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Macrofaunal reworking activities and hydrocarbon redistribution
in an experimental sediment system
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Abstract

The influence of macrofaunal reworking activities on the redistribution of particle associated hydrocarbon compounds (HC)
was experimentally investigated. Two distinct hydrocarbon mixtures adsorbed on montmorillonite particles (< 4 pm diameter)
were added to the surface and deeper (2.5 cm) sediment layers. For comparison, luminophores (100—160 um diameter) were added
in the two deposit layers. At the start of the experiment, four macrobenthic species (the bivalve Abra nitida, the polychaete
Scalibregma inflatum, and the echinoderms Amphiura filiformis and Echinocardium cordatum) were added to the sediment
surface. The macrofauna added rapidly transferred HC from the surface sediment down to ~ 5 cm depth by both continuous
(biodiffusion) and non-continuous (biotransport) transport. Hydrocarbon compounds initially added to the deeper sediment layer
were only subject to biodiffusion-like transport. Apparent biodiffusion coefficients (Db) quantified by using a 1-D model were
between 0.5and 8.4 x 10~ > cm?d ™', and biotransport coefficients () ranged from 2.0 t0 27.6 x 10~ > d~ '. Thus, the four species
studied did not have the same effect on particle redistribution and, consequently, on HC repartition in the sediments. E. cordatum
was the most efficient reworker. The present study demonstrated the importance of particle size selectivity by benthic fauna, and
verified that macrofaunal reworking activities may redeposit sediment from deeper sediment layers on the sediment surface. Both
processes have obvious implications for rates and pathways during organic matter mineralisation in marine sediments.
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1. Introduction recognised as quantitatively and qualitatively impor-
tant processes during early diagenesis of organic
material (OM) in benthic marine environments (e.g.
Aller et al., 2001; Reise, 2002). For example, burrow-
ing, tube construction, feeding and ventilation activ-
ities redistribute fluids and particles, alter oxic/anoxic
boundaries, and modify local environmental condi-
tions for microbial activities (Aller, 2001). As a result,
solute and particle fluxes across the sediment-water

Macrofaunal particle reworking and irrigation of
overlying water and pore water (bioturbation) are
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interface, and rates and pathways during OM miner-
alisation may be significantly different in sediments
with benthic macofauna compared to those without



(Osinga et al., 1997; Sun et al., 1999; Berg et al.,
2001; Kristensen, 2001; Gilbert et al., 2003a). Labo-
ratory experiments using individual species of macro-
fauna (Kristensen and Blackburn, 1987; Frangois et
al., 1999; Ingalls et al., 2000) have confirmed their
importance for the fate of sedimentary OM. However,
the net effect on the overall fate of organic material is
not always evident from experimental observations
and is often difficult to predict from bulk measure-
ments, e.g. of macrofauna biomass. For example,
while natural benthic assemblages have been demon-
strated to enhance the reactivity of recently deposited
lipid biomarkers (Webb and Montagna, 1993; Bianchi
et al., 2000; Middelburg et al., 2000; Grossi et al.,
2003), there are numerous reports that animal activi-
ties actually slow down the degradation of sedimented
OM (Blair et al., 1996; Van de Bund et al., 2001;
Josefson et al., 2002).

