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Abstract

Sediment and water can potentially be altered, chemically, physically and biologically as they are

sampled at the seafloor, brought to the surface, processed and analysed. As a result, in situ

observations of relatively undisturbed systems have become the goal of a growing body of scientists.
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Our understanding of sediment biogeochemistry and exchange fluxes was revolutionized by the

introduction of benthic chambers and in situ micro-electrode profilers that allow for the direct

measurement of chemical fluxes between sediment and water at the sea floor and for porewater

composition. Since then, rapid progress in the technology of in situ sensors and benthic chambers

(such as the introduction of gel probes, voltammetric electrodes or one- and two-dimensional

optodes) have yielded major breakthroughs in the scientific understanding of benthic biogeochem-

istry. This paper is a synthesis of discussions held during the workshop on sediment biogeochemistry

at the ‘‘Benthic Dynamics: in situ surveillance of the sediment–water interface’’ international

conference (Aberdeen, UK—March 25–29, 2002). We present a review of existing in situ

technologies for the study of benthic biogeochemistry dynamics and related scientific applications.

Limitations and possible improvement (e.g., technology coupling) of these technologies and future

development of new sensors are discussed. There are countless important scientific and technical

issues that lend themselves to investigation using in situ benthic biogeochemical assessment. While

the increasing availability of these tools will lead research in yet unanticipated directions, a few

emerging issues include greater insight into the controls on organic matter (OM) mineralization,

better models for the understanding of benthic fluxes to reconcile microelectrode and larger-scale

chamber measurements, insight into the impacts of redox changes on trace metal behavior, new

insights into geochemical reaction pathways in surface sediments, and a better understanding of

contaminant fate in nearshore sediments.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of in situ technologies during the last 20 years has resulted in rapid

progress in oceanographic research. During the 1970s and before, most chemical

measurements were realized on board ship or in the laboratory, using conventional

chemical procedures. The sampling was conducted with bottle samplers or sediment

corers, and retrieved samples were subsequently processed on deck. However, sediment

and porewaters can be significantly altered, chemically, physically and biologically, as

they are sampled at the seafloor, brought to the surface, processed and analysed. As a

result, in situ observations of relatively undisturbed systems have become the goal of a

growing body of scientists. Our understanding of sediment biogeochemistry and exchange

fluxes was revolutionized by the introduction of benthic chambers and in situ micro-

electrode profilers. Indeed, in situ benthic flux chamber incubations have provided an

effective means to quantify the mass transfer rate across the sediment–water interface and

in situ high-resolution microprofiles offered a way to determine pore water solute

concentration, allowing rates of metabolic and chemical processes within the sediment

to be accurately quantified with the help of transport-reaction models. At the same time,

the first sediment traps were deployed to determine vertical particle fluxes in the water

column and more recently, in situ analysers allow nutrient measurements to be taken

within the water column. Rapid progress in the technology of in situ sensors means that

they are now effective at sub-millimeter scales. Benthic chamber designs as well as the
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introduction of gel probes and planar optodes have also yielded major breakthroughs in the

scientific understanding of benthic biogeochemistry.

This paper is a synthesis of discussions held during the workshop on sediment

biogeochemistry at the ‘‘Benthic Dynamics: in situ surveillance of the sediment–water

interface’’ international conference (Aberdeen, UK—March 25–29, 2002). In particular,

this workshop sought to evaluate the current state of in situ benthic technologies that allow

for the assessment of sediment reactivity through porewater chemical signatures, as well as

the direct determination of fluxes, on small temporal and spatial scales. In this paper, we

present a non-exhaustive review of existing micro-sensors technologies for the study of

benthic biogeochemistry and their already finalized or potential in situ applications. We

also report on some of the scientific and technological issues that will undergo future

developments, required to further improve our understanding of benthic biogeochemical

dynamics in marine and freshwater settings.

