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Abstract. Two identical experiments with sieved and homogenized sandy and muddy sedi-
ment were conducted to determine transport enhancement of porewater solutes (TCO, and
NH4 1) by the presence of the polychaete Nereis diversicolor (1000-1500 m~2). Flux mea-
surements showed that N. diversicolor enhanced the release of CO, and NH4+ 1.5-5 times.
Accordingly, porewater concentrations of these compounds were reduced considerably in
the bioturbated zone of both types of sediments. Two different diagenetic models, “effective
(eddy) diffusion” and “nonlocal exchange”, were used to describe solute profiles in the bio-
turbated sediments. In permeable sandy sediments advective porewater movements may occur
more readily than in more cohesive muddy sediments. The “effective diffusion” model (with
De = 1.6-2.0 cm? d’l) provided an excellent fit to the measured concentrations of both solutes
below the bioturbated zone in permeable sandy sediment, whereas this model overestimated
the concentration in the bioturbated zone. However, in the less permeable muddy sediment the
“effective diffusion” mode] overestimated the NH4 T profile considerably at all depths. The
“nonlocal exchange” model (with o = 0.17-0.29 d— 1y, on the other hand, provided an excellent
fit in the less permeable muddy sediment, suggesting that solute profiles here were controlled
by molecular diffusion, even in the presence of burrow irrigation. For the permeable sediment,
the “nonlocal exchange” model (with o = 0.14 d“l) underestimated the measured NHy T
profile. Accordingly, linear slopes from plots of porewater TCO5 as a function of porewater
NH4 T revealed that eddy diffusion (or advective porewater movements) was important in the
bioturbated zone of this sediment type. However, combined with the generally more realistic
shape of profiles derived by the “nonlocal exchange”, these evidences suggest that both eddy
and molecular diffusion must operate in the bioturbated zone of permeable sediments.

Introduction

The activities of benthic infauna have profound impacts on transport con-
ditions and diagenetic processes in aquatic sediments. Sediment reworking
and water irrigation (or ventilation) redistributes both particles and porewater
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(Aller 1982; Matisoff 1982). By volume, the amount of water moved is much
larger than that of particles, and burrows act as channels for the direct com-
munication between porewater and overlying water (Aller 1977). The animal
stimulation of solute exchange between subsurface porewaters and overlying
water, therefore, redistributes dissolved reactants and products of microbial
reactions (Aller 1982; Christensen et al. 1984; Archer & Devol 1992).

Several attempts have been made to quantify irrigation rates of infau-
nal animals directly and to describe the irrigation impact on porewater
solutes. Among techniques to measure irrigation rates directly, electromag-
netic lowmeters (Kristensen et al. 1991), microthermistors (Aller & Yingst
1978) and infrared phototransducers (Vedel & Riisgard 1993) have provided
new knowledge on temporal activity patterns of benthic infauna and exchange
rates of dissolved compounds and particulate matter between the sediment
and overlying water. In the context of biogeochemistry, however, sediment
irrigation rates have usually been quantified by a class of indirect techniques.
With respect to effects of bioturbation on porewater solute distribution in
the sediment, primarily three basic types of transport-reaction models have
been described. The first, an “effective diffusion” type, assumes that irriga-
tion can be modelled as an increased effective transport (e.g. eddy diffusion)
of solutes within the sediment (e.g. Vanderborght et al. 1977; Goldhaber et
al. 1977). The second, a “radial diffusion” type, assumes that changes in
porewater solutes due to irrigation is caused by a two-dimensional (radial)
diffusion geometry and flushing of solutes in the presence of burrows-and tube
structures (Aller 1980). The third is a one-dimensional “nonlocal exchange”
model with a single nonlocal transport parameter (Emerson et al. 1984; Mar-
tin & Sayles 1987). Under certain conditions, the latter model is equivalent
to the “radial diffusion” model (Boudreau 1984). The models have been
verified more or less succesfully by fitting either steady state distributions
of naturally occurring solutes (substrates and metabolites of microbial reac-
tions or radioisotopic tracers) with a known reaction rate or transient state
distributions of added radioisotopic tracers.

It is generally accepted that the ‘“radial-diffusion” and *nonlocal
exchange” models provide the most realistic characterization of the geo-
chemistry of irrigated sediments (Aller 1982; Boudreau 1997). Basically, in
these models it is assumed that solutes move through the porewaters only by
molecular diffusion and can enter or leave the sediment both at the sediment-
water interface and along the burrow wall. The role of irrigation is therefore
to increase the surface area available for exchange. The models have usually
been applied to relatively impermeable sediments where eddy diffusion is
negligible. In recent years, however, a number of studies have demonstrated
that advective porewater movements can occur in permeable, sandy sediments
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when exposed to pressure gradients induced by water currents (Huettel &
Gust 1992; Glud et al. 1996). Since many burrow dwelling invertebrates liv-
ing in shallow sandy sediments irrigate their burrows vigorously (Kristensen
1988; Vedel & Riisgard 1993), porewater advection (eddy diffusion) may be
an important process, in excess of molecular diffusion, for the transport of
solutes in permeable sediments.