Studies on the relation between bioturbation and
overall fate of OM in marine sediments have generally
focused on how benthic animals affect the fate of
organic tracers deposited on the sediment surface
(e.g., Gilbert et al., 1996; Sun et al., 1999), or how
bioirrigation alters the availability of higher oxidants
such as oxygen and removes toxic metabolites (Ander-
sen and Kristensen, 1992; Hulthe et al., 1998; Kristen-
sen and Holmer, 2001; Gilbert et al., 2003a). Periodic
re-exposition to oxygen of already buried material is an
important mechanism to support rates and extent and
organic matter degradation (Hulthe et al., 1998). De-
tailed and accurate knowledge on how individual
macrofaunal species and communities influence parti-
cle and solute redistribution in surface deposits is
therefore essential for understanding the fate of OM
in marine sediments. Indeed, each macrofaunal species
induces a particular particle and solute transport mech-
anism depending on its functionality (i.e. feeding mode
and overall behaviour; Francois et al., 2001).
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To investigate how individual species of macro-
fauna with a distinct functionality influence OM
redistribution in surface sediments, we carried out
an experiment with four macrobenthic species from
the Alsbéck trough (the Gullmar Fjord, western Swe-
den): the bivalve Abra nitida, the polychaete Scali-
bregma inflatum, and the echinoids Amphiura
filiformis and Echinocardium cordatum. The experi-
mental set-up was specifically designed to study both
upward and downward movements of organic tracers
(hydrocarbons) and inert particulate tracers (lumino-
phores). Modelling of tracer distributions allowed us
to calculate and compare continuous and non-contin-
uous mixing coefficients (Db, r) for the different
macrobenthic species. A comparison between hydro-
carbon and particulate tracers was made in terms of
particle selection by macrofauna.

2. Material and methods
2.1. Sampling and experimental set-up

In July 2001, sediment for sediment-water incuba-
tions was collected at the Alsbéck site (120 m) in the
Gullmar Fjord (western Sweden) using a box-corer
(0.5 x 0.5 m). Surface (0—9 cm) and deeper (9—40
cm) sediment layers were removed and sieved (0.1 and
0.3 cm mesh, respectively) separately. An experimen-
tal sediment geometry was reconstructed in a large
(0.80 x 0.38 m) plastic tank, where 6 cm of the sieved
and homogenised surface sediment was applied on top
of 18 cm deeper sediment (Fig. 1). Filtered surface
water was allowed to continuously circulate above the
sediment in a flow-through system. This system was
used for pre-incubation at 10°C for 1 month.

In August 2001, four macrofaunal species, typical
inhabitants of the Gullmar Fjord (Josefson et al.,
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Fig. 1. Geometry of the reconstructed experimental sediments before the introduction of macrofaunal species.



2002), the bivalve Abra nitida, the polychaete Scali-
bregma inflatum and the echinoderms Amphiura fili-
formis and Echinocardium cordatum, were collected
with a box-corer (0.5 X 0.5 m). Individuals to be used
in the experiment were sorted and placed in sediment
aquaria inside a running-water system until the start of
the experiment.

Two mixtures of tracers (synthetic hydrocarbons
and luminophores) were prepared. The first mixture,
later to be deposited on the sediment surface (surf-
HC and surf-lum), contained phytane (3,7,11,15-tet-
ramethylhexadecane), squalane (2,6,10,15,19,23-hex-
amethyltetracosane; Aldrich) and hexatriacontane
(Aldrich) (20 mg/g of each hydrocarbon adsorbed
on montmorillonite <4 pm), and green luminophores
(100160 pm, 1.8 g). Phytane was obtained in the
laboratory after deshydratation of phytol (Interchim)
and further catalytic hydrogenation. The second mix-
ture contained pristane (2,6,10,14-tetramethylpenta-
decane; Aldrich), dodecylcyclohexane (TCI-EP) and
dotriacontane (Aldrich) and red luminophores (100—
160 um, 1.8 g). This latter HC mixture was later
included at 3.5 cm depth in the sediment (deep-HC
and deep-lum). 20 mg/g of each hydrocarbon was
adsorbed on montmorillonite particles (<4 pm) be-
fore being included in the two HC mixtures. The
background content of HC was found to be insignif-
icant (less than 0.1 % of the added hydrocarbons).

In order to introduce the two hydrocarbon mixtures
at two different depths in the reconstructed sediment
cores, 3.5 cm-thick sediment-hydrocarbon cakes were
made (Fig. 1). A bottom sediment layer (initial sieved
surface sediment; 0.5 cm height) was deposited on the
bottom of cylindrical moulds (3.5 cm height; 97 mm
i.d.). Known quantities of the second HC-mixture
were sprinkled on the sediment layer. Moulds were
subsequently filled with 3 c¢cm of sieved surface
sediment. Known quantities of the first HC-mixture
were sprinkled on the surface of the sediment cake,
and the moulds were frozen. After removal of the
overlying water, 15 sediment core tubes (35 cm long;
98.8 mm 1i.d.) were carefully inserted into the sedi-
ment in the tank. The frozen sediment plugs with the
HC mixtures were removed from the moulds and
added to the surface sediment of the inserted cores
(Fig. 1). The set-up was supplied with a continuous
water-flow of aerated bottom water during a stabilisa-
tion period of 2 d. Temperature was kept constant at

10°C, close to the in situ temperature (6 °C throughout
the year).

