDT g–1.
Although body weight fractional change was the sec-
ond-most sensitive endpoint, caution should be used in
its interpretation. It is clear that the time of our experi-
ment was rather short to clearly define the effects of
DDT in the parameters chosen. Db was the only para-
meter significantly affected by DDT concentration in
sediments; thus, given the short duration of the exper-
iment represents a comprehensive parameter describ-
ing the biological effect of Heteromastus filiformis in
sediment mixing while this species is exposed to sedi-
ment-bound contaminants like DDT.

DISCUSSION

There was a considerable decrease in the amount of
TOC at the end of the experiment that ranged from 44
to 71% of the initial TOC content. If the amount of
required organic matter by 1 mg (dry weight) Hetero-
mastus filiformis is roughly 0.004 mgC d–1 (Clought &
Lopez 1993), then the experimental sediment column
had several times more TOC even at the end of the
experiment than that required by the largest worms
(4 mg, control). Thus, TOC was not likely a limiting
factor in our study. Therefore, the observed effects on
the biological mixing activities of H. filiformis may be
attributed to DDT. If the ratio of labile to refractory
organic matter was very small, then the effect of TOC
depletion may have played a role and somewhat
masked the effect of DDT. However, H. filiformis in
nature feeds at depth where the labile to refractory
ratio is also small compared to the surface newly
settled organic particles. Thus, the ratio of labile to
refractory carbon may not account for the observed
effect on the biological activity of H. filiformis. Another
factor that could have played a role in the observed
results is the size of the worms used in the experiment.
However, the initial width/length ratio was not differ-
ent among the worms used. Thus, most of the response
of H. filiformis must be related to the presence of the
contaminant (DDT) in the sediment.

The presence of sub-lethal concentrations of DDT in
sediments modifies rates of sediment mixing and feed-
ing by Heteromastus filiformis. Polychaetes not ex-
posed to DDT produced mixing rate coefficient (Db)
profiles that initially decrease and then increase
slightly between about 12 to 16 cm depth. This slight
increase in Db was most prominent in the control cells,
still somewhat evident in Treatments 1 and 2 but
absent in Treatment 3 cells, where Db declined down
core (Fig. 3). The effects of bioturbation were clearly
manifested by changes observed within the same
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Fig. 5. Plot of toxicological variables
estimated in this study as a function
of DDT concentration for Hetero-
mastus filiformis. A non-linear re-
gression (Statistica™) was found to
be appropriate between DDT con-
centration and each variable. Al-
though r2 was significant only for
Db, a rate change µg–1 g–1 of DDT
decreased from for body weight >
burial rate > bioturbation. γ had
the lowest correlation coefficient
but the highest rate change µg–1

g–1. Values represent mean values 
± SD
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depth range in porosity, DDT concentration and feed-
ing rate (γb) profiles. This biological mixing depth cor-
responds to the depth at which H. filiformis has been
observed to feed in nature (10 to 20 cm below the sur-
face) (Cadée 1979, Neira & Höpner 1993, 1994). How-
ever, in each case, the more or less linear decreases in
mixing rate coefficient (Db) from the sediment surface,
followed by an increase in the vicinity of the feeding
zone, are consistent with the modality of this deposit
feeder. In the region from the top down to the worm’s
range of feeding, sediments are mixed primarily by
full-length body motions that will be most marked
in least consolidated (i.e. higher-porosity) sediments.
Within the feeding zone, sediment mixing will
undoubtedly be intensified by activities of recruiting,
ingesting and rejecting sediment nutrients. In Fig. 4, it
is clear that in the absence of DDT (control), feeding is
distributed over a broad depth range. In all other cases,
feeding is much lower and evidently confined to the
near-surface sediments, although in Treatments 1 and
2, there is a suggestion of an increase around 12 cm
depth. Even at the lowest concentration employed
(5 µg g–1), DDT appears to have an effect on the mag-
nitude as well as the distribution of feeding by H. fili-
formis. The DDT-associated decrease in feeding rate is
linked, as might be expected, by a reduction in the rate
of sediment mixing within or near the terminus of the
zone of feeding. However, the initial linear decrease in
Db is largely unaffected by the presence of added DDT
in the concentration range of 0 to 20 µg g–1. Thus, DDT
interfered with normal rates and distributions of feed-
ing by H. filiformis, but had little effect on their mixing
of sediments above the feeding zone.