The purpose of the present work was to evaluate the applicability of the
“effective diffusion” and “nonlocal exchange” models in describing solute
distribution in bioturbated coastal, marine sediments of different permeabil-
ity. By the use of homogenized microcosms containing either permeable
sandy or cohesive muddy sediment, transport stimulation of solutes by irriga-
tion was determined for the polychaete Nereis diversicolor. The models were
evaluated based on the relationship between porewater profiles of two solutes
(total CO, and NH, ) with different molecular diffusion coefficients.

Materials and methods

Sediment collection and handling

Organic-poor, sandy sediment used in experiment 1 (sand-exp) was collected
in June 1992 from the shallow (0—1 m) marine lagoon, Fallesstrand, on the
northeast coast of Fyn, Denmark. Annual range in water temperature and
salinity in the area is 2-22 °C and 16-23%., respectively. The sediment con-
sisted of homogeneous quartz sand (median particle size about 0.2 mm and
0.5% silt+clay content) with an organic content of 0.4-0.8% Loss-on-Ignition
(Lol). Most of the primary production in the lagoon is due to benthic diatoms.
The macrophyte vegetation is poor and dominated by the seagrass, Ruppia
maritima. The benthic macrofauna are numerous, but low in diversity and
dominated by 3 species of surface deposit-feeders: the polychaete Nereis
diversicolor, the gastropod Hydrobia neglecta, and the crustacean Corophium
volutator. For further details consult Kristensen (1993).

Organic-rich sediment for experiment 2 (mud-exp) was obtained in March
1993 from the inner region of the shallow lagoon, Kertinge Nor, on the east
coast of Fyn, Denmark. Temperature and salinity conditions are similar to
those at Feellesstrand. The sediment at the sampling site is muddy (median
particle size <0.15 mm and 10-20% silt+clay content) and of relatively high
organic content (5-14% Lol). At present, primary production is dominated by
benthic diatoms. In the recent past (i.e. before 1992), however, the sediment
had been covered by thick mats of the floating macroalgae Chaetomorpha
linum and Cladophora serica, which were the origin of the high content of
sedimentary organic matter (Hansen & Kristensen 1997). The benthic macro-
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fauna was sparce during sampling, consisting of a few scattered individuais
of N. diversicolor. For further details consult Riisgérd et ai. (1995).

At each sampling occasion, the uppermost 5-10 cm of the sediment was
dredged and sieved through a 1.5-mm mesh to remove macrofauna and larger
particles. In the laboratory, the sediment was homogenized before it was
transferred into 6 acrylic core liners (30 cm long and 5.2 cm i.d. in sand-
exp, 25 cm long and 8 cm i.d. in mud-exp) to a depth of about 15 cm. Cores
were kept at 15 °C in darkness using an incubator with circulating seawater
(Kristensen 1993). Salinity was 14 %.in sand-exp and 16 %o in mud-exp. After
2 days of stabilization in sand-exp, and 17 days in mud-exp, a number of 3
(sand-exp) or 6 (mud-exp) medium sized (200400 mg wet wt.) individuals
of the polychaete Nereis diversicolor were added to 3 of the cores (N-cores).
The remaining 3 cores were kept as defaunated controls (C-cores).

Experimental procedures

All cores were maintained in the seawater incubator with open tops for 32—
45 days interrupted by 2 incubations of 2 randomly chosen cores of each type
(sand-exp: day 24 and 30 and mud-exp: day 23 and 33) for determination of
0,, total CO, (TCO, = H,CO3 + HCO3;™ + CO5?7) and NH,+ flux across the
sediment-water interface. During flux incubations the seawater flow was tem-
porarily disconnected, and the cores were sealed with magnetic stirrer motors
as the lid. Stirring was kept below the resuspension level. Water samples for
0,, TCO, and NH,* were taken at the start (before inserting the motors) and
at the end (after removing the motors). Incubation time was 2-5 h depending
on treatment. Concentration changes during incubations are assumed linear,
because O, rarely decreased below 60% of air saturation (previous tests have
confirmed the linearity). Samples for O, and TCO, were analyzed within 12 h
of sampling. Those for NH; ™ were frozen immediately and analyzed as soon
as possible.

At the end, i.e. day 32 (sand-exp) and day 45 (mud-exp), all cores were
sectioned by slicing into 1 cm intervals to 12 cm depth in sand-exp and to
10 cm depth in mud-exp. Subsamples of the sediment slices were examined
for wet density (weight of a known volume), water content (weight loss after
drying at 130 °C for 6 h), and particulate organic carbon (POC) and nitrogen
(PON). Filtered porewater for TCO, and dissolved NHy™ analysis from the
sandy sediment in sand-exp was isolated by centrifugation at 1800 rpm for
5 min in double centrifuge tubes containing GF/C filters. Porewater from the
muddy sediment in mud-exp was extracted by squeezing it through GF/C
filters under N; pressure. Samples for TCO, were analyzed within 12 h and
those for NH4* stored frozen for later analysis.
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Chemical analysis

POC and PON content of 130 °C pre-dried sediment subsamples were ana-
lyzed on a Carlo Erba EA1108 CHN Elemental Analyzer according to the
procedure of Kristensen and Andersen (1987). TCO, was determined by
the flow injection/diffusion cell technique of Hall and Aller (1992) using
a Kontron Ion Chromatograph. Interfering sulfides were precipitated before
analysis by adding ZnCl,. The standard Winkler technique was used for O,
analysis (Strickland & Parsons 1972). NH,™ in sand-exp was determined by
the standard autoanalyzer technique of Solorzano (1969), whereas the manual
salicylate hypochlorite method of Bower and Holm-Hansen (1980) was used
in mud-exp.

