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ABSTRACT: A mechanistic model has been  developed to characterize and quantify sediment-mixing 
due to m acrobenthic organism s that construct gallery systems. The mixing model is time- and space- 
dependent and employs ordinary differential equations. It uses (1) biological param eters— the size of 
the bioturbated zone, rate of biodiffusion and rate of biotransport; (2) physical param etes— output to 
the w ater-colum n coefficient and rate of physical mixing due to local w ater currents; and (3) biogeo­
chemical param eters— decay rate of the tracer. This gallery-diffusor model is based on a com bina­
tion of 2 processes: biodiffusion in the sedim ent layer containing very dense gallery systems, and bio­
transport in the region of tube bottoms. The perform ance of this gallery-diffusor model is com pared 
w ith that of the biodiffusor model classically used to describe mixing of such organisms. Both models 
are applied to conservative tracer profiles m easured in laboratory experim ents with the polychaete 
Nereis diversicolor. Our new  model provides m echanisms to describe and explain the tracer-profile 
shapes observed in sediments. It includes rapid particle transport from the upper layer of the sedi­
m ent to the tube bottom zone, which is not taken  into account with the biodiffusor model but which 
is of great im portance in understanding the processes of organic m atter degradation in the sedim en­
tary column. It also m akes possible the accurate quantification of the different components of the 
mixing process of an organism  (in this study, the polychaete N. diversicolor). The gallery-diffusor 
model constitutes 1 of 5 elem entary com ponents in a global bioturbation model that allows the study, 
quantification and prediction of sedim ent rew orking by macrobenthic communities according to their 
functional group and composition and/or to the specific characteristics of the individual organisms.
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INTRODUCTION

Bioturbation (all m anner of displacem ents w ithin u n ­
consolidated sedim ents and soils that are produced by 
the activity of organisms: Richter 1952) is recognized

’E-mail: francois@obs-banyuls.fr

as one of the major processes that affect aquatic eco­
system functions. Bioturbation causes the redistribu­
tion of particles and interstitial w ater in sediments, and 
therefore affects the physical, chemical and biological 
properties of the substratum  (e.g. Davis 1974, Rhoads 
1974, Rhoads et al. 1978, Aller & DeM aster 1984, Eck- 
m an 1985, Gérino 1990, M eadows & M eadows 1991, 
Gilbert et al. 1995, 1996). In particular, bioturbation

© Inter-Research 2002 • www.int-res.com

mailto:francois@obs-banyuls.fr
http://www.int-res.com


128 Mar Ecol Prog Ser 229: 127-136, 2002

affects fluxes of organic matter, nutrients and contam i­
nants across the sedim ent-w ater interface and within 
the sedim ent column (e.g. Aller 1982, 1994, Kristensen 
& Blackburn 1987, Gérino 1990, Kure & Forbes 1997, 
M adsen et al. 1997). The characterization and quantifi­
cation of bioturbational processes in sedim ents allow 
us to determ ine the fate of the m atter that settles at the 
sedim ent surface, and are therefore of prim ary con­
cern in biogeochemistry. Hence, several m athem atical 
models have been developed to quantify these pro­
cesses. The most popular of the currently used models 
for bioturbation are ID advection-diffusion models 
(Goldberg & Koide 1962, Guinasso & Schink 1975, Rob­
bins et al. 1979, Berner 1980, Fisher et al. 1980, Aller 
1982, Boudreau 1986). In ID models, sedim ent rew ork­
ing by the different organism s of a m acrobenthic com ­
munity is in tegrated  in 2 global term s— diffusion and 
advection. Although these models are good at fitting 
experim ental data and quantifying bioturbation pro­
cess which have occurred at a site, their efficiency in 
m aking predictions is limited. They do not link explic­
itly the actual sedim ent mixing events to the organism  
activities, and do not take into account the spatial 
heterogeneity  of sedim ent mixing due to the spatial 
distribution of the different m acrobenthic organisms. 
In response to the need  for a better understanding and 
prediction of bioturbation process, w e have developed 
a m echanistic model of particle rew orking based on a 
functional approach to the various organism s that 
m ake up a community (François et al. 2001). The dif­
ferent functional groups comprise species that have 
analogous effects on major ecosystem processes 
(Chapin et al. 1992), and have been  defined according 
to the different mixing modes of the m acrobenthic spe­
cies. The current bioturbation model uses 4 different 
elem entary com ponents (François et al. 1997) corre­
sponding to the 4 functional groups described in the 
literature (e.g. Fisher et al. 1980, Boudreau 1986, Smith 
et al. 1986, G ardner et al. 1987), i.e. biodiffusors, 
regenerators, upward-conveyors and downward-con- 
veyors. Each elem entary model is a space- and time- 
dependent m echanistic mixing model using ordinary 
differential equations to describe the changes over 
time of a tracer distribution in a 2D sedim ent section 
inhabited by a macrobenthic organism. The biodiffusor 
model and the 'active' stage of the regenerator model 
are based on a particle diffusion process throughout 
the sedim ent section rew orked by the organism, while 
upw ard- and downward-conveyor models include 
non-local transport of particles (as defined by Bou­
dreau  1986). The 'passive' stage of the regenerator 
model also describes non-local transport, w ith net 
movem ent of surface sedim ent to the bottom of b u r­
rows w hich have been  abandoned. In the present 
paper, w e define a new  functional group, the 'gallery-