Six individuals of each macrofaunal species were
carefully removed from their aquaria and added sep-
arately to three replicate cores for each treatment.
Including three control cores where no macrofauna
was added, there were thus 15 cores in the incubation
system. The animals were weighed individually (4.
nitida=0.234 £0.051 g, S. inflatum=0.277 = 0.101
g, A. filiformis (disc)=0.033 £0.009 g, E. corda-
tum=0.370 £ 0.140 g, n=18).

After 10 d of sediment-water incubation with a
continuous supply of well-oxygenated bottom water
with a composition close to that of ambient bottom
water, the sediment cores were sliced into 0.5 cm layers
from 0 to 4 cm depth, and then into 1 cm thick sections
from 4 cm down to 18 cm depth. Sediment slices were
freeze-dried and stored frozen before analysis.

2.2. Analysis of tracers

Each slice was homogenised and a sediment aliquot
(5—20 g dry sediment) was extracted for lipids (12 h)
using the extraction procedure with dichloromethane
as solvent. Organic extracts were pre-concentrated by
rotary evaporation and hydrocarbons were separated
by column chromatography (silica gel; 3% H,0) with
n-hexane (50 mL). Individual hydrocarbons were
quantified by Gas Chromatography - Flame lonization
Detection (GC-FID HP6890 with a HP7683 autosam-
pler. Separations were performed with a HP1 capillary
column (25 m X 0.32 mm i.d., 0.17 pm film thickness)
in splitless mode injection (280°C) with Helium as the
carrier gas. The temperature of the FID was 280°C.
The oven temperature programme was: 1 min at 60°C,
20 min from 60 to 130°C, 4 min from 130 to 300°C
and 10 min at 300°C. Individual retention time of
hydrocarbons was determined with single external
standards. Heneicosane was used as an internal stan-
dard for quantification.

For each sediment slice, part of the sediment was
used for luminophore quantification under UV light
(Gérino et al., 1998).

2.3. Data modelling

The reaction-diffusion type model used in this
paper to describe tracer redistributions following



macrofaunal reworking is based on the general dia-
genetic equation (Berner, 1980):

%_%<Db%) +R(C) (1)

where C is the concentration of the tracer, ¢ the time, z
the depth, Db the apparent biodiffusion coefficient,
and R(C) the non-continuous displacement of tracer.
The term R(C) is defined as follows:

R(C(z,1))
7 — 21 /0 C(x, t)dx if z€(z1;25)] (2a)
= —}"C(Z, t) if ZE{O;ZI] (2b)
L0if z> 2z (2¢)

where z; and z, define the upper and lower limits of
the tracer redistribution, x and z are depth variables
and the biotransport coefficient (r) is the percentage of
tracer that left the [0,x;] deposit and redistributed in
the [z,,2»] layer. The redistribution of tracer between
z, and z, and the disappearance of tracer from the 0-
7, layer are described by Egs. (2a) and (2b), respec-
tively. Eq. (2c¢) indicates that no tracer movement
occurs below z,.

This displacement term was originally exemplified
in a model describing gallery-diffusion of macrofau-
nal reworking (Francois et al., 2002). This biological
reworking process describes the diffusive-like mixing
of particles in the region of intense burrowing activity
and the rapid transport of organic and inorganic
material from the upper sediment layers to the lower
regions of reworking (i.e. ‘biotransport’).

According to the experimental conditions, the
following initial conditions were used:

Co if ze[x1; x2]
C(z,0) = 3)
0 else

where x; is the maximum depth of continuous particle
transport, and X, is the maximum depth of non-
continuous particle transport.