Results

Sediment description

The defaunated control cores had a more (sand-exp) or less (mud-exp) well
defined upper oxidized brown zone of 0.5-0.7 cm thickness. Deeper in the
sandy sand-exp cores the sediment gradually changed color to grey and
greyish-black. The deep sediment in control cores of mud-exp, on the other
hand, was brownish-black. In Nereis cores the upper oxidized zone was 1-
2 cm deep with irregular extensions deeper down caused by ventilated worm
burrows in the greyish-black (sand-exp) or brownish-black (mud-exp) sub-
surface sediment. Worm burrows extended to 68 cm depth in sand-exp and
5-6 cm in mud-exp. In sand-exp the recovery of worms was 67%, while 88%
of the added worms remained at the end in mud-exp. Lost worms had either
died (although no dead individuals were noticed) or escaped from cores.
Accordingly, the density of worms must have ranged from 1500 to 1000 m~2
in sand-exp, and from 1200 to 1000 m~? in mud-exp.

Sediment porosity (calculated from water content and wet density) was
0.32-0.35 in sand-exp and 0.75 in mud-exp. Initially the sediment in sand-exp
contained about 200 xmol POC cm~ and 20 umol PON cm™, providing a
C:N ratio of 10. In the mud-exp sediment, POC and PON was about 2000 and
190 pmol cm ™, respectively, providing a C:N ratio of 10-11,

Core fluxes

Rates of O, and CO, flux were of the same order of magnitude in both exper-
iments (Table 1) with no significant (two-tailed t-test, p < 0.01) temporal
difference between the two incubations (all data are therefore pooled here).
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Table 1. Fluxes of oxygen, carbon dioxide and ammonium across
the sediment-water interface in cores with and without Nereis
diversicolor from sand-exp and mud-exp. Rates are given as mean
(mmol m—2 d=1) £ S.D. of 4 cores.

0, CO, NH;t
Sand-exp:
Nereis 54.6 + 16.6 450+ 1.7 54+£405
Control 396 4+2.6 351+ 88 ~12401
Mud-exp:
Nereis 60.9 £4.3 85.1 4.1 9.7 +2.0
Control 274 +1.1 36.1 £4.9 20+0.1

The impact of worms on fluxes was somewhat higher in mud-exp (a factor
of 2.2-2.4, p < 0.01) than sand-exp (a factor of 1.3-1.4, p > 0.05). The
flux of NH,4* in control cores behaved inconsistently with uptake in sand-exp
and release in mud-exp of similar magnitude. However, worms stimulated
the efflux of NH,™ considerably in both experiments (a factor 4.9 in mud-
exp, p < 0.01) attaining a flux in mud-exp at a rate about double of that in
sand-exp. The CO,:NH," flux ratio in mud-exp was reduced from 18.1 to
8.8 by the presence of worms. For comparison, the CO,:NH4" flux in the
bioturbated cores of sand-exp was 8.3.

Porewater solutes

The products of organic carbon and nitrogen mineralization, TCQO, and
NH,*, generally accumulated with depth in the sediment (Figure 1), except
for a deflection of TCQ, in the upper 1 and 2 cm of control and Nereis cores,
respectively, in sand-exp. In control cores, TCO, otherwise increased rapidly
to about 17-18 mm at 6 cm followed by a slow or no increase deeper down.
Porewater profiles of NH4" in control cores were similar to those of TCOs,
although less deflected in the uppermost layers in sand-exp, and attained
concentrations around 2 (mud-exp) and 3 (sand-exp) mM below 6 cm depth,
No accumulation of dissolved organic carbon (DOC) occurred in any of the
experiments (data not shown).

The influence of Nereis diversicolor was evident in all experiments as
a lower concentration level and a slower increase in concentrations of both
solutes with depth in the sediment. The vertical distribution of burrows was
clearly reflected in the porewater profiles from sand-exp and mud-exp. The
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Figure 1. Vertical profiles of porewater TCO, (A, C) and NHyT™ (B, D) in sand-exp and
mud-exp. Profiles from non-bioturbated control sediment are indicated by the symbol O, while
Nereis bioturbated sediment is represented by @. Error bars are =+ 1 standard error of the mean.

solute concentrations remained low in the burrowed zone (6-8 cm in sand-
exp and 5-6 cm in mud-exp) and increased steeply below, almost reaching
the level of the control sediment in the deepest layer.

