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ABSTRACT: Sedim entary habitats are complex associations of biotic, chemical, and physical p ro ­
cesses comprising 'ecosystem function'. The relative im portance of these processes to biogeochem i­
cal cycling in highly reactive, perm eable sedim ents rem ains poorly understood. We report results 
from several field experim ents in a m uddy-sand intertidal flat dom inated by 2  functionally different 
types of bioturbating m acrofauna in False Bay, W ashington, USA: (1) the arenicolid polychaete 
Abarenicola pacifica  and (2) 2 species of thalassinid shrimp (Upogebia pugettensis  and Neotrypaea  
californiensis). Experim ental plots composed primarily of one of the study taxa or mixed communities 
of both w ere evaluated for their effects on porew ater advection, solute concentrations, and sedim ent 
characteristics. Fluorescein-im pregnated acrylam ide gels w ere used to infer rates of transport, and 
acrylamide gel peepers w ere used to record porew ater concentrations of diagenetically im portant 
constituents am ong experim ental plots. Laboratory studies evaluated rates of diffusive transport in 
non-bioturbated sedim ents for comparative analysis. We found that (1) functionally different m acro­
fauna affect rates of porew ater advection in perm eable sediments, (2 ) organism effects are not attrib­
utable to changes in average m easures of sedim ent granulometry, (3) species interactions may 
further complicate the advective environm ent and the resulting diagenetic processes, and (4) species 
effects vary according to reaction rate kinetics. We hypothesize that species-related effects on trans­
port are due to inhibition of arenicolid feeding by thalassinid tubes that serve to block sedim ent 
fluidization and advective flow. Thus, specific behaviors and interactions am ong organism s appear to 
affect transport rates and sedim ent function in advectively perm eable habitats. The results indicate 
the im portance of integrating behavior, kinetics, and transport into future studies of sedim entary 
biodiversity and ecosystem function.
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INTRODUCTION

M arine sedim entary systems are complex associations 
of biological, chemical, and physical processes that oper­
ate on varying spatial and tem poral scales. From these 
collective elem ents, ecosystem function em erges. The 
difficulty in understanding interm ediate- and small- 
scale process complexity of coastal sedim entary systems 
arises, in part, from current limitations in our character­
ization of macro-organism interactions with physical and 
biogeochem ical processes (Marinelli & W aldbusser 
2005). Studies increasingly point to the im portance of

species-related differences in activity rates (Boudreau & 
M arinelli 1994) and density-dependent processes 
(Marinelli & Williams 2003, Lohrer et al. 2004) that create 
geochem ical variability with fundam ental ecological 
significance. For example, keystone species such as 
urchins or m aldanid polychaetes that alter local commu­
nity structure and small-scale sedim ent geochem istry 
have broad-scale effects on ecosystem function w hen 
in tegrated  over larger scales (Levin et al. 1997, Widdi- 
combe & Austen 1998, W aldbusser et al. 2004). The 
diagenetic setting, dictated by rates of organic input and 
internal geochem ical cycling (Canfield et al. 1993a,b,
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Tham drup et al. 1994, Jahnke & Jahnke 2000), is an 
additional elem ent of complexity that co-determ ines 
the outcome of ecosystem processes (Kristensen et al. 
1985). Lastly, physical-biological interactions related to 
boundary layer dynamics affect interfacial processes 
(Eckman 1983, H uettel et al. 1998), w ith significant 
implications for resource utilization (Taghon et al. 1980), 
population dynamics (Eckman 1996), and sedim ent-  
seawater exchange (Jahnke et al. 2000). Given the diver­
sity of processes and potential interactions among them, 
identification of mechanisms that alter system function is 
crucial to developing predictable relationships betw een 
ecosystem structure and function (Levin et al. 2001).

It is increasingly clear that consideration of the geo­
chemical milieu helps elucidate the m echanisms by 
which biodiversity alters system function. For example, 
W aldbusser et al. (2004) found that biodiversity effects 
associated with lower than predicted phosphate 
fluxes (underyielding) w ere largely explained by depth- 
in tegrated  oxygen concentrations w ithin the sediment 
and the effect of oxygen on phosphate adsorption. This 
relationship was driven by the presence of 1  active deep- 
dwelling organism in the experim ental treatm ents and, 
therefore, may be considered a selection effect (Wardle 
1999). The extensive literature on diagenetic and other 
sedim entary processes may readily provide explanatory 
mechanisms for many of the effects found in biodiversity 
and ecosystem function studies of sediments. Ongoing 
debate regarding the nature of biodiversity effects (Kinz- 
ing et al. 2 0 0 1 ) and lack of congruity am ong conclusions 
from sedim ent-diversity experim ents (Emmerson et al. 
2001, Bolam et al. 2002, Biles et al. 2003) point to the 
need for a more integrated and thorough investigation of 
sedim ent dynamics.

Concurrent w ith the expansion of biodiversity re ­
search in benthic environm ents has been the increased 
recognition of perm eable sedim ents (and associated 
porew ater advective flows) as habitats of significant 
and rapid biogeochem ical cycling. As Rocha (2000) 
argues, the basis for m odern diagenetic research has 
focused on non-perm eable sediments, w ith diffusion 
and bioirrigation as the prim ary transport mechanisms. 
Extant bioirrigation models have successfully captured 
average geochem ical environm ents inhabited by or­
ganism s in diffusive sedim ents (Guinasso & Schink 
1975, Aller 1980, Boudreau 1984). However, these 
models generally are not suited to perm eable sedim en­
tary habitats due to assumptions regard ing  diffusive 
transport around organism  burrows. A common as­
sumption regarding advectively dom inated environ­
m ents is the erasing of chemical potential gradients 
generated  by organism  burrows, and therefore a 
dam pening or lack of sedim entary organism  effects. 
Rather, the prim ary im portance of infauna in perm e­
able sedim ents are as creators of topographic features

and associated pressure gradients that, in turn, 
drive advective flow (Huettel & W ebster 2001, but see 
D 'A ndrea et al. 2002, 2004 for counter examples). 
Furtherm ore, de Beer et al. (2005) estim ated roughly 
25 % of the exchange betw een sedim ent and overlying 
w ater on an advective intertidal sand flat w as due 
to bioturbational activities of infauna, em phasizing 
the potential im portance these communities may have 
on geochem ical cycling in perm eable sediments. 
Although recent findings indicate the im portance of 
infauna on sedim entary processes in perm eable sedi­
ments, it is critical to biodiversity/ecosystem function 
research that we understand w hether functionally dif­
ferent species and interactions among them  create 
ecologically significant variance in perm eable sedi­
m ent processes.

In the current study, we conduct several field exper­
iments in a m uddy-sand intertidal flat dom inated by 3 
species of 2  functionally different bioturbating m acro­
fauna, consider the complexity associated w ith non- 
diffusion-dom inated environm ents, and discuss the 
implications for biodiversity/ecosystem studies in 
term s of species interactions. Our questions in this 
study are as follows: (1) Do 2 functionally different bio­
turbating infauna have different effects on sedim en­
tary processes in this perm eable sedim entary habitat? 
(2) Does the interaction betw een  the 2 functional types 
affect the transport of porew ater and solute distri­
butions? (3) What are the possible m echanism s for 
any organism  effects found on sedim ent dynamics? 
(4) W hat are the implications for the future of bio­
diversity and ecosystem function research within p er­
m eable sediments, as well as in other habitats?