diffusor' group, as distinct from strict biodiffusors, e.g. 
the am phipod Pontoporeia hoyi (Robbins et al. 1979) 
and the bivalves Ruditapes decussatus and Venerupis 
aurea (François et al. 1999). This group comprises 
organism s with particulate tracer distribution patterns 
similar to the diffusion profile, but whose sediment 
rew orking is neither random  nor local. Organisms that 
construct gallery systems in sedim ents are resposible 
for this type of reworking. We base the bioturbation 
model of these organism s on a combination of 2 pro­
cesses: biodiffusion in the sedim ent layer containing 
very dense gallery systems, and non-local transport 
(i.e. biotransport) in the region of tube bottoms. We 
com pare the perform ance of this new  rew orking model 
w ith the biodiffusor model classically used to describe 
such mixing by sim ulating the time and depth  distribu­
tion of a particulate tracer deposited initially at the 
sedim ent-w ater interface and com paring it to tracer 
profiles obtained in laboratory experim ents w ith a 
very common and abundant polychaete of the estriar­
me ecosystem, Nereis diversicolor (Nereidae). We also 
propose a quantification of the particle rew orking pro­
cess by N. diversicolor: while the perturbation effects 
on the sedim ent properties are recognized (Gilbert et 
al. 1994, 1997) the rew orking activity has, until now, 
mainly been considered in relation to the geom etry 
of its burrows (Lambert & Retière 1987, Gérino & Stora 
1991, Miron 1991, Gérino 1992, Davey 1994).

MATERIALS AND METHODS

Experiments w ere conducted in the laboratory with 
the polychaete Nereis diversicolor (Gérino & Stora 
1991, Gérino 1992). Eight PVC cores (diameter = 8 cm, 
length = 30 cm, w ith an opening at 28 cm) w ere filled 
to 25 cm w ith hom ogenized sedim ent collected from 
the same site as the polychaetes that had  been  sieved 
through a 1 mm m esh and frozen for 24 h to remove 
m acrobenthos. Gérino et al. (1998) proved that the use 
of PVC cores in the laboratory does not alter the bio­
turbation processes of organisms. Cores w ere placed in 
an oxygenated re-circulating seaw ater system. Water 
tem perature w as stabilized at 16°C and salinity at 30. 
Of the 8 cores, 6 w ere colonized w ith 4 N. diversicolor 
(wet w eight of 0.3 to 0.6 g); this corresponds to densi­
ties in the natural environm ent. The rem aining 2 cores, 
w ithout fauna, w ere used as control cores. The tracers 
used, the lum inophores, w ere com posed of natural 
sedim ent particles ranging in size from 10 to 250 pm 
and dyed w ith lum inescent paint; 1 g of lum inophores 
w as added to the sedim ent surface of each core at the 
beginning of the experim ents, 1 d after organism  
addition. Experim ents w ere stopped after 15 d for 4 
cores (3 experim ental and 1 control) and after 30 d for
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the rem aining 4 (3 experim ental and 1 control). For 
each core the lum inophore num bers w ere determ ined 
in each sedim ent section (1 cm intervals from 0 to 
10 cm and 2 cm intervals from >10 cm onwards) by 
counting (under UV light) the num ber in 2 replicate 
samples of 0.25 g dried sedim ent each. The results for 
each sedim ent section are expressed as percentage of 
the total am ount of tracer in the whole core.