Transport-reaction models

Solutes consumed or generated in sediments by diagenetic reactions are sub-
ject to transport by molecular diffusion, advection and mixing processes
caused by physical or biological activity. In the absence of sedimentation and
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compaction, the concentration of any solute, C(x,t), in the porewater can be
described by the classic one-dimensional diffusion-reaction model of Berner
(1980). However, in the presence of bioturbating infauna the model must be
modified to account for the enhanced transport induced by irrigating animals.
Two transport-reaction models with modifications for use in bioturbated sed-
iments will be used here. In both models a two-layer formalism (Aller 1982)
is applied with an upper bio-irrigated zone (0 < x <L) and a lower diffusion
controlled zone (L; < x <L,).

The first model (“effective diffusion”) assumes that the impact of irrigat-
ing macrobenthos on porewater solutes can be described one-dimensionally
by an increased “effective” diffusion coefficient (Vanderborght et al. 1977,
Berner 1980). The second model (“nonlocal exchange”) suggests that irriga-
tion can be accounted for by a source/sink term that permits the exchange
of porewater from any depth with the overlying water (Emerson et al. 1984,
Boudreau 1984). The solute profiles can be described as one-dimensional dif-
fusion with a nonlocal term and reaction. The transport terms of both models
are here, for simplicity, assumed constant with depth in the bioturbated zone,
although they ideally may decrease with depth (Martin & Banta 1992). Solute
transport in the underlying sediment can be described-for both models by
simple one-dimensional molecular diffusion.

The steady state vertical distribution of solutes is then:

Zone 1 (0 < x < L), “Effective diffusion™:

9Ct =D 8°C,

at oz TR=0 )

Zone 1 (0 < x <L), “Nonlocal exchange”:

G, =D 0°Cy

- =D —a(C—C)+R=0 @)

Zone 2 (L <x < L,), common:

i, 926

=D——+R =0 {3
at ssz—{_ )

Boundary conditions for both cases are:

1. X:O, C1=Ct

3%C,

92C, 9°C, 3%C,
or r—
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2.x=Ly, Do0—— =D;———
x ! ° 9x2 9x2 ax?

s
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Table 2. Constants used to obtain the best fit of model profiles to measured profiles.
C: is measured concentration in overlying water; Dg is porosity corrected molecular
diffusion coefficients in sediment (Li & Gregory 1974); R is reaction rate determined
from the best fit below the bioturbation zone for carbon and estimated for nitrogen
based on the reaction stoichiometry found in control cores; De and o are found from
the best fit of the modelled profiles to the measured profiles in the bioturbated zone.

Ct R Dg De o
mM) @MdH  em?dH  em?dhH  @hH

cO,

Sand-exp 1.78 0.118 0.266 1.600 0.085
Mud-exp 1.82 0.207 0.532 2.000 0.172
NH,+

Sand-exp 0.009 0.025 0.448 1.600 0.143
Mud-exp 0.014 0.043 0.896 2.000 0.290

3. X:Ll, C1=C2

32C,y
4, x = L2, -5;5— =0

where t is time, X is depth in sediment, L, is depth of bioturbated zone (7.5 cm
in sand-exp and 6 cm in mud-exp), L, is total depth of sediment column
(15 cm), C is solute concentration in sediment (model output), C, is measured
solute concentration in the overlying water (Table 2), D, is whole sediment
molecular diffusion coefficient (Table 2), D, is the “effective diffusion” coef-
ficient (Table 2), « is the “nonlocal exchange” coefficient (Table 2), and R
is reaction rate (Table 2). Solutions to the model equations are given in the
Appendix.

Because the sediment was initially homogenized in the present study, the
reaction rates (or CO, and NHy* production) (R) is approximated as depth-
independent and constant. This was shown in a similar, but non-bioturbated,
experiment by Kristensen and Hansen (1995). Any changes in reaction rate
caused by N. diversicolor bioturbation (Kristensen & Blackburn 1987) is
ignored here and the reaction rate is assumed similar in all treatments and
depths within each sediment type. However, chemoautotrophic oxidation of,
e.g., HS™ and NHy™, caused reactions in the upper 1-2 ¢cm of the sediment
in sand-exp to be different both with respect to rates and direction from those
in the deeper more reduced sediment as indicated especially by deflections of
TCO, profiles (Figure 1; Kristensen & Hansen 1995).
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The “effective diffusion” coefficient, D, in the first model is analogous to
eddy transport coefficients used to describe physical mixing events, and in the
present case should illustrate porewater movements. Accordingly, the same
D, applies to all porewater solutes within the bioturbated zone irrespective of
their molecular diffusion coefficients. The “nonlocal exchange” coefficient,
@, in the second model represents any mode of transport that is capable of
exchanging material between nonadjacent points in the sediment. The nonlo-
cal exchange coefficient is fundamentally different from the effective (eddy)
diffusion coefficient. Eddy diffusion operates on the gradient whereas non-
local exchange is strongest where the difference in concentrations between
porewater solutes and overlying water is greatest (Boudreau 1997).