Finally, a zero - flux Neuman boundary condition
was considered:

acC . aC
E (0, t) = llmz_,+oo E

(z,1) =0 (4)

The application of this bioturbation model to tracer
redistributions allowed the quantification of two par-
ticle mixing coefficients: an apparent biodiffusion
coefficient Db and a biotransport coefficient ». The
biodiffusion coefficient Db takes into account the
diffusion-like transport due to the activity of the
organisms. We assume that the actual concentration-
dependent diffusion of tracers is negligible. The bio-
transport coefficient (») represents a non-local mixing
pattern associated with a biologically induced transfer
of particles from one place to another in a discontin-
uous pattern, i.e. a non-continuous transport; Bou-
dreau, 1986).

2.4. Data analysis

We used a Kruskal-Wallis test followed by mean
comparison of Nemenyi (Zar, 1999) to validate even-

Relative hydrocarbon concentration (%)
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Fig. 2. Hydrocarbon depth profiles in control sediments without
macrofauna. Full symbol: surface tracer (pristane); open symbol:
deep tracer (phytane). Data are expressed in relative percentage of
total tracer recovered at the end of the experiment and corrected for
background concentration.



tual differences between species. This test is normally 3. Results
applied to smaller data sets without normal probability

distributions. It is a non-parametric equivalent to one- Results presented in this paper are mainly focussed
way ANOVA. Results were considered significant at on the movement of hydrocarbon tracers due to macro-
P<0.05 (Zar, 1999). faunal activities. Quantification of luminophore mix-
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Fig. 3. Hydrocarbon depth profiles in experimental sediments inhabited by Abra nitida, Scalibregma inflatum, Amphiura filiformis and
Echinocardium cordatum. Left: one surface tracer (pristane), right: one deep tracer (phytane). Data are expressed in relative percentage of total
tracer recovered at the end of the experiment and corrected for background concentration (mean = SD, n=3 for A. nitida and S. inflatum and
n=2 for A. filiformis and E. cordatum due to a different sediment slicing for one core, 0.6 cm step instead of 0.5 cm step). Dotted lines represent
the maximal reworked zones where more than 99% of the tracers were found.



ing is only used for the comparison of tracer redis-
tributions. A detailed study of the influence of the
macrobenthic species on luminophore redistribution
will be discussed elsewhere (Gilbert et al., ms in prep.).

3.1. Tracer profiles

After the 10 d of sediment-water incubations, all
the surface tracers in the control cores remained at the

sediment-water interface (Fig. 2). This observation
indicated that particles were not transported down-
wards (buried) in the absence of animals. It also
confirmed that sediment handling, i.e. the freezing/
de-freezing procedure and eventual compaction of the
sediment cakes during core construction, did not
affect tracer distributions. The deep tracers remained
in the 2—2.5 cm deep layer at the end of the incuba-
tion experiment. Fig. 3 shows the distributions of
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Fig. 4. Luminophore depth profiles in experimental sediments inhabited by Abra nitida, Scalibregma inflatum, Amphiura filiformis and
Echinocardium cordatum (surface luminophores: full symbol; deep luminophores: open symbol).



hydrocarbon compounds in the inhabited cores after
10 days of incubation. Concentrations of HC deeper
than 7 cm were similar to the background concen-
trations. Therefore, only the 0—7 cm zone was con-
sidered in the calculations. For clarity reasons, only
one tracer profile was plotted (phytane and pristane
for the surface and the deep sediment layers, respec-
tively). For each mixture, the three alkanes showed
similar distributions.