2. Existing technologies and scientific achievements

This section reviews the in situ technologies which are currently available and their

historical development: (1) benthic chambers which are designed to determine solute

fluxes through the sediment–water interface, (2) electrochemical sensors, (3) optical

sensors and (4) methods which are designed to achieve relatively high resolution in situ

porewater sampling. Major scientific findings are also briefly reported.

2.1. Benthic chambers

Benthic chambers (also called boxes, bell jars, micro/mesocosms, etc.) have been used

since the mid-1960s to study rates of benthic respiration and sediment–water solute

exchange in situ. A benthic chamber is a device that is placed on the sediment, enclosing a

known area of the sediment surface together with a known volume of ambient overlying

bottom water. Measurements of solute concentrations in the overlying water are mostly

performed using distinct water samples. In order to achieve continuous measurements at

the surface of impermeable sediments, benthic chambers have also been equipped with

different sensors, such as O2 electrodes and optodes (Glud et al., 1994a,b, 1999a;

Tengberg et al., 1995), pH, and H2S electrodes (Stueben et al., 1998). Concentration

changes in the enclosed overlying water over time are used to calculate fluxes of solutes

into or out of the sediment. These flux calculations are based on four assumptions: (1)

steady state conditions are valid during the in situ incubation period with respect to solute

exchange (i.e., with respect to concentration gradients within the sediment and between the

sediment and the overlying water); (2) the rates of biogeochemical processes in the

overlying water column are negligible compared to those within the sediment unless

measured separately and taken into account in the final flux calculation; (3) the hydro-

dynamic regime inside the chamber does not alter solute exchange across the sediment–

water interface as compared to natural conditions; and (4) the size of the sampling/

measurements area is representative for a larger seafloor area. Under various circum-

stances, either one or more of these assumptions may not be true. While this does not
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preclude the use of chambers to estimate fluxes, these assumptions, and the degree to

which a site may or may not conform to them, must be kept in mind during data analysis

and interpretation. These methods have been utilised for a range of analytes, including

inorganic constituents such as oxygen and nutrients (McCaffrey et al., 1980; Berelson et

al., 1990; Jahnke, 1990), natural and anthropogenic trace metals (Ciceri et al., 1992;

Chadwick et al., 1994; Leather et al., 1995), and are currently being adapted for organic

contaminants (Chadwick, pers. comm.).

In shallow water, benthic chamber deployments, sampling and sediment recovery can

be performed by Scuba divers (e.g., Hallberg et al., 1972; Nixon et al., 1976; Hammond et

al., 1977; Balzer 1978). Autonomous chamber incubations have been conducted since the

end of the 1970s, extending the investigation of benthic activity and fluxes down to the

abyssal plains. Smith (1978) carried out pioneering work by measuring the sediment

community oxygen consumption (SCOC, also called total oxygen uptake, TOU) down to

abyssal water depths with a chamber mounted on a free-falling vehicle. Now, modular

benthic landers equipped with several chambers that allow simultaneous replicate

measurements are almost routinely performed in deep-sea research (e.g., Witbaard et al.,

2000; Witte and Pfannkuche, 2000; Ståhl et al., in press (a,b)). Tengberg et al. (1995)

wrote an overview of the history and technical evolution of chamber and profiling lander

designs (e.g., to limit landing disturbance of the sediment–water interface), though the

subsequent years have led to new developments.

Much effort has focused on the construction of an ‘ideal’ chamber and on the

characterization of chambers in use with respect to hydrodynamic regime, diffusive

boundary layer (DBL) thickness as well as pressure and shear stress distribution (e.g.,

Santschi et al., 1983; Opdyke et al., 1987; Buchholtztenbrink et al., 1989; Glud et al.,

1995; Tengberg et al., submitted for publication (a)). The general consensus is that due to

the low biogeochemical activity of abyssal sediments, DBL resistance on exchange rates of

oxygen can often be neglected in the deep-sea (Jørgensen and Boudreau, 2001; Reimers, et

al., 2001). In active coastal sediments with high oxygen uptake rates, however, hydro-

dynamic effects and DBL impedance can be of importance, and the effects of the imposed