Nonlocal transport will be viewed here as a pure diffusional process,
which means that the transport coefficient is solute specific and directly
related to the diffusion coefficient of the solute of interest. Two solutes with
different molecular diffusion coefficients, like TCO, and NH,™ in the present
study, can then be related according to definitions involved in nonlocal trans-
port as: an = o¢c Dn/De, where the subscripis C and N denote HCO;™
and NH,*, respectively. The diffusion coefficient of HCO3™~ was used here,
because in marine sediments with a pH around 8 this compound accounts for
about 95% of TCO,.

The model fit to the measured data was first performed empirically for
TCO, by varying transport coefficients (D, and o) and reaction rates (R) until
the best possible agreement between measured TCO, concentrations and the
model output (C) was obtained. Subsequently, the model fit to the measured
NH," data was done by applying the empirically derived model parameters
for TCO, after conversion to NH,™ units (Table 2). The transport coefficients
for NH,* were converted from those of TCO, as mentioned above, and rates
of NH,* production were converted from CO, production by the C:N stoi-
chiometry given for these sediments by Kristensen and Hansen (1995) and
Hansen and Kristensen (1997), i.e. 4.7 (sand-exp) and 4.8 (mud-exp).

The model fit to the TCO, data in both sand-exp and mud-exp are
generally good (Figure 2). The “effective diffusion” model provides an excel-
lent fit below the bioturbated zone. In the bioturbated zone, however, this
model overestimates the measured concentrations considerably. The “non-
local exchange” model, on the other hand, fitted the measured data very
well. The slight discrepancy in the upper 3 cm of sand-exp may be due
to chemoautotrophic CO, consumption or depth dependent changes in the
“nonlocal exchange” coefficient. When converted to NH;* data, the fit of
the “effective diffusion” model in sand-exp is as good as for TCO, with an
overestimate in the bioturbated zone and an excellent fit below this depth
(Figure 2). However, in mud-exp this model results in a very poor fit to
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Figure 2. Vertical profiles of porewater TCO; (A, C) and NH; T (B, D) in bioturbated sed-
iment from sand-exp and mud-exp. Measured data are indicated by the symbol @. Profiles
fitted by the “effective diffusion” model (egs. 1 & 3) is represented by the broken line. Profiles
fitted by the “nonlocal exchange” model (eqs. 2 & 3) is represented by the full line.

NH,4 " with considerable overestimates at all depths. Conversely, the “nonlo-
ca] exchange” model underestimates the measured NHy ™ profile below 4 cm
depth in sand-exp, but provides almost as good a fit in mud-exp for NH; ™ as
for TCO,.

Discussion

Since the purpose of this study was to evaluate the impact of bioturbation
on solute transport within coastal sediments, the experimental set-up was
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designed to remove the natural variability of the sediment system. Mixing
and homogenization may temporarily destroy the natural chemical, physical
and biological structure of sediments, but the effects are generally believed
to be short-term (days) relative to an incubation time of 1-2 months (Sun et
al. 1991). Accordingly, the measured fluxes of CO, and NH,™ in the Nereis
cores are similar to those obtained for undisturbed and bioturbated sediment
from the same locations, i.e. between 50 and 100 mmol CO, m— d~! and
about 5 mmol NH,+ m~2 d~! (Kristensen 1993; Hansen & Kristensen 1997).
However, full steady state with respect to reaction and transport could not
be assumed here because the distance significantly influenced by diffusion in
defaunated cores after 3040 days will only be 5-7 cm {Aller 1978}, as also
indicated by the vertical shape of profiles in control cores below this depth
(Figure 1). The faunated cores, on the other hand, are assumed to be at steady
state within the measured depth range.

Faunal induced flux enhancement

The irrigation activity of Nereis diversicolor clearly enhances the solute flux
out of the sediment (Table 1), as also indicated by the much lower porewater
concentrations in bioturbated than in non-bioturbated sediment (Figure 1).
A similar pattern has been observed frequently for a variety of bioturbated
sediments (e.g., Kristensen & Blackburn 1987; Huettel 1990; Kristensen et
al. 1992). Most of the reported flux enhancement factors determined for a
variety of solutes from both laboratory experiments and in situ data using
sediments from coastal zones to the continental margin are within a range
of 1.2 to 7 (Aller 1978; McCaffrey et al. 1980; Andersen & Helder 1987;
Archer & Devol 1992). However, the flux enhancement obtained here and by
Andersen and Kristensen (1988); (1.2-2.1) for populations of Nereis diver-
sicolor are low compared to most other faunal assemblages. The uptake of
NH4" in control cores of sand-exp suggests that this compound is consumed
by nitrification in the oxic surface of this sediment. The lower CO,:NH,"
flux ratio in bioturbated sediment, on the other hand, indicates that the action
of worms creates a more direct passage of reduced compounds from anoxic
production sites deep in the sediment to the overlying water.