Gallery-diffuser model. We have designed a time- 
and space-dependent mixing model using ordinary 
differential equations, which describes the changes of 
a particulate tracer distribution in a 2D sedim ent sec­
tion rew orked by a gallery-diffusor organism, through 
time.

Functional diagram: As indicated in Fig. 1, the matrix 
consists of a sediment volume divided into sections of 
e units thickness, each section being divided into cells 
in 2 directions, vertical and horizontal. As a first approx­
imation, the mixing process is considered invariable in 
relation to the sediment thickness. All cells are of the 
same size except those in the first row of the matrix. 
Their height, b, varies on the scale of local w ater cur­
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rents w hich induce lateral mixing processes in the 
upper layer of the sediment. We assum e that in a sec­
tion, an organism, i, reworks the sedim ent of a zone a, 
cells w ide and n¡ cells deep initially at cell p¡ located at 
the sedim ent-w ater interface. Each organism  reworks 
its own part of the sedim ent according to the mixing 
mechanism s of its functional group and to its specific 
characteristics (e.g. depth  of activity, mixing intensity). 
Fig. 2 describes different particulate m aterial transfers 
induced by the activity of gallery-diffusor organism s in 
the sediment. These fluxes are schem atized by arrows 
in the matrix in Fig. 3, which, for simplification, shows 
only exchanges at the sedim ent section betw een the 
cells p  -  1 and p  + a. Physical mixing due to local 
w ater currents in Layer 1 induces particulate fluxes 
betw een adjacent cells of this layer and a loss of 
labeled m aterial to the w ater column. In the upper lay­
ers, which are intensively drilled by organisms, we 
assume that the gallery-diffusor organism s generate 
diffusive mixing. In this area, a cell exchanges particu­
late m aterial w ith its 4 nearest neighbors, except at the 
borders, w here transfers are limited to cells inside the 

sedim ent rew orking zone. Cells in the sur­
face layer are also subject to physical mix­
ing, output to the w ater column and loss of 
particles to the tube bottom. In the tube 
bottom zone, there is an accum ulation of 
particles that have fallen down from the 
upper layer. These particles are equally 
shared am ong the cells of the biotransport 
zone. Biotransport arises from egestion of 
feces, m aintenance of burrow  lining, and 
the transport of particles to the tube bottom 
by animal movements.

M athem atical form ulation: The notation 
is shown in Table 1. The m athem atical for­
mulation of the gallery-diffusor model 
describes the fluctuation of a quantity, 
Q(l,c,t), of a tracer in 1 cell, located in the 
mixing zone of a gallery-diffusor individ­
ual, in row 1, in column c and at time t. The 
variation equation of this quantity is con­
structed by summing up the elem entary 
variations due to the different pertu rba­
tions affecting the cell, such as biodiffu­
sion, physical mixing, output to the w ater 
column or tracer decay:

Fig. 1. Passage from the sedim entary column (3D: top graph) to the 
m atrix of the functional diagram  (2D: bottom  graph), e: unit thickness 
of section; p,: position of organism i in the matrix; a,: w idth of organism 
i mixing zone; n¡: depth of organism i mixing zone; fo: height of first 
row of the matrix; L, C: total num ber of rows and columns of matrix 
respectively. Patterns differentiate the various functional groups of

organisms

d Q(l,c,t) 
d t

= 1 ^

Elem entary variations, V„ are listed in 
Table 2 for cells in the first row, betw een 
cells Cp+1) and (p + a -2 ), and for cells in
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Fig. 2. Schematic of the physical and biological reworking 
processes of gallery-diffusor organisms, a: w idth of the organ­
ism mixing zone; n : depth of the organism  mixing zone;
m b: height of the biodiffusion zone; mft: height of the tube Fig. 3. Functional diagram  of gallery-diffusor model. Arrows
bottom zone; b: height of the first row of the matrix. Arrows indicate fluxes betw een cells and betw een cells and w ater

indicate m ovem ent of sedim ent particles column. Decay is not schem atized. Further details as for Fig. 2

Table 1. Notation used in the biodiffusor and gallery-diffusor models

Notation Description

Variable
Q(l,c,t) Quantity of tracer contained in the cell in row 1 and column c at time t (mass)

Matrix parameters
L Total num ber of rows in matrix (no. of cells)
C Total num ber of columns in matrix (no. of cells)
b H eight of the first row (no. of cells)
c N um ber of the column considered
1 N um ber of the row considered

Physical parameters
Dh Physical diffusion rate in first layer due to local w ater currents (time-1)
f O utput to the w ater column rate (time-1)

Biological parameters
Position param eters
P O rganism  position in matrix
a Width of organism mixing zone (no. of cells)
n D epth of organism  mixing zone (no. of cells)
m h Height of diffusion zone of the organism (no. of cells)
m tt H eight of tube bottom zone of organism  (no. of cells)

Mixing param eters
Biodiffusion rate of organism (time-1)

Rt Biotransport rate of organism  (time-1)

Reaction parameters
k Decay rate of tracer (time-1)
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Table 2. M athem atical formulation of the elem entary variations in tracer amount 
due to rew orking by gallery-diffusors in cells of surface sedim ent (Row 1=1 and 
column (p + 1] < c < (p+ a-2 ]| and of deep sedim ent (Row [n -b  + 1] < 1 < 

[n-b+ m fi+2] and column p<  c<  [p+a-1] |. N otation as in  Table 1

Elem entary variations Equation

Surface sediment
Biodiffusive mixing 
Biotransport 
Physical mixing 
O utput to w ater column 
Tracer decay

-3R dxQ|l,c,t|+Rd[Q |l,c-l,t|+Q |l,c+ l,t|+Q |l+ l,c ,t|]
-Rt/axQ |I,c ,t|
-2D hxQ|I,c,t|+.Dhx[Q |I,c-l,t|+Q |I,c+ l,t|]
-IxQ |I,c ,i|
-kxQ \l,c ,t\

Deep sediment
Biotransport +Rt /(m ft x ^ l ^ Q d j , f )

Tracer decay -kxQ {l,c,t\

the tube bottom zone. Therefore, the overall variation 
equation for the tracer quantity in a cell at the sedi­
m ent surface is:

dQ(J,C,í) = - (  k  + f  + 2Dh + 3i?d + —  1 Q{1 c, t) 
df y a J

+ (Dh + Rd) [Q(l,c - l , t )  + Q(l, c +1,i)])
+ RdQ(l +1 ,c,t)

In the tube bottom zone, this variation equation 
becomes:

tracer in the other cells. In our experi­
m ental conditions, the sedim ent dis­
turbance due to w ater currents at the 
sedim ent-w ater interface is negligible 
(Dh = 0, f  = 0 and b = 1) and the tracer 
is conservative (k = 0). Simulations 
w ere run  using the gallery-diffusor 
model presen ted  below and the bio­
diffusor model described by Fran­
çois et al. (1997). With the biodiffusor 
model, the sedim ent rew orking due to 
organism s is considered to be analo­
gous to a diffusion process through 
their entire mixing zone and is charac­
terized by a biodiffusion rate, Rd. For 
each model, num erical solutions of 
the variation equation w ere obtained 
using the Runge-Kutta m ethod with 
steady-step (Press et al. 1992). Estim a­

tions of the param eters Rd for the diffusor model and Rd 
and Rt for the gallery-diffusor model w ere obtained by 
minimizing a w eighted sum of squared differences 
betw een observed and calculated concentrations of 
the the tracer. The weights are the inverse of the 
observed concentrations plus 1 to prevent a null 
denominator. The sum is:

(ofoSj -  c a l i )2 

[obSj + 1)

Rt p+a-1

X  Q (l,j,t)-kQ (l,
j=Pm tt a2

c,t)

We define 1 variation equation for each cell in the bio- 
turbated zone. All are ordinary differential equations. 
Therefore, the model can be w ritten as a set of the vari­
ation equations. More details about the construction of 
these equations are given in François et al. (1997).

Sim ulations. The matrix is divided into square cells 
(sides 1 cm long) according to the minimum thickness 
of the experim ental sedim ent sections (1 cm). The 
matrix height is fixed at 25 cm, w hich is the sedim ent 
core height, and its w idth at 50 cm to represent the 
50 cm2 area of the core sedim ent section. We have 
assum ed that the 4 N ereis diversicolor rew ork the 
whole sedim ent surface of the core. To simulate the 
experim ental transient input of luminophores, at time 
t = 0, at the sedim ent-w ater interface, w e assume the 
following initial conditions:

Q(l,c, 0) =f(l) w ith/(J) = {Qo if I = 1 
0 otherwise

At time t = 0, we assume that the tracer is uniformly 
spread over the cells of row 1, i.e. -2 %  cell 1 w ith no

w here i is the num ber of the sedim ent layer or matrix 
row considered, min  the first layer or first row number, 
m ax  the deeper layer or the maximum row number, 
obSi the amount of tracer m easured in layer i of the 
core and cali the am ount of tracer calculated in row i 
of the matrix applying the biodiffusor or the gallery- 
diffusor model. This w eighted least-squares criterion, 
using relative differences betw een observed and cal­
culated concentrations, equalizes the low and the 
high concentrations w hen estim ating the mixing p ara­
meters. This reinforces the im portance of the low con­
centrations w hich occur at depth  and reflect that part 
of the biotransport mechanism. The mixing param e­
ters, Rd and Rt, w ere adjusted by the downhill simplex 
m ethod (Neider & M ead 1965).

RESULTS AND DISCUSSION

The lum inophore profiles obtained in the colonized 
cores after 15 and 30 d are presen ted  in Fig. 4, and the 
sim ulated profiles calculated for the same periods with 
the biodiffusor and the gallery-diffusor models are 
shown in Fig. 5.
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15 days
% of luminophores

0 2 0  4 0  6 0  8 0

0
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30 days1 0

% of luminophores

1 5
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2 5

0 - Core 1 (15 d) ♦- Core 4 (30 d) 
Core 2 (15 d) A- Core 5 (30 d) 

O- Core 3 (15 d) • -  Core 6 (30 d)

Fig. 4. Luminophore profiles m easured in experim ental cores 
inhabited by the polychaete N ereis diversicolor after 15 d 
(Cores 1, 2 and 3) and 30 d (Cores 4, 5 and 6). Data are p er­
centages of total am ount of tracer rem aining in each core at 

end of the experim ent

Profiles

In the reference cores, all the luminophores w ere 
still at the sedim ent-w ater interface at the end of the 
experim ent. In the cores with Nereis diversicolor, 
luminophores w ere found down to 14.3 cm (range: 
13 to 15 cm) after 15 d, and down to 18.3 cm (17 to 
19 cm) after 30 d. The profile shapes w ere similar; 
lum inophore percentages decreased exponentially 
over the first 4 cm, while at deeper levels, despite some 
fluctuations, the tracer showed quasi-uniform distribu­
tion. However, there w ere some variations betw een 
the different cores. After 15 d, Core 3 appears to have 
been less rew orked than Cores 1 or 2: more tracer 
rem ained in the upper layer (86 vs 69.9/69% for Cores 
1/2) and less tracer was buried below 4 cm (6.44 vs

16.5/16.6% for Cores 1/2). Conversely, after 30 d, one 
core, Core 5, appears to have been far more mixed in 
the first 4 cm than the other 2 cores (Cores 4 and 6): 
the percentage of tracer buried in the exponentially 
decreasing zone betw een 1 and 4 cm, was 32.9% in 
Core 5 com pared to 15.3 and 14.4% in Cores 4 and 6, 
respectively. Therefore, in quantifying bioturbation, 
the cores have been treated  separately.