MATERIALS AND METHODS

Site and organisms. This study w as conducted in 
False Bay, W ashington, USA (latitude = 48.488°, longi­
tude = -123.065°), an intertidal flat approximately 
1  km 2  in area during maximum exposure, located on 
San Juan  Island. The tides are mixed semi-diurnal, 
w ith a maximum tidal range of 4 m and daily exposure 
times of nearly 1 2  h during late spring and summer, 
im parting considerable tem perature fluctuations of 
overlying w ater and w ithin the sedim ent (G. G. W ald­
busser unpubl. data). The sedim ent column in the 
study area was underlain by an im perm eable clay 
layer roughly 30 cm beneath  the sedim ent surface. All 
experim ents w ere conducted at the + 1  m tidal height 
(from m ean low water).

The study area is relatively pristine and has a diverse 
infauna, including errant (e.g. nereidid and glycerid 
polychaetes) and relatively sedentary species (e.g. the 
bivalve M acoma  sp. and lum brinereid polychaetes).
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However, the dom inant taxa are the lugworm Abareni­
cola pacifica  and 2  species of thalassinid shrimp, 
Upogebia pugettensis  and Neotrypaea californiensis. 
M aximum densities of surface features, a proxy for 
organism  density, w ere roughly 75 fecal mounds or 
burrow  openings n r 2  for arenicolid and thalassinid 
taxa, respectively (Krager & Woodin 1993, our Table 1). 
No differentiation could be m ade betw een the th a ­
lassinid species w ithout destructive sampling, and 
therefore they are treated  as 1  taxonomic unit.

The arenicolid and thalassinids are characterized by 
differences in feeding mode and burrowing. Abareni­
cola pacifica  is a head-dow n deposit feeder w ith a 
body length of up to 10 cm. It m aintains a mucus-lined, 
j - shaped tube and feeds indirectly on surface m aterial 
by fluidizing the sedim ent above the feeding area  at 
the tube base and subducting surface m aterial dow n­
ward. Taghon (1988) m easured fecal production rates 
of up to 280 d _ 1  (grams of sedim ent to gram s of ash-free 
dry w eight worm per day) for A. pacifica. A  significant 
body of literature exists on the ecology of arenicolids, 
and the reader is directed to Hobson (1967), Brenchley 
(1981), Riisgârd & Banta (1998), Linton & Taghon 
(2 0 0 0 ), and references therein  for further information. 
The presence and abundance of A. pacifica can be 
verified by characteristic fecal mounds found on the 
sedim ent surface next to its well-formed tail shaft 
(Krager & Woodin 1993).

In contrast, thalassinid species create large subsur­
face galleries with > 1  openings to the sedim ent surface 
(Nickeli & Atkinson 1995). They excavate large vol­
um es of sediment, often suspending fine particles, 
increasing turbidity of the overlying water, and 
negatively affecting other organism s (MacGinite 1930, 
Suchanek 1983, Posey et al. 1991, Pinn et al. 1998, 
Feldm an et al. 2000). Both Upogebia pugettensis  
and N eotrypaea californiensis are obligate burrow  
dwellers, and are considered to be facultative suspen­
sion and deposit feeders, respectively (Posey et al. 
1991). Further, differences in reproduction and life- 
history strategies seem  to allow these sympatric spe­
cies to co-occur (Dumbauld et al. 1996, Coelho et al. 
2 0 0 0 , and references therein).

Experim ental plots of areas dom inated by the aren i­
colid, thalassinids, and mixed communities w ere iden­
tified in m id-June and m aintained until the end of 
August. Three 0.5 x 0.5 m plots w ithin 3 larger blocks 
w ere selected by visual inspection of the sedim ent sur­
face for features characteristic of each taxon. All plots 
w ithin a block w ere within 1  to 2  m of each other, and 
blocks w ere -50 to 100 m apart and at similar tidal 
heights. Plots w ere designated as (1) arenicolid dom i­
nated, (2) thalassinid dom inated, or (3) mixed com m u­
nities of the 2 taxa. At 3 intervals over the field season, 
a series of daily photographs w ere taken  at low tide

(23 to 25 June, 19 to 22 July, and 4 to 7 August) to 
verify these designations and the persistence of the 
organisms. Photographic im age data, used to estimate 
the abundances of arenicolids and thalassinids by sur­
face features, w ere analyzed using Im age-J software.

Advection and diffusion measurements. The po­
tential im portance of advective porew ater movement 
w ithin the experim ental area was evaluated using a 
conservative tracer, fluorescein, released from an acry­
lam ide gel diffuser over an outgoing and incoming 
tide. A 20%  acrylamide gel plug (2.54 cm diameter, 
5 cm length), containing 1 mg ml- 1  fluorescein was 
m ade according to Browne & Zimmer (2001). A i m  
transect line was established parallel to the long axis of 
the bay, on a sand bar with a gradual slope, w ithin a 
site that appeared  to lack any obvious surface features 
that would indicate the presence of large bioturbating 
infauna. At 12:00 h the gel was inserted (via core 
replacem ent) into the middle of the transect w ith the 
center of the gel roughly at 5 cm depth. The gel was 
then  covered w ith sedim ent such that the surface was 
flush w ith the surrounding area. Starting at 12:45 h 
and every subsequent hour, a small volume ( - 1  ml) of 
porew ater was taken  at 5 cm depth, along both d irec­
tions of the linear transect, at 3 locations: 1,3, and 5 cm 
from the gel. The sample was obtained by inserting a 
canula, attached to a syringe, to the 5 cm depth  in ter­
val and gently w ithdraw ing fluid at depth. The last 
sample was taken  at 18:30 h; this was the time the 
incoming tide had  begun to cover the experim ental 
area. We assum ed that the major axis of flow would be 
horizontal, based on the pressure gradient generated  
by the retention and drainage of porew ater w ithin the 
sediments, though some vertical transport probably 
occurred. Upon retrieval, all samples w ere filtered 
through a 0.45 pm filter and placed in a dark  cooler 
until analysis on a Turner-Q uantech fluorometer. The 
acrylam ide gel plug was left in the sedim ent for 3 d 
before retrieval on 26 May 2004, w hen the porew ater 
sam pling was repeated, as above.

To evaluate the relative m agnitude of advective v er­
sus diffusive transport in these sediments, a laboratory 
experim ent was conducted to m easure tracer m ove­
m ent in a diffusion-dom inated environm ent. Since dif­
fusive transport is the sum of random  non-directional 
Brownian movem ents resulting in transport down a 
gradient, the vertical or horizontal orientation of the 
experim ental set up is irrelevant on this spatial scale, 
and thus m easures of vertical diffusion in a controlled 
experim ent can be com pared to m easures of advective 
transport m easured in situ in a horizontal direction. A 
PVC pipe 10 cm in diam eter and 30 cm long was 
capped on the bottom, outfitted w ith a vertical line of 
sam pling ports drilled at 1.5 cm intervals to a height of 
15 cm, and fitted with rubber septa as described in
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M arinelli et al. (1998). A 20 % acrylamide solution with 
1  mg m h 1 fluorescein was made, poured into the bot­
tom of the PVC pipe, and allowed to polymerize. Sedi­
m ent from the study site was collected, mixed, and 
defaunated by allowing the mixture to go anoxic for 2  

wk. Once defaunated, the sedim ent was carefully 
added to the pipe to a depth  of roughly 10 cm on 9 July 
2004 (Day 0). The diffusion experim ent was kept at 
constant room tem perature, and did not reflect the 
tem perature variability found at the site. Tem perature 
changes of surface sedim ents due to solar heating 
w ere roughly 10°C at the field site (G. G. W aldbusser 
unpubl. data). Using the W ilke-C hang formula to cal­
culate the tem perature dependence of changes in the 
diffusion coefficient of fluorescein (Browne & Zimmer 
2 0 0 1 ), the free solution diffusion coefficient varied by 
0.1 X 10~ 6  cm s_1, w ith a 10°C tem perature change from 
10 to 20°C. Thus, the consequence of not mimicking 
field tem peratures on diffusive transport is minimal. 
Porew ater samples (~1 to 2 ml) w ere taken  on Days 10, 
18, and 25, filtered, and analyzed for fluorescein 
concentration immediately, as described above.