Porewater models

Bioirrigation effects on porewater TCO, parameterized as “effective diffu-
sion” works well below the zone of bioturbation, but is less accurate within
this zone. The effective diffusion coefficients obtained here (1.6-2.0 cm” d™};
Table 2) are in the low end of the range previously reported for a variety of
infaunal assemblages and sediments with D, values in the range of 0.9 to
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8.6 cm? d~! (Vanderborght et al. 1977; Aller 1978; McCaffrey et al. 1980;
Martin & Sayles 1987; Forster et al. 1995). The excellent fit of the NH4™
“effective diffusion”” model, after conversion from TCO; to measured NH, ™
data below the bioturbated zone in the permeable sediment of sand-exp, indi-
cates that all solutes in the bioturbated zone of this sediment are subjected to
similar transport rates. Eddy diffusion or advective porewater transport is a
mechanism which affects all solutes similarly (Aller 1982). However, in the
less permeable sediment of mud-exp, where eddy diffusion must be of limited
importance, the fit of the NH,;™ converted “effective diffusion” model to the
measured data was, as expected, very poor. The convex shape of modeled
profiles in the bioturbated zone of sediments instead of the measured concave
profiles suggest that other transport mechanisms in addition to vertical eddy
diffusion certainly must control porewater profiles.

The “effective diffusion” coefficients from sand-exp and mud-exp were
4-6 (TCO,) and 2-4 (NH,;™) times higher than molecular diffusion coeffi-
cients, which is higher than the enhanced TCO, flux and comparable to the
enhanced NH4" flux in sand-exp caused by N.diversicolor (Table 1). How-
ever, a comparison between faunal induced changes in transport coefficients
and net sediment-water fluxes is hampered by the impact of consumption
processes (e.g., nitrification and other chemoautotrophic processes) on fluxes
at the aerobic sediment surface.

Profiles of porewater TCO, obtained by fitting with the “nonlocal
exchange” model are in excellent agreement with measured data and sup-
port the radial diffusion theory of Aller (1980) for bioturbated sediments. A
comparison of “nonlocal exchange” coefficients with results from the litera-
ture is complicated due to the solute specificity of « and the general lack of
reports on TCO, and NH, ™. However, Martin and Sayles (1987) estimated a
maximum («g) value of 0.46 d~! for 222Rn; Martin and Banta (1992) found
a range of 0.02-0.28 d~! for 2*Rn and 0.02-0.82 for Br; and Emerson et al.
(1984) listed values converted from other transport parameters in the range of
0.005-0.86 d~! for a variety of solutes. The values found here for TCO, and
NH,* (0.09-0.29 d~!) are well within the range given above. After conver-
sion to NHy4 ™, the “nonlocal exchange” model provided a better fit in the less
permeable (mud-exp) than the permeable (sand-exp) sediment, substantiating
the possible role of eddy diffusion in the latter.

Stoichiometric evaluation of transport models

Berner (1977) has shown that if simple stoichiometric decomposition follow-
ing first-order kinetics occurs, the C:N ratio of the mineralized organic matter
may be ascertained from vertical steady state porewater profiles of SO,2~
and NH,T from anoxic sediments using the ratio between one-dimensional
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diffusion-reaction models for the two solutes. Kristensen and Hansen {1995)
showed that the stoichiometry of carbon and nitrogen regeneration can be
expressed directly from TCO, and NH," profiles in non-bioturbated sedi-
ments by a modification of the Berer (1977) approach when no accumulation
of dissolved organic carbon (DOC) occurs. Since the solute profiles in the
present non-steady state control cores clearly were affected by diffusion
down to 5-7 cm depth, the upper part of the sediment can be considered
an open, diffusion dominated zone approaching steady state (Aller & Mackin
1989). As no sedimentation and compaction occurred, and reaction rates are
assumed constant with depth below ca. 1 cm, the reaction stoichiometry in
the diffusion dominated zone of non-bioturbated sediment can be described
by:

R Dy dC

R, D,,dC,

where subscripts ¢ and n denotes TCO, (HCO3;™) and NH, ™, respectively:
R is the reaction rate; dC./dC, is the slope of a porewater TCO, vs. NH, ™
plot (Figure 3); and Dy is sediment diffusion coefficient. The ratio of TCO,
and NH4" production rate (C:N ratio of organic matter being mineralized)
is then approximately equal to the slope of the relationship between vertical
porewater profiles of TCO, and NH,;* multiplied by the ratio (r) between
sediment transport coefficients of the major ions, i.e., for molecular diffusion:
t = Dy /Dy, =0.59.