DBL must be evaluated (e.g., Jørgensen and Revsbech, 1985; Hall et al., 1989; Jørgensen

and Des Marais, 1990; Jørgensen and Boudreau, 2001). One intercalibration between the

many different chamber designs is under progress as part of the ALIPOR project (Tengberg

et al., submitted for publication (a)). In one of the experiments involving several replicates

of three different chamber designs, no significant effect of chamber hydrodynamics or

design on oxygen and nutrient fluxes measured on a homogenized, macrofauna-free

sediment could be detected. Also, total oxygen fluxes measured in the chambers were

almost identical to diffusive oxygen fluxes calculated from porewater oxygen micro-

profiles. In the other intercalibration experiment, involving 16 different chamber designs,

significant differences between fluxes measured on homogenized, macrofauna-free sedi-

ments were found for some of the chambers. The only variable showing a significant

correlation with the measured fluxes to so far have been identified is water column height in

the chambers. However, the statistical evaluation of this huge data set is still in progress. A

computer simulation producing a virtual seafloor with natural fauna abundance and

heterogeneity recently focused on the effects of chamber size and number of deployments

on retrieved benthic oxygen uptake rates. This tool allows one to quantify to what extent a
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given measurement (or number of measurements) represent the actual exchange rate at the

seafloor. Output results showed that large chambers and multiple deployments are to be

preferred to get an adequate picture of the total oxygen consumption especially at sites with

high macrofauna abundance (Glud and Blackburn, 2002).

Historically, the main focus of chamber work has been the examination of benthic O2

uptake as the most reliable measure of total benthic carbon degradation in sediments, at

least in the deep sea, where sediments are exposed to well-oxygenated bottom water. In

coastal and shelf sediments with a significant contribution of anoxic mineralization (i.e.,

extremely oxygen depleted or anoxic environments), dissolved inorganic carbon fluxes

have been found to be a better measure of total benthic organic carbon degradation

(Anderson et al., 1986; Hall et al., 1990; Thamdrup and Canfield, 2000) even though

calcium carbonate dissolution may supply a significant amount of carbonate and prevent

accurate assessment of organic carbon mineralization rates. However, calcium carbonate

dissolution can be compensated for by measuring Ca2 + (Anderson et al., 1986) or

alkalinity (e.g., Ståhl et al., in press (a)) fluxes and DIC fluxes simultaneously. Numerous

chamber deployments, ranging from shallow waters down to abyssal depths, have

provided insight into the contribution of sediments to the remineralization of organic

matter on a global scale (e.g., Smith, 1978; Smith and Baldwin, 1984; Jahnke, 1996; Smith

et al., 1997; Smith and Kaufmann, 1999; Wenzhöfer and Glud, 2002). In some cases, there

is a good agreement between general spatial patterns of primary productivity and the

sediment community oxygen consumption (SCOC), but in other studies vertical POC

fluxes as derived from sediment traps are not sufficient to fuel benthic remineralization

rates. This may have been caused by an insufficient temporal resolution of the sediment

trap measurements, but has also been taken as evidence for the existence of lateral input of

organic matter (Smith and Baldwin, 1984; Rowe et al., 1994). Whether temporal variations

in surface water productivity are mirrored in temporal changes in SCOC is still unclear.

There are as many arguments in favour of this hypothesis as against it (e.g., Smith and

Baldwin, 1984; Smith et al., 1992; Pfannkuche, 1993; Drazen et al., 1998; Sayles et al.,

1994; Witbaard et al., 2000; Witte and Pfannkuche, 2000; Ståhl et al., in press (a)). It may

also be possible that seasonal variability of SCOC exists in one ocean basin but not in

another, for reasons that are not yet clear. Concerning the structure of benthic food webs

and the rates and pathways of carbon cycling, recent technological advances have

permitted new experimental approaches (Smith et al., 2001). For example, in situ organic

matter pulse chase experiments with chambers modified for the injection of particulate

tracers can provide new insights into these scientific issues in continental slope (Moodley

et al., 2002; Witte et al., in press) and deep-sea locations.