Fluorescein-loss experiments. To assess differences 
in rates of porew ater advection betw een plots dom i­
nated  by functionally different fauna, w e deployed 
acrylamide gels infused w ith fluorescein in the experi­
m ental plots, described above. The fluorescein concen­
trations rem aining in the gels after a given period of 
time acted as a proxy for relative rates of porew ater 
advection. We hypothesized that gels in areas of 
higher advective flows would lose fluorescein faster 
due to the increased flushing of the surrounding sedi­
ment.

Acrylamide plugs (1.1 cm diameter, 9 cm length) 
w ere m ade w ith a 15% gel (Browne & Zimmer 2001, as 
above) containing 1 mg m b 1 fluorescein. After poly­
merization, the gels w ere rem oved from the cylinders 
and w rapped individually in a single layer of No. 75 
Nitex mesh. On 19 July 2004, 5 replicate gels w ere 
deployed in each experim ental plot (described above), 
10 cm apart along a 0.5 m transect perpendicular to the 
axis of advective flow m easured previously. The gels 
w ere retrieved on 21 July 2004 by taking a 5 cm d ia ­
m eter sedim ent core around the plug and then b reak ­
ing apart the core to obtain the gel plug. Excess sedi­
m ent was gently w iped from the exterior, and two 
5 mm subsections of the plug w ere taken  roughly 
~1 cm from each end of the plug. The subsections w ere 
placed in pre-w eighed sample vials and covered with 
foil to prevent photo-degradation of fluorescein within 
the gels. Immediately upon returning from the field, 
the sample vials w ere rew eighed, and 2.5 ml of d e ­
ionized (DI) w ater was added to each vial for back- 
equilibration of fluorescein out of the gel and into solu­
tion. The samples w ere placed on a shaker table in the

dark  for 48 h. The fluorescein concentration in the 
back-equilibrated w ater was then determ ined via fluo- 
rometry, and the fluorescein rem aining in the gel was 
corrected based on the dilution factor and the volume 
of the acrylamide.

Sediment porewater solutes. Porewater peepers, 
containing acrylamide gels as solute recorders (modi­
fied from Hesslein 1976, M ortimer et al. 1999), w ere 
used to m easure depth  profiles of ammonium, phos­
phate, silicate, alkalinity, and pH at the study site and 
to evaluate the effects of biologically modified pore­
w ater flow on sedim ent biogeochemistry. Each peeper 
had 10 wells (0.75 cm deep by 3.2 cm wide by 8  mm 
high) of approxim ately 2  ml in volume, allowing the 
m easurem ent of a 1 0  cm profile from 1  cm below the 
sedim ent surface to 11 cm depth. To each well, 2 ml of 
a 15% acrylam ide gel was added. Gels w ere m ade 
w ith potassium persulfate as an initiator rather than 
ammonium persulfate, to avoid ammonium contam ina­
tion (Engstrom & Marinelli 2005). After polymerization, 
the peeper wells w ere covered w ith 0.45 pm M agna 
nylon filter paper and w ere prehydrated  in 30 psu 
NaCl solution for 5 d prior to deploym ent in the field on 
4 August 2004. Peepers w ere deployed in the same 
experim ental plots used to m easure fluorescein loss, 
but 1 1  d after these experim ents w ere concluded. 
Three replicate peepers w ere deployed in each plot 
w ithin all 3 blocks, w ith the narrow  edge facing the 
dom inant axis of flow. Peepers w ere retrieved on 10 
August 2004 ( 6  d deployment), w iped clean of sedi­
ment, placed in plastic bags, and refrigerated. Subse­
quently, the individual gels from each depth  interval 
w ere rem oved using clean stainless steel spatulas and 
latex gloves and placed in 15 ml sterile centrifuge tubes 
containing 8  ml of DI water. For back-equilibration, 
tubes w ere placed in the dark on a shaker table in a 
cold room at 10°C for 48 h. Solutes and pH w ere then 
m easured on the back-equilibrated solution and cor­
rected  for the dilution. Random checks of salinity on 
the back-equilibrated w ater w ere done to detect pos­
sible evapo-concentration of solutes w ithin the gels, 
either in the course of handling or during deploym ent 
in the field.

Calculations w ere m ade to verify the response time 
of the gels to changes in surrounding porew ater con­
centrations. Using free solution diffusion coefficients 
for ammonium, phosphate, and silicate (Boudreau
1997), the acrylamide-specific diffusion coefficients 
w ere calculated and Bessel series summations w ere 
perform ed as in Browne & Zimmer (2001). Roughly 
1 0 % or less of the solute would be present in the gel 
(75 mm diffusion length based  on well depth) after 1 d 
of equilibration, if exposed to solute-free water. In 
other words, it would take roughly 24 h for the gel to 
equilibrate to w ithin 90% of surrounding concentra-
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tions, if those concentrations w ere constant. Integrat­
ing the tem poral variability associated w ith the tidal 
draining and saturation of these sedim ents requires 
extended sampling. We estim ated that a deploym ent 
time of 6  d would be sufficient to allow for the gels to 
accurately record average porew ater values; this was 
true based on prior m easures of sedim ent porew ater 
constituents using direct extraction (G. G. W aldbusser 
unpubl. data). Therefore, gels successfully integrated 
tem poral variability in porew ater constituents over the 
deploym ent period.

Chemical analyses. Analyses of ammonium, phos­
phate, silicate, and alkalinity w ere perform ed on a 
Sm artchem  discrete chemical analyzer (Westco Scien­
tific). Ammonium was analyzed using a modification of 
the phenol m ethod as outlined by Koroleff (1976). 
Phosphate analysis followed a modification of the En­
vironm ental Protection Agency's (EPA) M ethod 365.2 
and Eaton et al. (1995). Silicate was analyzed accord­
ing to Strickland & Parsons (1972). Alkalinity was 
determ ined using the methyl orange m ethod (EPA 
310.2). Dissolved inorganic carbon w as calculated from 
the pH and alkalinity m easures by dissociation con­
stants using a MATLAB routine (csys.m and equic.m) 
developed by R. E. Zeebe and D. A. Wolf-Gladrow 
(www.awi-bremerhaven.de/Carbon/co2book.html). The 
m easurem ent of pH was conducted using a pH elec­
trode and m eter (VWR Scientific M odel 8000).

Sediment parameters and measured permeability. 
Grain size analysis was conducted on composite 
samples from each experim ental plot using standard 
sieving techniques and graphical analysis of the cum u­
lative percent distributions following Folk & Ward 
(1957). Three 3 cm diam eter cores of roughly 7 cm 
depth  w ere taken  from each plot and w ere com bined 
to obtain a composite sample of each plot on 14 August 
2004. Composite samples w ere w eighed, dried, and 
rew eighed to calculate porosity [volume pore w ater/ 
volume (sediment + porewater)]. A value of 2.65 g ml- 1  

was used to correct for the density of quartz, and 
1.023 g ml4 , for seaw ater in the calculations. Perm e­
ability was calculated by the R um pf-G upte equation 
(Boudreau 1997) using grain size and porosity m ea­
sures. Sedim ent organic carbon and nitrogen w ere 
determ ined for three 1  cm diam eter surface cores 
(0.5 to 1.0 cm depth) taken  in each plot using a Carlo 
Erba-440 elem ental analyzer.