Dissolved porewater TCO, and NH,™ from the diffusion dominated zone
of defaunated control sediment in both experiments show a good linear rela-
tionship (Figure 3; Table 3). By applying the molecular diffusion correction
(r), the C:N stoichiometry of organic matter decay is estimated to 4.6 in both
sand-exp and mud-exp. This value is similar to those previously obtained
from other anoxic marine sediments (Berner 1977; Aller & Yingst 1978;
Klump & Martens 1987; Andersen & Kristensen 1988; Kristensen & Hansen
1995). C:N ratios of 4-5 for mineralization products during decomposition in
the sediment indicate that nitrogen was mineralized preferentially to carbon
since the C:N ratio of the bulk sediment organic pool was around 10. This
is a common feature of many coastal sediments (e.g. Klump & Martens
1987; Boudreau et al. 1992; Kristensen 1993). Although sediment-water
fluxes appeared to be somewhat higher in the organic-rich (mud-exp) than the
organic-poor (sand-exp) sediment, the accumulation and C:N stoichiometry
of both fluxes and porewater solutes were similar in both sediments types,
implying that comparable organic substrates have been degraded in each case.
Aerobic microbial biomass (including benthic diatoms) is probably a signif-
icant source of labile and nitrogen-rich material in the present experiments
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Figure 3. Relationships between porewater profiles of TCO, and NHy™ in sand-exp and
mud-exp. The symbol O and dotted line represent non-bioturbated control sediment, while
@ and broken line represent Nereis bioturbated sediment. The upper full line is the rela-
tionship derived from the “nonlocal exchange” model (eqs. 2 & 3), and the lower full line
is derived from the “effective diffusion” model (eqs. 1 & 3). Dotted and broken lines are
drawn according to linear regression with constants as presented in Table 3. The relationships
based on measured data and those derived from the “effective diffusion” model are divided
into the upper bioturbation zone and the lower non-bioturbated zone. The relationships from
the non-bioturbated sediment based on measured data only include the diffusion controiled
upper zone, excluding the data points outside the regression line. The regression from the
non-bioturbated sediment in sand-exp is displaced 3 mM TCO, upwards for clarity.
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Table 3. Regression output from plots of porewater TCO, versus dissolved
NH4 7" in sand-exp and mud-exp according to the equation: y = ax + b. Results
from modelling using the “effective diffusion” and the “nonlocal exchange”
approach are shown for comparison. The correlation coefficients, r%, are shown
for measured profiles. For Nereis cores the measured data and the “effective dif-
fusion” output are separated in the bioturbated (upper) and the non-bioturbated
{lower) zone.

a b r2
Sand-exp
Nereis (upper) 5.35 1.69 0.989
Nereis (lower) 7.76 ~1.29 0.970
Effective (upper) 472 1.74 —
Effective (lower) 7.95 -2.54 —
Nonlocal 7.95 1.71 —
Control 7.77 1.76 0.989
Mud-exp
Nereis (upper) 7.73 2.40 0.993
Nereis (lower) 7.75 2.03 1.996
Effective (upper) 4.81 1.75 —
Effective (lower) 8.11 -3.39 —
Nonlocal 8.11 171 —
Control 7.77 4.90 0.993

(Kristensen & Hansen 1995). After being mixed into the sediment during
the pre-experimental homogenization procedure, the displaced microbial bio-
mass was degraded rapidly by the anaerobic microbial community. The large
detritus pool originating from past macroalgal depositions in the organic-rich
sediment was relatively refractory (Hansen & Kristensen 1997) and therefore
without any significant contribution to the parameters determined here.

The relationship between porewater TCO, and NH, " in the faunated sedi-
ments is different in sand-exp and mud-exp (Figure 3). In the upper 6 cm
bioturbated zone of sand-exp, the slope is significantly lower than in the
undisturbed zone below (two-tailed t-test, p < 0.01) and in the defaunated
control sediment (p < 0.05); (Table 3). In mud-exp, however, no significant
differences are evident between the upper bioturbated and the lower undis-
turbed zones of the faunated sediments or between both these zones and the
defaunated control sediment. These patterns of porewater solutes within the
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bioturbated zone points to fundamental differences in transport conditions
within the two sediment types.

The relationships between measured porewater TCO, and NH,*t can be
compared with those obtained from fitted profiles based on the two transport
models (egs. 1 & 2). The “effective diffusion” model provides two linear
relationships, one in the eddy diffusion dominated bioturbated zone with
slopes (4.7-4.8) equivalent to the C:N reaction stoichiometry, and one in
the molecular diffusion dominated zone below with slopes (8.0-8.1) similar
to those obtained in control sediments (Table 3). When based on the diffu-
sion controlled “nonlocal exchange” model only one linear relationship is
obtained over the entire depth interval with slopes similar to those of the
deep zone of the “effective diffusion” model. Since the relationship in the
bioturbated zone of faunated sand-exp sediment approaches that of the “effec-
tive diffusion” model, the transport in this zone of the permeable sand-exp
sediment must have a significant eddy diffusion component (e.g., from eq.
4, Ds./Dgy — 1). However, since the sand-exp slope is significantly different
from both the “effective diffusion” (p < 0.05) and the “nonlocal exchange”
(p < 0.01) slopes, an intermediate situation with both eddy and molecular
diffusion control must prevail in this permeable sediment. In mud-exp, on the
other hand, the slope of the porewater relationship in the bioturbated zone is
not significantly different from that determined from the “nonlocal exchange”
model. This implies that all transport within the bioturbated zone of the less
permeable mud-exp sediment was driven by molecular diffusion. In the deep
zone of faunated sediments in both sand-exp and mud-exp, the slopes are
similar to those found for the “nonlocal exchange” and for the deep zone of
the “effective diffusion” model, indicating that molecular diffusion was the
only transport process here.