In permeable shelf sediments, advective porewater exchange due to horizontal pressure

gradients at the sediment surface can significantly enhance the total solute exchange across

the sediment–water interface (Huettel and Gust 1992a,b; Huettel et al., 1996). In most

benthic chambers, the driving forces of these horizontal pressure gradients (i.e., interaction

of water flow and sediment topography, gravity waves) are cut-off. However, it has been

demonstrated that cylindrical benthic chambers, with stirring-induced radial pressure

gradients as a substitute for natural pressure gradients, can be used as model systems to

study advection effects (Glud et al., 1996b; Huettel and Rusch, 2000). The effect of wave-

induced transport in permeable sediments can also be studied using chambers with flexible
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walls that allow pressure variations to propagate into the chamber (Malan and Mc Lachlan,

1991). Chambers that mimic advective flushing and chambers with flexible walls

produced evidence that advective processes strongly enhance remineralization rates in

coarse shelf sediments (Malan and Mc Lachlan, 1991).

A variety of chamber designs have been used to create sediment resuspension events

mainly focusing on factors controlling the erosion and sediment transport process itself

(Black and Paterson, 1997; Black et al., submitted for publication). Similar devices also offer

the opportunity to investigate the consequences of resuspension events on carbon recycling

and nutrient release (e.g., Tengberg et al., 2003, this volume). Other manipulation of the

chamber environment such as maintaining the oxygen concentration at an ambient level,

may also be of interest in the study of chemical species sensitive to oxygen (metals, trace

contaminants, reduced chemical species). Technical solutions to compensate for the loss of

oxygen inside chambers are mostly based upon a gas permeable membrane or tubing which

is in contact with overlying water while the opposing surface is flushed by either gaseous

oxygen, ambient water or oxygen enriched water (Hall, 1984; Rutgers van der Loeff et al.,

1984; Hall et al., 1989; Ciceri et al., 1992; Chadwick et al., 1993; Rowe et al., 1994). Linking

such systems with oxygen sensors allow for strict control of oxygen levels.

The above summary makes it clear that there are countless choices that can be made in

benthic chamber design, to address specific research questions or to make chambers more

‘‘realistic’’. However, it is also clear that all design choices cannot be applied to a single

chamber, and that chamber design parameters such as oxygen control, size, replication,

flexibility, etc., should be carefully tailored to the study site and goals, and in each case

landing speed, carefully controlled (Tengberg et al., submitted for publication (b)).

2.2. Electrochemical in situ microsensors

The highest biogeochemical activity in sediments occurs close to the sediment–water

interface (often within millimeters). This narrow spatial scale is extremely susceptible to

sample perturbation during collection of a sediment core. In situ measurements made with

electrochemical microsensors minimize sediment–water interface distortions (mixing),

leaving natural gradients of metabolites and substrates intact and allowing for sub-

millimeter scale resolution. Additionally, data acquisition can be rapid, providing

quantitative information in real- or near-real-time, which can, in turn, guide subsequent

sampling and analysis. This approach increases the probability of obtaining meaningful

results. However, because samples are analyzed directly, without any sample preparation

(such as separation or purification, which are often done in the laboratory), analyses may

be subject to uncontrollable matrix interferences, lack of specificity or selectivity,

problems of reversibility, fouling and drift. The effect and extent of these issues are

dependent upon the specific method, analyte and environment, but these issues must be

kept in mind. Awide range of electrochemical microsensors has so far been developed for

aquatic environmental research including conductimetry to measure salinity; amperomet-

ric and potentiometric sensors that can measure a single analyte; and voltammetric sensors

that can measure several species simultaneously. It is, however, beyond the scope of this

paper to describe and discuss all available sensors in detail. Instead, we present a brief

overview of the most relevant microsensors used in in situ biogeochemistry. Reviews on
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the development and application of microsensors can be found elsewhere in the literature

(e.g., Taillefert and Luther, 2000; Kühl and Revsbech, 2001; Buffle and Horvai, 2000;

Taillefert and Rozan, 2002).