As an independent perm eability m easure, 1 intact 
sedim ent core (5.08 cm diam eter by -10  cm high 
sedim ent column) was taken  in the middle of each 
plot w ithin 1 of the 3 blocks and returned  to the 
laboratory. These cores lacked obvious surface fea­
tures that would indicate the presence of large bio- 
turbating infauna. Permeability of these intact cores 
was determ ined using the falling-head perm eam eter

m ethod (Gray 1958). The m easured perm eability is 
based  on the actual velocity of porew ater movement 
through an intact sedim ent core (given a certain 
pressure head), w hereas the calculated perm eability 
uses theoretical considerations and empirically deri­
ved relationships betw een porosity and grain size 
(Boudreau 1997).

Data analysis. Porew ater profiles w ere depth- 
in tegrated  using trapezoidal integration. A 2-way 
ANOVA, w ith treatm ent, block, and treatm ent x block 
interaction effects, was used to analyze differences in 
fluorescein-loss and in tegrated  porew ater data as a 
function of the dom inant taxon/treatm ent (arenicolid, 
thalassinids, or mixed). The fluorescein-loss and 
in tegrated  porew ater data w ere transform ed to m eet 
the assumptions of normality and hom ogeneity of 
variance in the ANOVA tests as follows: fluorescein- 
loss data and porew ater data  w ere natural log trans­
formed, and organism abundance data w ere square 
root transformed. W hen no block effect was found, the 
block effect w as dropped from the model, and data 
w ere reanalyzed as a 1-way ANOVA. A Tukey- 
Kramer correction was used on the individual S tu­
dent's f-tests of treatm ent differences. Statistically 
determ ined outlier values w ere found and rem oved 
from the fluorescein-loss analysis in 3 observations of 
the thalassinid treatm ent and 1  observation of the 
mixed treatm ent. All statistical analyses w ere con­
ducted using S AS Version 8 .

Two types of post hoc exploratory regression analy­
ses w ere conducted to investigate possible density 
dependence and interaction effects of these 2  species 
on variability in sedim ent porew ater constituents. 
In the analyses, the abundance data obtained from 
the August photographs w ere averaged over the 3 d 
period. The chem istry data (3 replicates plot-1) w ere 
not averaged for each experim ental plot, in order to 
reflect spatial variability of porew ater w ithin each plot. 
The original treatm ent assignm ents of arenicolid, th a ­
lassinid, and mixed w ere ignored, and the densities of 
each organism  w ithin all plots w ere regressed against 
the porew ater solute concentrations. We acknowledge 
the observations are not independent, but point to 2  

reasons why such a m ethod may be appropriate in this 
exploratory analysis. First, there is a lack of straightfor­
w ard statistical analysis that may deal w ith variables 
that vary on differing spatial scales, such as porew ater 
chem istry and organism  abundance. If we w ere to 
average up to the largest scale (plots in this analysis), 
w e would hide the variance of the porew ater chemistry 
that may be relevant and could be accounted for in a 
regression analysis. Secondly, standard ANOVA is 
simply a special case of regression, in w hich m easures 
of a dependent variable are assigned to an ordered 
categorical independent variable. The determ ination

http://www.awi-bremerhaven.de/Carbon/co2book.html
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of a significant slope in such a regression analysis 
(ANOVA) is the equivalent of a significant treatm ent 
effect in a 1-way ANOVA. Although our approach is 
non-traditional, we feei the results provide consider­
able insight into the data in spite of the limitations of 
such a post hoc exploratory analysis.

The first series of post hoc exploratory analyses con­
sisted of simple linear regressions of each chemical 
param eter versus organism  density for each species 
(as determ ined by surface features). The second series 
of post hoc exploratory analyses contained multiple 
linear regressions using each chemical param eter 
versus organism  density plus a species overlap index 
(Schoener 1970). Species overlap was calculated by a 
modification of Schoener's index (1970):

Overlap = 1 -1  p a-  p t I

w here p a is the proportion of arenicolids and p t is the 
proportion of thalassinids. Application of a spatial over­
lap index would account for potential non-linearities 
in sedim ent geochem istry resulting from interactions 
am ong infauna. The closer in value the percentages of 
the 2  species are, the smaller the absolute difference 
betw een them  and the closer to an overlap value of 1 . 
Overlap indices w ere arcsine transform ed because 
they w ere proportions. After transformations, all p ara ­
m eters w ithin the data set w ere standardized (or non- 
dimensionalized), so each param eter had  a m ean of 0  

and a standard deviation of 1. These values have units 
of standard deviations and are called standardized 
deviates or Z-scores (Sokal & Rolf 1969) and are cal­
culated by:

7 . =
1 O

w here X¡ is the value of param eter X  and observation i, 
|T is the m ean of the m easured param eter, g is the 
standard deviation of the m easured param eter, and Z¡ 
is the new  standardized value of observation i. Re­
gression param eters estim ated using Z-scores can be 
directly com pared to each other even if the original 
observations had  different units. Differences in m agni­
tude am ong the standardized regression param eters 
can be used to investigate w hich dependent variables 
(integrated porew ater concentrations) are most influ­
enced by density of arenicolids or thalassinids.

Assumptions (normality, hom ogeneity of variance) 
w ere checked, and potential outliers w ere exam ined 
using Cook's distance, DFBETA values, and Studen- 
tized residuals (Sokal & Rolf 1969). In all cases, 1 to 3 
outliers w ere detected, and in most cases it was the 
same observation for different solutes; therefore, those 
points w ere excluded from the regression as true 
outliers due to overly influential effects on param eter 
estimates.

RESULTS 

Organism abundance

Results from the photographic surveys indicate the 
treatm ent assignm ents w ere appropriate and differ­
ences am ong plots rem ained relatively consistent with 
time (Table 1). No attem pt was m ade to control or 
regulate the actual abundance of the 2  major taxa in 
the plots throughout the course of these experim ents, 
because we w anted to minimize disturbance to the 
sedim ent fabric. Therefore, small changes in the re la ­
tive abundances w ere expected due to natural vari­
ability associated w ith undisturbed habitats, and minor 
variability in surface features not directly related  to 
abundance.

Advection and diffusion experiments

Results from the field m easurem ents of tracer 
release from a gel diffuser indicate that advective 
flows are occurring in these sedim ents over a tidal 
cycle. M easurable fluorescein concentrations w ere 
found 1  cm from the gel source tow ard the m outh of

Table 1. Density of surface features per square m eter (mean ± 
SD) from photographic surveys of experim ental plots for the 3 
blocks and for 2 of the 3 experim ent dates. July values 
correspond to the fluorescein-loss experiments, and the 
A ugust values correspond to the porew ater peeper experi­
m ents. Values represen t num ber of fecal mounds (arenicolids, 
Abarenicola pacifica) and burrow  openings (thalassinids, 
Upogebia pugettensis  and N eotiypaea californiensis). The 
last column is the ratio of fecal m ounds to burrow  openings 

for each plot

Date Block 
Plot

o U r iQ C S  I6 Q tU F 6 S  
Arenicolid Thalassinid Ratio

July
Arenicolid I 49.33 ± 7.42 2.66 ± 1.33 18.54

II 70.66 ± 9.61 16.00 ±4.00 4.41
III 36.00 ± 6.92 12.00 ± 0.00 3.00

Mixed I 37.33 ± 2.66 21.33 ±4.80 1.75
II 20.00 ± 6.11 50.66 ±5.81 0.39
III 21.33 ±3.52 54.66 ±2.66 0.39