Biogenic advection, as observed in the permeable sediment from
Fellestrand (sand-exp), has previously been suggested as an important solute
transport mechanism between relatively well-mixed and distinct reservoirs
within bioturbated sandy sediments and the overlying water (McCaffrey et
al. 1980; Aller 1982; Waslenchuk et al. 1983). A classic example of biogenic
advection is the burrow system of the polychaete Arenicola marina, where
respiratory water, drawn into the sediment via the J-shaped burrow, is pressed
into the feeding pocket and percolates upward in the sediment-filled head
shaft and emerges from the sediment in the feeding funnel (Newell 1979).
This upward directed water flow rapidly exchanges porewater and associated
solutes in the head shaft with overlying water (Huettel 1990).

In the case of N. diversicolor, conditions are somewhat different. This
species inhabits U- or Y-shaped burrows with at least two openings to the
surface, allowing free passage for irrigated water (Davey 1994). The eddy dif-
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fusion or biogenic porewater advection created by irrigation currents (0.3 cm
s~!; Riisgérd et al. 1992) of this species in permeable sediments (like in
sand-exp) may be driven by small-scale pressure gradients along the irreg-
ular burrow structure. In comparison, Huettel and Gust (1992) found that the
surface roughness of permeable sandy sediments exposed to unidirectional
water flow (friction velocity of 0.5 cm s™1) creates pressure gradients large
enough to drive porewater out of the sediment. They determined that surface
currents similar to those typically found in N. diversicolor burrows could
enhance the solute flux across the sediment-water interface several fold and
influence the concentration of porewater solutes down.to several cm depth.
Porewater movements across burrow walls, however, may be hampered by
the presence of mucus linings of low permeability (Aller 1983). The enhanced
solute transport by N. diversicolor in less permeable sediments (like in mud-
exp) is caused by molecular diffusion across the burrow wall with subsequent
flushing to the overlying water by the irrigation current. In this case only
limited porewater advection will occur. The degree of transport enthancement
is then directly related to the burrow wall area and thus to the increase in
sediment-water contact zone (Davey & Watson 1995).

Conclusions

Based on experimental evidence, it was shown here that transport condi-
tions of porewater solutes in the Nereis diversicolor bio-irrigated zone was
dependent on the permeability of the sediment. A “nonlocal exchange” model
generally fitted measured porewater profiles of TCO, and NH4 " better than
an “effective diffusion” model. In less permeable sediment, the molecular
diffusion stoichiometry of the former model provides an excellent fit to
the profiles of both solutes within and below the bioturbated zone, which
the latter did not. It can therefore be concluded that the transport enhance-
ment by Nereis diversicolor in less permeable sediments is controlled by
nonlocal transport driven by molecular diffusion and directly related to the
increase in sediment-water contact zone created by burrows. When the “non-
local exchange” model is applied to permeable sediments a reasonable fit
is achieved, but molecular diffusion corrected (i.e., r = 0.59) stoichiometry
appears not to be adequate. Here the “effective diffusion” model with an
eddy diffusion corrected (i.e., r = 1) stoichiometry provides a good fit of
both solutes, especially below the bioturbated zone. Although the fit by this
model was poor in the bioturbated zone, a plot of measured porewater TCO;
versus NH+ gave a slope which approached that predicted by the “effective
diffusion” model. Based on these evidences, it must be concluded that eddy
diffusion (or advective porewater movements) is important in bioturbated,
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permeable sediments. However, the better fit of the “nonlocal exchange”
model with measured profiles, combined with the fundamentally different
shapes of profiles fitted by the “effective diffusion” model suggests that both
eddy and molecular diffusion operates in the bioturbated zone of permeable
sediments. Accordingly, the otherwise most recognized “nonlocal exchange”
models must consider both forms of transport to describe bio-irrigation more
accurately in such sediments.
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Appendix

The solution to the “effective diffusion” model (eq. 1 & 3) with the boundary conditions
given is:

Zone 1:

R
Ci(x,t) =Cy — TN x (x —2Ly)

c
Zone 2:
1 1

R
Crx,t) =Ct — — — 2L RL —
2 (%, 1) = b, X (x 2)+ 1(2DS 3Dy

YLy —2Ly)

The solution to the “nonlocal exchange” model (eq. 2 & 3) with the boundary conditions
given is:

Zone 1:
. R
C1(x,t) = Ct + Aysinh(fx) + —(1 — cosh(Bx))
o
Zone 2:
Rx
Cx)=C+Ar+ —QLy —x)
2Dg

where:

_ o
-3
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R R dp-Lp
Ay = —tanh(fLy) + Ds Bcosh(BL1)

R RL
Ay = Aysinh(BL}) + —(1 — cosh(BL1)) — —+ (2L, — Ly)
o 2Dg
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