Both the biodiffusor and the gallery-diffusor models 
w ere applied down to 15 and 19 cm for the 15 and 30 d 
periods, respectively, and the diffusion zone for the 
gallery-diffusor was limited to the first 4 cm, according 
to the experim ental profiles. Application of the biodif­
fusor model led to adjusted profiles, w hereby the m ax­
imum depths of tracer present w ere 4 and 5 cm after 
15 and 30 d simulation, respectively, com pared to the
14.5 and 18.3 cm observed experimentally. The p er­
centage of tracer below 4 cm was null after 15 d and 
varied from 0.01 to 0.02% after 30 d com pared to the 
6.44 to 16.59% and 23.48 to 31.98% observed experi­
mentally. The tracer percentages decreased exponen­
tially with increasing depth, and did not reflect the 
duality of the experim ental profiles, which decreased 
exponentially in the upper layers and then showed a 
quasi-uniform distribution down to the maximum 
rew orking depth. With the gallery-diffusor model, the 
adjusted profiles indicate the presence of tracer down 
to 15 cm after 15 d and 19 cm after 30 d, the maximum 
depths m easured in the colonized cores. The percen t­
ages of buried tracer varied from 4.81 to 14.30% after 
15 d (6.44 to 16.59% in the colonized cores) and from 
19.95 to 26.70% after 30 d (23.48 to 31.98% in the 
cores). Moreover, the calculated profiles followed the 
patterns of the experim ental data, decreasing expo­
nentially in the first 4 cm and with quasi-uniform dis­
tribution down to as the maximum depth of sedim ent 
rew orking by N ereis diversicolor.

A  paired-sam ple f-test com pared the fit to the exper­
im ental profiles of the diffusor model and of the 
gallery-diffusor model. The m ean square deviation 
betw een the experim ental and sim ulated lum inophore 
percentages in the tube bottom zone of the cores was 
calculated, and the m eans obtained with the diffusor 
and the gallery-diffusor models w ere compared. We 
rejected  the m ean equality  hypothesis at a signifi­
cance level of 0.05. The m ean square deviation was 
far g rea ter for the diffusor model than  for the gallery- 
diffusor model. Therefore, the fit was clearly better 
w ith the gallery-diffusor model.

The gallery-diffusor mode of sedim ent reworking is 
consistent with the ethology of Nereis diversicolor. Its 
burrow  system consists of large U-shaped burrows 
down to 16 ± 2 cm depth (Gérino & Stora 1991). Most 
of these burrows are extended by lateral branching 
in their upper part, creating Y-shaped burrows and
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Fig. 5. Tracer profiles calculated by biodiffusor and gallery-diffusor m od­
els through adjustm ent of the experim ental profiles obtained after 15 d 
(Cores 1, 2 and 3) and 30 d (Cores 4, 5 and 6) in cores inhabited by the 
polychaete N ereis diversicolor. Data are percentages of total am ount of 
tracer p resent in the matrix. Values below profiles are percentages of 
tracer buried below 4 cm for (a) experiments, (b) the gallery-diffusor 

model, and (c) the biodiffusor model

increasing the tube density in the shallow 
sedim ent layer (Lambert & Retière 1987, 
Gérino & Stora 1991, Miron 1991, Gérino 
1992, Davey 1994). It is assum ed that build­
ing and m aintaining these burrows gen ­
erates intense multidimensional particle 
fluxes in the upper sedim ent layers, analo­
gous to a diffusive particle pattern. D eeper 
down, the sparsity of the tubes precludes 
comparison of the mixing process with a 
diffusion phenom enon. The transport of 
particles at depth is assum ed to occur 
through m aintenance of the burrow  lining 
(Aller & Yingst 1978) and the rapid fall of 
surface sedim ent to the tube bottoms linked 
with worm movements (Goerke 1971, 1976, 
Reise 1979, Lambert & Retière 1987, Es- 
nault et al. 1990, Lambert et al. 1992). Thus, 
the presence of lum inophores deeper in the 
sedim ent after 30 d than after 15 d must be 
due to a deeper burrow ing of the organisms 
in the cores, perhaps linked to stressful con­
ditions or simply to the acclimation time of 
the individuals in the sediment.