Thalassinid I 2.00 ± 2.00 34.00 ± 6.00 0.05
II 2.66 ± 1.33 61.33 ±9.61 0.04
III 2.66 ± 1.33 62.66 ± 8.11 0.04

August
Arenicolid I 74.66 ± 10.41 18.66 ±2.66 4.00

II 81.33 ± 3.52 25.33 ±9.33 3.21
III 37.33 ±3.52 28.00 ±4.00 1.33

Mixed I 50.00 ± 10.00 28.00 ±4.00 1.78
II 25.33 ± 4.80 50.66 ± 10.41 0.50
III 36.00 ±4.00 58.66 ±3.52 0.61

Thalassinid I 1.33 ± 1.33 65.33 ± 11.85 0.02
II 9.33 ± 1.33 74.66 ± 13.13 0.12
III 6.66 ± 6.66 48.00 ± 6.92 0.13
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the bay and slightly down slope 1 h and 45 min from 
the time of insertion, w ith a maximum (75 pg ml4 ) 
occurring at 3 h and 45 min from gel insertion (Fig. 1). 
On the opposite side of the gel, maximum fluorescein 
concentrations at 1  cm distance reached a peak of 
only ~2 pg m F 1 (data not shown). Thus, transport was 
asymmetric and rapid, likely due to advective pro­
cesses associated w ith pressure gradients generated  
during drainage of the tidal flat. A concern of ex tract­
ing porew ater samples is the possibility of inducing 
transport via the rem oval of porewater. A lthough we 
cannot unequivocally dismiss some sampling effect of 
porew ater extraction, the directionality of the m ea­
sured transport is suggestive of advection. The miss­
ing section of the curve in Fig. 1 (4 h and 45 min from 
time of gel insertion) was due to little to no 
extractable porew ater in the sedim ents at 5 cm depth. 
Three days subsequent to the gel insertion, porew ater 
samples w ere again taken  at 5 cm depth  along the 
same transect as the first sample set (Fig. 2). Results 
confirm a similar pattern  of asymmetrical concentra­
tion gradients.

A comparison of tracer concentration and transport 
time in the field to that obtained in the laboratory dif­
fusion experim ents confirms the occurrence of advec­
tive porew ater movem ent in these sediments. Com­
pared  to field data (-80 pg m F 1 at 1 cm after 0.17 d), a 
similar concentration in the diffusion experim ent was

Sedim ent fluorescein  on Day 3
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Fig. 2. Spatial transect showing fluorescein concentration at 
5 cm depth  on 26 M ay 2004, 3 d after the gel was inserted. 
The peak  at 1 cm illustrates the effect of tidally induced p res­
sure gradients on porew ater m ovem ent and indicates direc­
tional (advective) transport. The solid vertical line at x  = 0 
represents the location of the fluorescein-im pregnated gel

found betw een 10 d (5.50 pg m F 1 at 1.5 cm) and 18 d 
(95.00 pg m F 1 at 1.5 cm) (Fig. 3). The difference in time 
and concentration betw een advection field experi­
m ents and diffusion experim ents indicates that advec­
tive processes have substantial impacts on porew ater 
transport in this habitat.
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Fig. 1. Results from prelim inary studies of porew ater advec­
tion in  False Bay sediments. Left y-axis shows fluorescein 
concentration (solid line) at 1 cm distance from the gel edge, 
tow ard the m outh of the bay, at 5 cm depth in  the sediment. 
The x-axis is the tim e from gel insertion into the sediment. 
The broken section of the solid line corresponds to the sam ­
pling period w hen no porew ater could be extracted from the 
sediment. Right y-axis shows estim ated tidal height (dotted 
line) in False Bay in  meters, based  on observations and p re ­
dicted tides in  Friday Harbor. The directionality in  concentra­
tion away from the gel plug down slope and not up indicates 
the im portance of tidally generated  pressure gradients in 

facilitating porew ater advection
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Fig. 3. Time series of fluorescein concentration profiles ob­
tained  from diffusion experim ent in a controlled sedim ent 
tow er w ith no advective transport. The profiles refer to time 
from initiation of the experiment. The vertical line is the theo­
retical profile at steady state (Stdy St.), assum ing no loss of 
tracer. This profile w as calculated based  on the know n con­
centration of tracer in  a given volume of gel, volume of 
sedim ent and w ater in  the column overlying the gel, and a 
representative porosity of the sedim ents in  the experiments. 
D epth 0 is the depth adjacent to the acrylamide gel source
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Fluorescein-loss experiments

The recovery of the fluorescein-im pregnated gels 
was not completely efficient. For each treatm ent, there 
should have been  a total of 30 observations (5 surface 
and 5 deep gel sections per plot in each of 3 blocks). 
The actual recoverable gel samples for each treatm ent 
w ere 23, 15, 25 for the arenicolid, mixed, and th a ­
lassinid treatm ents, respectively. Thus, the degrees of 
freedom  w ere relatively balanced betw een the aren i­
colid and thalassinid treatm ents, but the mixed trea t­
m ent had  fewer observations.

In spite of these difficulties, significant differences 
w ere found in the fluorescein-loss data  (p < 0.0001, 
^ 2 ,5 8 . 7  = 14.03). Fluorescein loss was higher in the 
arenicolid plots relative to the thalassinid and mixed 
plots, suggesting that porew ater transport was highest 
in arenicolid regions. No significant effect of depth  (p = 
0.2480, F1:„  = 1.36) or block (p = 0.3018, F2,57 = 1.22) 
was found; therefore, the data  w ere pooled and a 
1 - way ANOVA was conducted w ith block and depth  as 
covariates. Once again, a significant treatm ent effect 
was found, w ith the arenicolid plots showing signifi­
cantly less fluorescein rem aining in the gels relative to 
the mixed (p = 0.0049, tsg s = 3.28) and thalassinid plots 
(p < 0.0001, tSJ 6 = 5.19), respectively. No significant dif­
ference was found betw een  the mixed and thalassinid 
plots (p = 0.5368, ¿ 5 9  4  = 1.07) (Fig. 4). These differences 
in fluorescein loss suggest that m acrofaunal species 
composition is an im portant regulator of the extent of 
advective transport in perm eable sediments. In partic­
ular, the arenicolids appear to be greater facilitators of 
advective transport relative to thalassinids. The lack of 
difference betw een  deep (~8 cm) and surface (~2 cm) 
sections of the gel also indicate that these differences 
are not driven by organism  effects on surface topogra­
phy. Surface topography-driven flows tend to have 
shallow (3 to 5 cm) penetration into the sediment 
column (e.g. H uettel et al. 1998).
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Fig. 4. M ean values (±1 SE) of fluorescein rem aining in  the 
gels for each treatm ent: arenicolid (aren), m ixed and thalas­
sinid (thai). D ata are pooled for block and depth as no sig­
nificant effect was found for either factor. Common letters 

indicate no significant difference betw een  treatm ents
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Fig. 5. R epresentative porew ater profiles from 2 peeper 
deploym ents, 1 in  an arenicolid (aren) plot (filled symbols) 
and 1 in a thalassinid (thai) plot (open symbols). Profiles of 
ammonium (circle), phosphate (square), and silicate (triangle) 