In the bioturbated sediments, surface hydrocarbons
were buried down to 5 cm depth and more than 99%
were detected within the first 4 cm (Fig. 3). The depth
profiles indicated a rapid burial of surf-HC within 10
d and 8 to 18% of surf-HC were buried below the
sediment surface layer. The echinoderm E. cordatum
was responsible for the highest downward transfer of
HC originally deposited on the sediment surface. Surf-
HC concentrations exhibited exponentially decreasing
profiles from the surface sediment down to 3.5 cm
depth for the A. nitida, A. filiformis and E. cordatum
treatments. In the S. inflatum sediment cores, surf-HC
concentration rapidly decreased from the surface to 1
cm depth, followed by constant distributions below 1
cm depth (Fig. 3). Hydrocarbon tracers deposited in
the deeper sediment layers were essentially redistrib-
uted in the 1 — 3.5 cm sediment layer. However, deep-
HC was also detected in the surface layer in one core
containing A. filiformis, and down to 5 cm in the cores
reworked by S. inflatum. The redistribution of deep-
HC typically resulted from biodiffusive-like processes
for the four species. However, their distribution was
more spread out with S. inflatum (~ 3 cmvs. ~ 2 cm
for the other species) (Fig. 3). Similar depth profiles
were obtained for luminophores (Fig. 4).

3.2. Mixing coefficients

For each of the four species studied, the mean
mixing coefficients (Db and r) calculated for all
hydrocarbons (surface and deep mixtures) within each
core are presented in Table 1.

Quantification of sediment reworking activities
(Db and r) showed that the transport of surf-HC in
our experimental system could be explained by both
continuous- (Db;) and non-continuous transport of
tracer (r;). The transport of deeply deposited tracers
was only influenced by a continuous transport (Db,).
Db, ranged between 1.5 and 8.4 X 10~ * cm? d”~ '. In

Table 1

Apparent diffusion coefficient Db (X 10~ * ¢cm? d~ ') and biotransport coefficient » (x 10> d~ ') for surface (Db;, r;) and deep hydrocarbons (Db,)

E. cordatum

C10

A. filiformis

Cc7

S. inflatum

C4

A. nitida

Species
Core ID C1

Cl12

Cl1

Cc9

C8

C6

Cs5

C3

C2

84+04

46+03 54+03 4.0+03

+04

2.8

1.5+£0.1 32%0.1

32+ 1.8 (b)

54+12
202+£5.5

29+0.1

42+0.1

41403

0.2

35+

Db,

59+ 1.9 (a)
147+ 0.7

3.5+0.8 (b)

9.4

3.9+ 0.4 (ab)

13.1+£0.8

Mean

ry

27.6+ 1.8

193+1.3

23.4+0.8

+1.9

20+£04 99+1.1

15714 70+1.1

11813

20.5 + 5.8 (a)
56+0.2

14.2 + 7.0 (ab)
48+05

9.7+ 8.6 (b)

6.1+0.6

13.6 + 2.0 (ab)

Mean

59+0.1

28102

1.0+ 04

1.4+0.1

2.7+0.1

0.8+£02 05+£0.1

22%05

5.6+0.2

Db,

48+ 1.5 (a)

24+ 18 (b)

3.1+2.5 (ab)

2.9 +22 (ab)

Mean

3. Different letters denote significant differences among species, for each coefficient (Kruskal-Wallis test and mean comparison of Nemenyi), values

Values are mean + SD, n

bearing the same letter (a or b) did not present significant differences.
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general, the lower mixing coefficients were obtained
in the S. inflatum cores, while the higher coefficients
were calculated in the E. cordatum inhabited cores
(Table 1). r; ranged from 2.0 for S. inflatum to
27.6x 1072 d~ ' for E. cordatum (Table 1). Db,
ranged from 0.5 to 6.1 X 10~ em? d~ ' (Table 1).

Statistical analysis using the Kruskal-Wallis test
showed significant differences in biodiffusion coeffi-
cients and biotransport coefficients between the spe-
cies (Db; : F=11.90, P<0.05; r;: F=11.03, P<0.05;
Db,: F=7.83, P<0.05).

A comparison between mixing coefficients calcu-
lated from hydrocarbon and luminophores distribu-
tions, respectively, revealed that both types of tracers
came out with similar mixing coefficients (Fig. 5).
Db; and r; were twice those of surface luminophore
coefficients (slopes=1.82 and 1.89 for Db; and r,,
respectively). Biodiffusion coefficients (Db,) for the
deep tracers were similar (slope =0.86).