Kinetic aspect

While the sim ulated profile shape is 
im portant for judging the quality of the 
model, it is also interesting to com pare the 
mode of particle transport which led to the 
experim ental profiles. The mode of trans­
port influences the time necessary for a p ar­
ticle to travel from one point to another, and 
thus determ ines the age of the particles at 
each depth. Fig. 6 shows the origin of the 
labeled materials which arrive instanta­
neously at the tube bottom area (between
5.5 and 6 cm) at each time as calculated 
by the 2 models. The classical biodiffusive 
model indicates that 100% of the labeled 
particles which arrived in the 5.5 to 6 cm layer at time 
t w ere in the 5 to 5.5 cm layer at time (t-At): particles 
which arrived at depth had first progressively transited 
through each level of the sedim entary column above. 
This is not the case with the gallery-diffusor model, 
which indicates 100% of the tracer which arrived in 
the layer 5.5 to 6 cm layer at time t was at the surface 
layer at time {t-At): this model describes a direct influx 
of m aterial from the upper layer into the deep layers. 
This mixing mode corresponds to a non-local transport 
as defined by Boudreau (1986, 1997), w hereby sedi­
m ent motions are not random  but directed, and/or 
w hereby the average distance traveled during mixing

events is essentially of the same order as the full 
m ixed-layer depth. Similar observations w ere m ade by 
Aller & Yingst (1978) with the polychaete Am phitrite  
ornata, which constructs a perm anent m ultilayered 
U-shaped tube from particles obtained at the interface 
and transported to depth. The m aintenance of its bu r­
row walls introduces superficial m aterial at every 
depth throughout the range of the burrow. The feeding 
behavior of the deposit-feeding species Nereis diversi­
color (Goerke 1971, 1976, 1984, Fauchald & Jum ars 
1979) also explains the rapid transport of surface m ate­
rial to depth: N. diversicolor rakes over the sedim ent 
surface around its tube m outh causing sedim ent to
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5.5-6 cm sediment layer

Fig. 6. Origin of the tracer which falls to the tube bottom area 
betw een 5.5 and 6 cm at each time with the biodiffusor (B) 

and gallery-diffusor (GD) models

fall down to the tube bottom (Goerke 1971, 1976, 
Reise 1979, Lam bert & Retière 1987, Esnault et al. 
1990, Lam bert et al. 1992).

exchanges take place, and 1/T  being the frequency at 
which particles jum p from one site to another. Rt* is 
expressed as a speed of biotransport:

Rt* =

w here Rt* is the norm alized biotransport rate (cm d-1), 
Rt is the biotransport rate (d_1) and 5xis the size of a cell 
(cm), as defined above. The adjusted values of the nor­
malized param eters are presented  in Table 3 for each 
core and for both models. The biodiffusion rates (Rd ) 
calculated with the gallery-diffusor model are linearly 
correlated (r = 0.997) with those obtained with the 
biodiffusor model. The values obtained w ith the 
gallery-diffusor model w ere always slightly lower 
than  the biodiffusor values, and except for Cores 3 
and 5, the values for the different cores w ere similar, 
ranging from 6.5 x IO-3 to 11.1 x IO-3 cm2 d-1 (mean = 
8.7 x IO-3 cm2 d-1). There are no distinguishable mix- 
ing-param eter differences betw een  the cores a n a ­
lyzed after 15 d (Cores 1 to 3) and 30 d (Cores 4 to 6). 
In Core 3 the biodiffusion rate was lower, 4.6 and 4.7 x 
IO-3 cm2 d-1 w hereas in Core 5 it reached 22.8 and 
28.2 x IO-3 cm2 d-1. This is consistent with the 
lum inophore profile shapes observed. The biotrans­
port rate (Rt*) which was calculated with the gallery- 
diffusor model only gave similar values (8.9 to 11.5 x 
IO-3 cm d-1; m ean = 10.1 x IO-3 cm d-1) for all cores 
except Core 3. Here, as for the biodiffusion coefficient, 
the biotransport rate was low, 3.4 x IO-3 cm d-1. The 
variations betw een cores could be due to individual 
variability in the mixing intensities of the different 
organisms or, more probably (since organisms of the 
same size w ere chosen), to survival and/or stress fac­
tors of the organisms in the in vitro cores.