Amperometric electrodes measure reduction current at a single potential, potentiometric

electrodes measures the difference of potential between the solution and the electrode and

voltammetric sensors use a scanning of potential and measure reduction currents to operate

a multi-elemental analysis.

In amperometry, the current is measured at an auxiliary electrode when a constant po-

tential is applied between a reference electrode, usually silver/silver chloride, and the in-

dicator electrode. The most common amperometric sensor is the oxygen, or Clark, electrode

(Gnaiger and Forstner, 1983). The introduction of ‘‘Clark-type’’ amperometric oxygen

microelectrodes has provided a powerful and reliable electrochemical tool to gain insight

into chemical and biological reactions processes of carbon and oxygen within the marine

environment. (Jørgensen, 1977; Revsbech et al., 1980; Helder and Bakker, 1985; Glud et al.,

2000). These sensors have been routinely deployed to measure concentrations of oxygen in

sediments and overlying waters at sub-millimeter scales (e.g., Revsbech et al., 1983;

Reimers et al., 1986; Revsbech and Jorgensen, 1986a,b; Visscher et al., 1991; Gundersen

and Jorgensen, 1990; Cai and Reimers, 1993; Glud et al., 1994a,b; Tenberg et al., 1995;

Wenzhöfer and Glud, 2002). These profiles performed within millimeters of the sediment–

water interface where high levels of labile organic matter are subject to rapid and extensive

diagenetic reactions have allowed to quantify diffusive fluxes into or out of sediments and to

provide depth zonation of key biogeochemical reactions (e.g., organicmatter mineralization,

oxidation of reduced chemical compounds). The comparison of diffusive oxygen uptake

(DOU) calculated from porewater profiles with benthic chamber total oxygen uptake (TOU)

has also largely illustrated the role of infauna in solute transfer through the sediment–water

interface from the coastal ocean to abyssal environments (Archer and Devol, 1992; Glud et

al., 1994a; Hulth et al., 1994). Wenzhöfer and Glud (2002) showed that the ratio between

total and diffusive fluxes varies in relation to macrofaunal irrigation activities, from 3–4 on

the upper continental slope to almost 1 in oligotrophic regions. However, in some shallow

systems, comparisons of DOU with TOU showed similar results, suggesting that, in some

cases, oxygen fluxes may be specifically driven by microbial activity rather than bio-

irrigation (Grenz et al., this volume; Rabouille et al., 2003).

A number of sensors have also potential for in situ application: an amperometric sensor

has been built to detect N2O in biofilms (Revsbech et al., 1988). An amperometric

microsensor to measure H2S (Jerochewski and Braun, 1996; Kühl et al., 1998) has also

been used to study the microenvironment of a coastal sediment in situ (Wenzhöfer et al.,

2000). In contrast to potentiometric Ag/Ag2S sensors, the H2S microelectrode is insensi-

tive to oxygen and are therefore easier to handle. Recently, bioelectrochemical sensors

have been developed to measure NO3
� in marine sediments (Larsen et al., 1997) and CH4

in sediments and biofilms (Damgaard and Revsbech, 1997). The NO3
� biosensor contains

a microbial community that reduces NO3
� and NO2

� to N2O before measurement with a

N2O electrode (Revsbech et al., 1988; Meyer et al., 2001). The CH4 biosensor contains

aerobic methane oxidizers that consume O2; the decrease in O2 is then measured by a

Clark electrode (Revsbech et al., 1983). It is, however, yet not possible to appraise wether

these sensors can be used in situ or not.
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Other types of electrodes combination based on potentiometry are used to measure a

large array of dissolved compounds. In potentiometry, the difference of potential between

a reference electrode and an indicator electrode is measured with a high impedance

voltmeter in the absence of appreciable currents. The boundary potential, or the difference

in potential between the external and the internal solution at the indicator electrode, is

sensitive to the activity of ions according to the Nernst equation. Potentiometric micro-

sensors commonly used in sedimentary environments include membrane electrodes to

determine the pH or S2
� (Cai and Reimers, 1993; Revsbech et al., 1983), molecular

electrodes to determine pCO2 (Revsbech et al., 1983; De Beer et al., 1997a,b; Zhao and