4. Discussion

Overall distributions of particles and particle-asso-
ciated organic compounds in reworked marine sedi-
ments generally result from the feedback mechanisms
that operate between bioturbation, degradation pro-
cesses and physical mixing. In this study, hydrocarbon
compounds are considered to be conservative organic
tracers since their reactivity in marine sediments is
normally significantly lower than most other lipid
classes (Saliot, 1994; Colombo et al., 1997). This
was confirmed by the quantification of HC which
remained constant in the entire sedimentary column
throughout the 10-d incubation (Fig. 3). Moreover, the
experimental set-up was designed to have no physical
disturbance at the sediment-water interface. Therefore,
modifications of HC profiles were only induced by
the burrowing and subsequent reworking of benthic
macrofauna.

Fig. 5. Comparison between hydrocarbon (y-axis) and luminophore
(x-axis) mixing coefficients for the four species. (A) Surface
apparent biodiffusion coefficients (Db;), (B) surface biotransport
coefficients (r;), and (C) deep apparent biodiffusion coefficients
(Db5). Solid lines represent linear correlation and dotted lines 1:1
fits. The encircled point was not taken into account in the linear
correlation of surface tracers.



4.1. Macrofauna induced redistribution of deposited
hydrocarbons

Among the different species present at the sam-
pling site, A. nitida, A. filiformis, S. inflatum and E.
cordatum were chosen for their demonstrated rework-
ing activities. Although the four species have different
functionalities and thus are expected to affect particle
transport differently, they all presented a sediment
reworking behaviour that includes continuous and
non-continuous transport processes. Organic and in-
organic particles were not only transported down-
wards. All four species have been shown to induce
upward movements of particles. Unlike conveyor-belt
feeders (e.g. oligochaetes) that transport particles from
sub-surface to the sediment surface by burrowing into
sediments to feed and defecating on the sediment
surface (Rhoads, 1974; Robbins et al., 1979), these
species do not belong to functional groups known to
induce such movements. Such bi-directional sediment
reworking thus leads to vertical movement of particles
across oxic and anoxic boundaries. The frequency and
duration of these processes may significantly influ-
ence degradation rates and net preservation of OM
(Aller, 1994).

The sediment reworking of A. nitida, S. inflatum
and E. cordatum is normally explained by their
feeding activity and their displacements. For example,
Wikander (1980) deduced from sediment reworking
calculations that the surface deposit feeder 4. nitida
possesses a bioturbating potentiality by picking food
with the siphon and moving about in the sediment
(Persson and Rosenberg, 2003). 4. filiformis stretches
its arms above the sediment to feed and can switch
between suspension-feeding and deposit-feeding
depending on hydrodynamic conditions at the water-
sediment interface and OM availability (Buchanan,
1964). This species, which rapidly transports sediment
down along the arms to the disc 3—4 cm below the
surface (Persson and Rosenberg, 2003), is generally
considered to be an efficient sediment reworker
(Rosenberg et al., 1997; Solan and Kennedy, 2002;
Gilbert et al., 2003b). This was also confirmed in the
Gullmar Fjord, where Josefson et al. (2002) showed a
rapid burial down to 5 cm depth of phytodetritus by A4.
filiformis as early as 9 h after a simulated bloom. Blair
et al. (1996) showed that in continental slope sedi-
ments dominated by the surface/subsurface deposit-

feeder S. inflatum, fresh algal material was rapidly
transported from the surface down to 4—5 cm depth.
The surface deposit feeder E. cordatum may rapidly
transport OM from the sediment surface deeper into
the sediment (Osinga et al., 1997). This species
creates a clean, circular spot on the sediment around
the opening of its burrow. When the sediment surface
is cleared, E. cordatum moves to a new spot (Cramer
et al., 1991). Moreover, Sandnes et al. (2000) found
that downward transport of an organic contaminant
was positively correlated to E. cordatum abundance in
natural sediments.