Heteromastus filiformis was negatively affected by
the presence of DDT. The sensitivity analysis depicted
body weight more sensitive than WB and Db of the
parameters used in this study as a function of the con-
taminant concentration. Worms exposed to the lowest
DDT concentration (5 µg g–1) showed somewhat simi-
lar patterns of mixing rates profiles compared to the
controls but with lower mixing and burial rates. When
H. filiformis was subjected to DDT concentrations of
10 µg g–1 or more (particularly Treatment 3), the mix-
ing-rates were rather constant throughout the sedi-
ment column (no clear subsurface peak) and signifi-
cantly lower than for Treatments 1, 2 and the control
(Fig. 3). The presence of DDT in sediment also reduced
the feeding rate constant of the polychaetes, even at
the lowest treatment concentration 5 µg g–1 (Fig. 4).
Apparently, H. filiformis under these experimental
conditions reduces its feeding at the lowest concentra-
tion, while the average mixing rate coefficient (Db) is
less affected requiring a sediment DDT concentration
of >10 µg g–1 to show a clear decline. Perhaps after
exposure to the contaminant, the worms reduce their

feeding rate and only mix the sediments diffusively
and convey only limited amounts of ingested sediment
to the surface. Thus, the burial rate remains low com-
pared to the control while mixing continues. The
worms may continue to accumulate DDT by routes
other than ingestion as Clought & Lopez (1993) have
suggested it (wall absorption of dissolved organic com-
pounds). Overall, the impact of accumulated DDT fol-
lows a simple rule: The more contaminant in the sedi-
ment, the more the body burden. Similar findings have
already been reported for H. filiformis. At a DDT con-
centration of 8 µg g–1, a significant reduction in fecal
pellet production (and hence feeding rate) was ob-
served after a short period of exposure (28 d) (Mulsow
& Landrum 1995).

The biological burial rate in the control (4.5 cm yr–1;
Table 2) was comparable to ‘reworking rates‘ mea-
sured in the field for Heteromastus filiformis: Cadée
(1979) reported 3.9 cm yr–1 and Neira & Höpner (1993)
found 5.96 cm yr–1.

Post-experimental worm dry weights were inversely
related to the concentration of the contaminant,
reflecting, perhaps, a decrease in feeding and rework-
ing rate and/or stress associated with the levels of DDT
in the sediments. Because initial weights were not
determined, it is not certain whether the controls grew
faster or the DDT-exposed worms at the higher treat-
ments lost weight due to reduced feeding.

The use of non-invasive techniques, such as the one
reported here, clearly demonstrate the high resolution
at which one can quantitatively measure and describe
the complex feeding behavior of marine invertebrates
that live and feed beneath the sediment-water inter-
face. Biological mixing rate Db showed here to be a
very powerful parameter to describe the overall mixing
activity of this polychaete while exposed to environ-
mental stress caused by a sediment-bound contami-
nant. However, this experiment also shows that feed-
ing study is of such complexity that a sole parameter
such as Db or γb cannot be used independently as an
index for estimation of the effect on the feeding behav-
ior of Heteromastus filiformis. At sub-lethal concentra-
tions, DDT produces a complex response of the organ-
ism, which may be revealed by a multi-parametric
non-invasive radiotracer scanning method such as the
one employed in this study. While Db in the presence of
DDT did not show a large difference compared to the
control over the whole sediment column, it was enough
to significantly decrease with increasing DDT concen-
tration. Both body weight and burial rate (Wb) had
higher fractional rate of change than Db with DDT con-
centration, and are the more sensitive parameters to
demonstrate the impact of DDT on H. filiformis for
future experiments. Finally, truly marine deposit
feeders, in particular head-down conveyor-belt deposit
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feeders such as H. filiformis, are species prone to be
affected by the introduction of many sediment-bound
chemical compounds in a very short time period, as
these species feed on sediments. Perhaps sub-lethal
concentrations may eventually have a long-lasting
effect on the overall benthic assemblage. Although
species may not necessarily be eliminated, changes in
the rate at which these species mix sediments will alter
important diagenetic reactions.
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