are shown

Sediment porewater solutes

The porewater peepers with acrylamide gels appeared 
to accurately record average porew ater solute concen­
trations (Fig. 5), and corresponded well to direct pore­
w ater extractions at this site (Marinelli 1994, G. G. 
W aldbusser unpubl. data). Overall trends in the pore­
w ater data support differential rates of porew ater 
transport associated w ith the different taxa in this 
study. In most cases the depth-in tegrated  porew ater 
concentrations w ere lower in the arenicolid plots re la ­
tive to the thalassinid plots (Fig. 6 ). However, mixed 
plots showed considerable variation. For all solutes 
m easured (NH4+, P 0 43~, Si(OH)4, dissolved inorganic 
carbon (DIC), alkalinity, and pH), there was a sig­
nificant treatm ent x block interaction in the 2 -way 
ANOVA, m aking the interpretation of main treatm ent 
effects somewhat difficult (Table 2, Fig. 6 ). Closer 
exam ination of the data  revealed that, in most cases, 
the interaction is driven by significant variation in the 
mixed treatm ent across blocks, perhaps associated 
w ith differences in abundance of the 2  organism s in 
these plots (Table 1). Because of the significant in ter­
action term s in the original 2-way ANOVA, the possi­
bility of density-dependent effects (Tables 1 & 2), and 
the kinetic differences in solute reaction rates, post hoc 
regression analyses w ere conducted to explore re la ­
tionships betw een organism density and porew ater 
solute concentrations.

Linear regression results support the prediction of 
both density effects and kinetic effects. Param eter esti­
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Fig. 6. Calculated least square means and standard errors for depth-integrated 
porew ater profiles of each plot w ithin each block (I to III). The x-axis refers 
to block number; the y-axis is the depth-in tegrated  porew ater solute concen­
tration (pmol cm-2). Note: scales are different. Ar: arenicolid; Mi: mixed; 

Th: thalassinid; DIC: dissolved inorganic carbon

m ates suggest a stronger, negative effect of arenicolid 
density and a positive effect of thalassinid density, on 
ammonium and phosphate concentration relative to 
silicate concentration (Table 3). However, a pattern  
was detected  in the distribution of the residuals for 
several of the simple linear regressions. Positive resid­
uals w ere clustered about interm ediate abundances 
(occurring generally in mixed plots), and negative 
residuals w ere found at the extrem es (occurring gen er­
ally in the single species plots). The presence of this 
non-random  pattern  in residuals, as well as failure of 
the data  to m eet the Shapiro-W ilks' test for normality, 
indicates that an additional variable may be needed  in 
the regression analyses.

The results from multiple linear regressions, with 
overlap index, show better fits than the single linear 
models in most cases, as indicated by p-values and 
adjusted R2  of the 2 param eter model (Table 4). The

Table 2. F-values for the interaction term s in the 2-way 
ANOVA for block (blk) and treatm ent (trt) effects. The 
interaction is highly significant in  all cases except silicate.

DIC: dissolved inorganic carbon

Solute Effect df F-value p-value

Ammonium bik X trt 4,18 6.89 0.0015
Phosphate bik X trt 4,18 6.57 0.0019
Silicate bik X trt 4,18 4.16 0.0148
DIC bik X trt 4,18 5.95 0.0031
Alkalinity bik X trt 4,18 6.83 0.0016
pH bik X trt 4,18 10.32 0.0002

results also indicate a positive relationship 
betw een degree of species overlap and 
depth-in tegrated  porew ater concentra­
tions of silicate, ammonium and DIC. This 
suggests that, while species identity and 
kinetic effects may contribute to overall 
porew ater concentrations (Table 3), spe­
cies interaction effects are also operative.

Sediment parameters

Granulometric analysis of composite 
sedim ent samples indicated very little 
difference in sedim ent grain size, poro­
sity, and other m easures am ong the ex ­
perim ental plots (Table 5). This argues 
against the hypothesis that the effects of 
the different organism s on porew ater 
transport are related  directly to changes in 
bulk sedim ent characteristics. In addition, 
organic C and N m easures of surficial 
sedim ents am ong plots also show very 
little difference (Table 5).

Consistent w ith the bulk sedim ent analyses, the cal­
culated perm eability from each site shows no clear d is­
tinction as a function of experim ental treatm ent, nor is 
it related  to fluorescein-loss data (Figs. 4 & 7). A simple 
linear regression betw een fluorescein rem aining in the 
gels and the calculated perm eability for the experi­
m ental plots w as not significant (p = 0.6038, F 1 8  = 0.30, 
R2  = 0.04). The porosity m easures could be biased 
tow ard low values, since the sedim ent samples w ere 
taken  at low tide and the drainage may have rem oved 
some of the water, though this should not affect 
am ong-site comparisons. However, the values calcu­
lated  by the loss of w eight via drying are very close to

Table 3. Results from the standardized simple linear reg res­
sion analysis for effects of arenicolid and thalassinid density 
on in tegrated  porew ater solute concentrations. Analyses w ere 
perform ed on standardized data; therefore, the param eter es­
tim ates are directly comparable. Significance: *p = 0.05, **p = 
0.01, and ***p = 0.001. D egrees of freedom  for each analysis 
w ere betw een  27 and 24 and dependent on outlier detection 
and removal. Adj.: adjusted; DIC: dissolved inorganic carbon

Solute Arenicolid 
Estimate Adj. R2

Thalassinid 
Estimate Adj. R2

Ammonium -0.698*” 0.42 0.737*** 0.49
Phosphate -0.532*” 0.37 0.678*** 0.59
Silicate -0 .412” 0.24 0.456*** 0.39
DIC -0.505* 0.18 0.411* 0.14
Alkalinity -0.616*** 0.38 0.829*** 0.68
pH -0.109 -0.03 0.126 -0.02
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Table 4. Results from the standardized m ultiple linear regression analysis in ­
clusive of the overlap index and density effects on in tegrated  porew ater 
solute concentration. Param eter estim ates for both density and overlap are 
p resen ted  for models run  w ith arenicolid (Aren) density and thalassinid 
(Thai) density for each solute. Significance: *p = 0.05, **p = 0.01, and 

***p = 0.001. Adj.: adjusted; DIC: dissolved inorganic carbon

Solute A ren & overlap 
A ren Overlap Adj. R2

Thai & overlap 
Thai Overlap Adj. R2

Ammonium -0.972*”  0.439* 0.50 0.901*** 0.180 0.55
Phosphate -0.684*** 0.227 0.40 0.808*** 0.183 0.60
Silicate -0.783*** 0.514” 0.48 0.670*** 0.329”  0.58
DIC -0 .690”  0.647” 0.29 0.766*** 0.643*** 0.48
Alkalinity -0 .617”  0.067 0.37 0.879*** 0.114 0.68
pH 0.041 0.110 -0.06 0.068 0.007 -0.08

earlier porosity m easures m ade in the same area by 
using direct m easurem ents of changes in volume of 
dried sedim ent added to known volumes of w ater 
(G .G . W aldbusser unpubl. data).

Results of the m easured perm eability using the 
falling-head perm eam eter experim ents of intact sedi­
m ent cores taken  from Block I showed the following 
coefficients of permeability: arenicolid (26.49 cm h r1), 
mixed (18.55 cm h r1), and thalassinid (23.60 cm hr1). As 
noted above, these values w ere based on 1  core from 
each site and, therefore, do not capture the extent of 
variability w ithin the experim ental plots. Qualitative 
comparison of the calculated perm eability (Fig. 7) and 
the m easured perm eability (above) show similar p a t­
terns in the values betw een arenicolid and thalassinid 
plots, but not in the mixed plot.