In this study, a possible behavioural difference of
S. inflatum compared to the other macrofaunal species
was suggested (Fig. 3). As visually observed, the
polychaete created galleries downward from the sur-
face, and was moving up and down in the surface
sediment layers. This was further supported by the
positioning of S. inflatum individuals in the sediment
column at the end of experiments. The polychaete was
generally found in the 7—13 cm zone, whereas the
three other species only occupied the 0—9 cm layer
(Gilbert et al., ms in prep.). This ‘gallery-diffusion’
activity may therefore actively support reworking of
tracers from deeper sediment layers (Figs. 3 and 4).

From a quantitative point of view, significant
differences between the four species were demonstrat-
ed. Differences in particle mixing efficiency were
especially pronounced for E. cordatum. The compa-
rably high mixing coefficients (e.g., Db; = 5.9 &
1.9%x 10" 3 ecm? d~!; mean+ SD; n=9; Table 1)
demonstrated that E. cordatum was the most efficient
sediment reworker in our study. Calculated mixing
coefficients and the observation of an efficient particle
transport for E. cordatum are in agreement with
reports by Sandnes et al. (2000), who calculated a
Db of 6.3 x 107> cm® d~ ' for a benthic mesocosm
population dominated by E. cordatum.

4.2. Comparison of HC with other tracers

In the present study, the simultaneous use of both
hydrocarbons and Iuminophores as sediment rework-
ing tracers helped us to quantify the processes respon-
sible for particle and hydrocarbon tracer redistribution
in the sediment column. The four species investigated
had a greater influence (~ 2 times higher) on surface
HC than on surface luminophores (Fig. 5). Selectivity



of surface particles as a function of size (Self and
Jumars, 1988; Shull and Yasuda, 2001; Giangrande et
al., 2002), resulting in an increase of the biodiffusive
mixing intensity for smaller particles (Wheatcroft,
1992), may explain the difference observed between
tracers deposited on the sediment surface. Indeed, in
our experiment, HC tracers were initially adsorbed on
montmorillonite particles smaller than 4 um (clays),
whereas the size of the luminophore particles ranged
from 100 to 160 um.

Overall particle properties (e.g. equilibrium capac-
ity for OM association) significantly influence the
intensity of mixing. Benthic assemblages are sug-
gested to preferentially select high-quality food par-
ticles, and thus produce quality-dependent mixing
intensities in both coastal and deep areas (Smith et
al., 1993; Miller et al., 2000; Fornes et al., 2001;
Green et al., 2002). This process, sometimes referred
to as ‘age-dependent mixing’ (Smith et al., 1993;
Fornes et al., 2001), mixes food-rich particles into
the sediment column faster than older food-poor
particles. The burial and sequestration of recently
deposited phytodetritus may serve as food buffer for
the benthos (Josefson et al., 2002) and therefore slow
down OM degradation by removing it from the
oxidised layer (Blair et al., 1996; Osinga et al.,
1997; Van de Bund et al., 2001).

On the other hand, at depth, no difference in
reworking was observed between the two tracers
(Fig. 5). As the four species studied fed at the
sediment surface, we conclude that deep particle
reworking was not related to feeding but rather to
animal displacements. In this case, no active selectiv-
ity of particles can be observed. However, by remo-
bilising old and refractory buried organic particles
deep reworking can re-expose them to oxygen and
enhance their degradation (Andersen and Kristensen,
1992; Hulthe et al., 1998; Kristensen and Holmer,
2001).

5. Conclusions

Biologically driven transport of particulate tracers
was observed and quantified using a diffusion-trans-
port model. Our results demonstrated that the four
macrobenthic species, although presenting different
feeding ethology and reworking ability, induced a

similar redistribution of hydrocarbons in the sediment.
Simultaneous upward and downward transport of
tracers was recorded, indicating potential effects of
these bioturbators on the redistribution of both newly
deposited and buried OM in surface sediments. Quan-
titatively, E. cordatum appeared to be the most effi-
cient species for sediment reworking.

From calculated reworking coefficients obtained
from distributions of tracers we conclude that surface
reworking was related to feeding activity and deep
reworking rather than to animal displacements. In
order to assess the impact of macrofauna on OM
distribution and fate within an intact benthic commu-
nity, further studies combining different species are
now needed to determine how animal interactions may
affect macrobenthic community sediment mixing.
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