Parameter values

In the model, the values of the param eters Rd and Rt 
(d-1) depend on the cell size. The following transform a­
tion normalizes these param eters and expresses them  
as they appear in the literature:

Rä - Rd̂ x ( 1)

w here Rd 
sion (cm2

is the norm alized biodiffu- 
d-1), Rd is the biodiffusion 

rate as used in our models (d_1) and 5X 
is the size of a cell (cm). This transfor­
mation comes from the Fick laws (e.g. 
Ghez 1988, W heatcroft et al. 1990), 
which introduce the definition of the 
diffusion coefficient in a ID form: D = 
52/2 T, with 8 being the step length that 
separates 2 points betw een which

Conclusion

The gallery-diffusor model provides mechanisms 
explaining, characterizing and quantifying sedim ent 
rew orking by gallery-constructing m acrobenthic or­
ganisms such as the polychaete Nereis diversicolor.

Table 3. Biodiffusion rate (Rd : IO“3 cm2 d “1) and biotransport rate (Rt*: IO“3 cm d“1) 
of the biodiffusor (Dif) and gallery-diffusor (Gal) model, estim ated from experi­
m ental lum inophore profiles, obtained from in vitro cores inhabited by the poly­
chaete N ereis diversicolor, after 15 d (Cores 1, 2, and 3) and 30 d (Cores 4,

5 and 6)

1 r  J o n  J

Core 1 
Dif Gal

l o  CL 

Core 2 
Dif Gal

Core 3 
Dif Gal

Core 4 
Dif Gal

vJU Cl 

Core 5 
Dif Gal

Core 6  

Dif Gal

Rd
Rt*

9.3 8.5 
8.9

1 1 . 1  1 0  

1 1 . 1

4.7 4.6 
-  3.4

9.2 7.2 
-  11.5

28.2 22.8 
-  9.9

7.8 6.5 
-  9
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This new  approach allows a closer fit of the sim ulated 
profiles to experim ental data than the biodiffusor 
model. It includes tracer occurrence and therefore 
sedim ent rew orking down to depths observed experi­
mentally. The model provides a sedim ent reworking 
m echanism  based on ethological observations. It 
allows for diffusive mixing of particles in the region of 
intense burrow ing activity and the rapid transport of 
m aterials from the upper layer of sedim ent to the 
region of the tube bottom (i.e. 'biotransport'). This is 
not possible w ith the biodiffusor model, w hich rep re ­
sents particles as transiting progressively through each 
level of the sedim entary column before reaching the 
deep layer. Consideration of this biotransport process 
(which, in the case of N. diversicolor, can represent 
32 % of the surface m aterial in 30 d) is essential for 
understanding the distribution and the fate of organic 
m atter or other non-conservative tracers. Although 
both the biodiffusor and the gallery-diffusor models 
lead to quasi-similar diffusive profiles, from a geo­
chemical point of view  they are not functionally equiv­
alent; the reaction kinetics of many chemical species 
are in fact m arkedly affected by environm ental condi­
tions such as oxia or anoxia and by bacterial com m uni­
ties. The gallery-diffusor model constitutes 1 of the 5 
elem entary com ponents in a global bioturbation model 
allowing the study of sedim ent rew orking by m acro­
benthic communities according to their functional 
group and composition and/or to the specific charac­
teristics of the organisms.
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