DISCUSSION

To understand the effect of biodiversity and com m u­
nity structure on system function in benthic environ­
ments, it is im portant to adopt a mechanistic approach 
that includes both organism s and processes (Bolam et 
al. 2002, Reise 2002, Lohrer et al. 2004). The complex

milieu of marine sedim ents requires inves­
tigation of geochem ical and physical p ro ­
cesses in concert with biological character­
ization. Geochemical param eters such as 
organic m atter input and reaction rate 
kinetics, physical param eters such as 
boundary layer interactions, and sedim ent 
granulom etry all interact w ith organism  
characteristics (behavior, activity rates) 
and community level processes (density 
dependence) to determ ine the ecological 
landscape. Integration of these features 
over various scales in space and time 
determ ine the em ergent ecosystem func­
tion.

The results from the present study underscore the 
need  for an integrative approach to studies of advec- 
tively perm eable sediments, an environm ent that is 
prom inent and biogeochemically significant in coastal 
and continental shelf habitats (Jahnke et al. 2000,

Arenicolid
Mixed
Thalassinid

I II III
Block

Fig. 7. Calculated perm eability by the R um pf-G upte equa­
tion for composite sam ples from each plot am ong blocks

Table 5. Sedim ent characteristics from composite sam ples of all the experim ental plots, blocks (I, II, III), and treatm ents 
(M: mixed; A: arenicolid; T: thalassinid). Organic carbon and nitrogen are from replicate samples (3) w ithin each plot (in %w/w, 
±1 SD); standard  deviations in  organic nitrogen within site w ere <0.00. Categorical classification of sedim ents is given in  the

right-hand column (from Folk & W ard 1957)

M easure I/M I/A I/T II/M II/A II/T III/M III/A III/T Classification

Grain (phi) 2.88 2.88 2.93 2.93 2.71 2.83 3.11 2.99 3.07 Fine sands
Sorting 1.78 1.78 1.78 1.91 1.77 1.84 1.88 1.79 1.86 Poorly sorted
Skewness 0.00 0.01 0.01 -0.02 -0.02 -0.01 0.01 0.01 0.02 Symmetrical
Kurtosis 1.11 1.11 1.08 1.05 1.08 1.07 1.08 1.07 1.09 M esokurtic
Porosity 0.44 0.43 0.42 0.42 0.41 0.43 0.44 0.44 0.44
Organic C 0.17 0.21 0.21 0.19 0.18 0.21 0.18 0.20 0.17
Org. C SD ±0.01 ±0.09 ±0.02 ±0.01 ±0.01 ±0.03 ±0.01 ±0.06 ±0.02
Organic N 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.02
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2003, Rocha 2000, Rusch et al. 2001, Reimers et al. 
2004). Such environm ents are characterized by porous 
sedim ents w ith low standing stock but high through­
put of organic m aterial and rapid rates of biogeochem ­
ical cycling and porew ater exchange (Marinelli et al.
1998). We utilized the natural variability of dom inant 
infauna in this perm eable sedim ent habitat to more 
accurately represent the role of functionally different 
infauna and their interaction on ecosystem -type pro­
cesses over previous m anipulated experim ental sys­
tems. An im portant concern in using unm anipulated 
naturally occurring infaunal communities is the po ten­
tial for other larger-scale correlated param eters to be 
the drivers of am ong-treatm ent variability. The spatial 
proximity of plots, lack of differences in granulometry, 
and lack of any noticeable pattern  in species distribu­
tions across the flat all indicate that species distribu­
tions (on the scale of the experiment) are not the result 
of larger-scale physical factors that may be confound­
ing treatm ent effects. In other words, on our scales of 
m easurem ent, the biology seems to be a causative 
agent, not responding to our m easured param eters. We 
have shown that (1 ) functionally different m acrofauna 
affect rates of porew ater advection in perm eable sedi­
ments, (2 ) the effects are not attributable to changes in 
average vertically in tegrated  m easures of sediment 
granulom etry or other plot-specific characteristics that 
may be due to non-biological effects, (3) species in ter­
actions may further complicate the advective environ­
m ent and the resulting diagenetic processes, and (4) 
species effects on geochem istry vary according to 
reaction rate kinetics of particular spoutes (described 
below).

Previous studies of infaunal effects on perm eable 
sedim ents have em phasized surface processes related 
to topographic variation or sedim ent disturbance 
(Huettel et al. 1998, D 'A ndrea et al. 2002). This study 
em phasizes below-surface processes, including spe­
cies-specific effects and species interactions. Although 
D 'A ndrea et al. (2002) also exam ined below-surface 
effects on sedim ent dynamics, our results suggest a 
different suite of m echanism s for organism  effects on 
transport. In their study, thalassinids w ere found to 
increase organic m atter reaction rates in closer prox­
imity to burrows and to increase flushing rates at depth 
in the less-perm anent sections of the burrow. Our 
study em phasizes the effects of functionally different 
species' burrow  morphology and feeding behavior on 
below-surface advective transport. In addition, below- 
surface species interactions appear to promote non­
linear relationships betw een infauna and sediment 
geochem istry that may form the basis for 'biodiversity 
effects' in sedimentary habitats (Waldbusser et al. 2004).

Surface processes that generate  porew ater advec­
tion include surface gravity waves in shallow w ater

and interactions betw een surface topography and fluid 
flow fields (Huettel & Gust 1992, Reimers et al. 2004). 
Both of these m echanisms are present at False Bay. 
However, the lack of difference betw een near surface 
and deep sections of the gel indicates that transport 
does not decrease w ith depth  (across the interval we 
studied, surface to - 1 0  cm), as is often the case with 
surface processes affecting the upper 5 cm of the sedi­
m ent column (Huettel et al. 1998). Examination of the 
photographic data found roughly 5 to 7 sand ripple 
peaks in the sedim ent surface across a 50 cm transect, 
corresponding to an average ripple w ave length of 
roughly 10 cm. The shape of the ripples indicates that 
the dom inant flow direction during the flood tide is 
counter to the direction of the tracer gradient after 3 d 
of gel deploym ent (Fig. 2). Observations m ade during 
the gel diffuser experim ents found that overlying 
w ater covers the sedim ent faster than it can percolate 
through it horizontally due to the pressure gradient. 
Therefore, the lack of a depth  effect on fluorescein 
loss, the size and shape of the sedim ent ripples, and 
the observed direction of tracer transport all indicate 
that pressure gradients associated w ith tidal drainage 
and flooding, coupled with fine-scale variation driven 
by organisms, are likely the dom inant m echanisms dri­
ving patterns of advective exchange. O ther sources of 
pressure differentials, such as boundary interactions, 
surface gravity waves, and therm al convection, may 
also contribute to rapid transport w ithin these sedi­
ments.

The fluorescein-loss experim ents and sediment- 
perm eability analyses suggest that fine-scale m easure­
m ents and consideration of organism  behavior may be 
necessary to capture the m echanism s that promote 
the observed species differences in advective flow. 
Finer-scale features, such as burrow  wall composition 
or channels associated w ith feeding and sedim ent 
fluffing, are likely to be extrem ely im portant in either 
blocking or facilitating flow; these are not captured by 
traditional bulk analyses. More advanced m easures 
such as high-resolution CT Scan or ultrasound may be 
required  to reveal these features and their significance 
to transport in coastal sedim ents (Solan et al. 2003, 
W ethey & Woodin 2005). Therefore, based on our 
findings and m any prior studies, w e must look to 
organism-specific attributes for discerning the m echa­
nism ^) behind the differences we found.

We hypothesize that the higher flushing rates found 
in the arenicolid plots com pared to the thalassinid plots 
probably relate to differences in motility, feeding, and 
burrow  construction betw een the 2  dom inant taxa. 
During feeding, arenicolids fluidize sedim ent at the 
base of the feeding area and create localized hot spots 
of vertical advective throughput (Huettel 1990, Riis- 
gârd  & Banta 1998, Tim m erm ann et al. 2002, 2003).
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In addition, recent ultrasound m easurem ents (Wethey 
& Woodin 2005) indicate advective pum ping of the 
area im m ediately below and surrounding the burrow  
opening (upper 2 to 3 cm) during near hourly defeca­
tion events. The effects of vertical advective displace­
m ent of particles and fluid by arenicolids may directly 
or indirectly influence the rate of horizontal transport 
due to pressure gradients generated  through tidal sed­
im ent saturation and draining. Arenicolids also appear 
to move reasonably frequently (Krager & Woodin 
1993), perhaps in response to food patches (S. A. 
Woodin unpubl. data), ammonium concentrations 
(R. L. M arinelli unpubl. data), or in relation to life stage 
(Linton & Taghon 2000). Thus, sedim ent fluidization 
and movem ent may link resources and life history with 
advective transport. The potential effect of these link­
ages and their relation to microbial activity, benthic 
prim ary production, and nutrient cycling has been 
noted by Jum ars et al. (1990), but little to no empirical 
evidence exists to verify or nullify these ideas.

In contrast to arenicolids, thalassinids create large 
feeding galleries w here they feed directly in the sedi­
m ent w ithin the gallery (Neotrypaea californiensis), 
or filter feed by pum ping overlying w ater (Upogebia 
pugettensis). Some investigators have suggested that 
microbes yielded through 'gardening ' are also an im ­
portant food source for thalassinids (Jumars et al. 
1990, Kinoshita et al. 2003). Thalassinid species are 
often observed to eject fines (MacGinite 1930, 
Suchanek 1983, Posey et al. 1991, Pinn et al. 1998, 
Feldm an et al. 2000) or have high pum ping rates of 
burrow  w ater com pared to the physical processes of 
tidal exchange (Dworschak 1981); therefore, it should 
be expected that they would, in turn, increase the 
transport rates of porew ater w ithin sedim ents and 
affect rates of organic m atter rem ineralization (Ziebis 
et al. 1996, D 'A ndrea et al. 2002). In contrast to prior 
studies, our study found no difference in grain size 
distributions (Table 5), and transport rates w ere 
slower in thalassinid areas com pared to arenicolid 
areas (Fig. 4), though true organism -free control plots 
w ere lacking. It should also be noted that surface fea­
tures often found in association w ith thalassinid bu r­
rows w ere lacking from the experim ental area. The 
redistribution of the fine-grained sedim ent during 
tidal flows or the dom inance of the filter-feeding U. 
pugettensis  (Griffis & Suchanek 1991) are 2 potential 
reasons sedim ent mounds associated with burrow  
openings w ere not found. Observations from various 
burrows around the experim ental site found that the 
upper portions of the thalassinid burrows are thickly 
lined w ith clay and appear to be impermeable. In addi­
tion, pressure sensors placed near thalassinid burrows 
indicate little to no signal associated w ith feeding or 
movement, suggesting the walls are extrem ely thick

relative to arenicolid burrow  walls (D. S. W ethey & S. 
A. Woodin unpubl. data). We suggest that thalassinids 
in False Bay actually decrease bulk perm eability 
through creation of near-solid structures that serve to 
in terrupt flow. Analogous to pipes running through 
the sedim ent column, these near-solid structures may 
interfere w ith arenicolid feeding via inhibition of sedi­
m ent fluidization and subduction.

The use of organism  density in our analyses of pore­
w ater solutes coupled w ith kinetic differences among 
the solutes provides a mechanistic basis for in ter­
preting the complex results obtained. The significant 
block by treatm ent interactions in the original 2 -way 
ANOVA of porew ater da ta  are not surprising, given 
the differences in relative densities of the 2  experim en­
tal organism s across the mixed treatm ents (Table 1). 
Prior investigations of benthic community dynamics 
and sedim entary functioning used biomass to account 
for bulk organism  effects (Emmerson et al. 2001, Bolam 
et al. 2 0 0 2 ), but m easures of abundance more explicitly 
account for the effects of burrow  surface area on 
sed im ent-seaw ater exchange (Aller 1980) and indi­
vidual interactions (Marinelli 1994). Furtherm ore, 
recent investigators have found density-dependent 
effects on sedim ent chem istry (Gilbert et al. 2003, 
M arinelli & Williams 2003, Lohrer et al. 2004), driven 
in part by kinetic effects. We predicted that, based 
on kinetics argum ents (Aller 1980, M arinelli 1992, 
Boudreau & M arinelli 1994), ammonium and phos­
phate should be most sensitive to advective processes 
facilitated by infauna and exhibit strong density 
dependence. Both ammonium and phosphate are p ro ­
duced by organic m atter decomposition, and produc­
tion is not affected by porew ater concentration. Such 
solutes are highly sensitive to the degree of biologi­
cally m ediated transport in sediments. Phosphate also 
is readily adsorbed to particles in the presence of 
oxygen, so rapid advection of oxic seaw ater is likely to 
further decrease phosphate concentrations in the pore­
w ater. Conversely, silica dissolution is abiotic, partly 
controlled by the degree of saturation, and less sensi­
tive to biologically driven transport. Thus, differences 
in the effects of infauna on solute concentration may 
relate in part to interactions betw een density and 
reaction rate kinetics, as observed in the regression 
param eters (Tables 3 & 4).

The inclusion of the overlap param eter also resulted 
in better model fits, a more detectable density effect, 
and some congruence w ith the expected relationship 
betw een density, kinetics, and solute loss (Table 4). A 
possible m echanism  behind the significant overlap 
effect may lie in our proposed interaction betw een 
arenicolids and thalassinids, w here thalassinid b u r­
rows act as im perm eable objects that restrict the feed­
ing and fluidizing behaviors of the arenicolids. Posey
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et al. (1991), and references therein, have shown the 
negative effects of thalassinids on smaller m acro­
fauna related  to bioturbation and/or adu lt-larval in ter­
actions. Similar negative effects have been  docu­
m ented w ith arenicolid feeding and depositional burial 
of smaller m acrofauna (Riisgârd & Banta 1998, and 
references therein). More importantly to the current 
study, we present a potential inhibition of arenicolid 
feeding by thalassinid burrows, linking organism  b e ­
havior and transport m echanisms in sediments, pos­
sibly cascading into ecosystem functions such as nutri­
ent cycling, microbial dynamics, and benthic primary 
production. Current models of advective transport 
include bulk sedim ent param eters and hydraulic p res­
sure heads (Boudreau 1997), but do not reflect this 
level of complexity. Experiments incorporating the 
fine-scale m easures of these processes are required  if 
we are to incorporate biologically complex param eters 
into current models of elem ental cycling in perm eable 
sedim ents and into our evaluation of ecosystem ser­
vices provided by coastal habitats.

Complex associations of the biological, chemical, 
and physical processes co-act to determ ine ecosystem 
function. Our findings illustrate the im portance of b e ­
havior and ecological considerations in studies of sedi­
m ent dynamics and, conversely, the im portance of 
dynamics and processes in studies of biodiversity and 
ecosystem function. Developing predictive models of 
the effects that species loss has on the functioning of 
coastal systems requires a mechanistic, process-based 
approach. Given the broad scope of anthropogenic 
impacts on m any coastal ecosystems and the well doc­
um ented changes in the structure of the coastal marine 
biological community (Levin et al. 2001), integrative 
studies are critical to understanding and m aintaining 
living resources.
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