Cai, 1997), and ion selective electrodes (ISEs) to determine NO3
�, NO2

�, NH4
+, Ca2 +,

CO3
2� (Müller et al., 1998; DeBeer et al., 1997a,b). The combined use of benthic

chambers estimating alkalinity and Ca2 + fluxes and in situ microelectrodes measuring

pH and pCO2 has resulted in major breakthroughs in the study of carbonate dissolution in

deep sea sediment (Archer et al., 1989; Berelson et al., 1990; Cai and Reimers, 1993;

Jahnke et al., 1994; Cai et al., 1995; Hales and Emerson, 1996; Wenzhöfer et al., 2001b).

Using these techniques, it has been shown that organic matter has a pronounced influence

on carbonate dissolution in deep-sea sediments by producing metabolic carbonic acid,

which promotes dissolution of calcite above the ocean lysocline. These authors also

showed that carbonate dissolution rates are very different in situ than in the laboratory,

which makes the use of in situ assessments even more critical for the quantification of

carbonate dynamics at the sea-floor.

Other in situ electrochemical measurements have been conducted in biofilms, where the

distribution of dissolved sulfide has been shown to overlap with oxygen on a dial cycle

(Visscher et al., 1991), and in stromatolites where the decoupling of sulfide oxidation and

sulfate reduction may result in the formation of micritic CaCO3 precipitates (Visscher et

al., 2002). Recently, in situ measurements using an amperometric sensor have revealed

that sulfide may be produced in lake sediments and that sulfate reduction accounts for a

significant fraction of organic carbon mineralization (Kühl et al., 1998).

In voltammetry, the potential is ramped between a working electrode and a reference

electrode. At an appropriate potential, an analyte is oxidized or reduced at the working

electrode and the current resulting from this reaction is measured at an auxiliary electrode.

Voltammetric techniques are attractive for the measurement of chemical species in

sediment porewaters because they can detect several analytes in the same potential scan,

they have low detection limits (AM), and they generally do not suffer from matrix

problems (e.g., high salinity) (Florence, 1986). Voltammetry in sedimentary environments

is mostly used with mercury electrodes, because their analytical window is ideal for the

direct measurements of O2(aq), SH2S (i.e., H2S +HS
�, S2�, and S(0) in S8 and Sx

2�),

Fe2 +, Mn2 +, S2O3
2�, S4O6

2�, and I�, as well as the detection of aqeous clusters of FeS

(Theberge and Luther, 1997) and soluble organic complexes of Fe3 + (Taillefert et al.,

2000). Trace metals may also be measured by these techniques, and some measurements

have been reported in contaminated sediments (Nolan and Gaillard, 2002). However, the

development of microelectrodes to determine low concentrations of trace metals in

sediment porewaters is still in its infancy (Tercier-Waeber et al., 2000).

Voltammetric microelectrodes have been combined in situ with Clark and pH micro-

electrodes (Luther et al., 1999) to assess the cycling of Mn2 + and Fe2 + in continental shelf
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sediments. It evidenced that pH variations occur according to the diagenetic sequence of

natural organic matter mineralization and that Mn2 + is eventually removed by adsorption

onto authigenic phases or precipitation of carbonate minerals. In addition, voltammetric

measurements coupled to porewater microprofiles have evidenced unknown biogeochem-

ical processes: interactions between nitrogen and metal cycles (oxidation of ammonium by

metal oxides, anaerobic reduction of nitrate by reduced iron or manganese) and interactions

between sulfur and iron cycle linked to the speciation of iron or sulfur species have been

inferred (Brendel and Luther, 1995; Luther et al., 1997, 2001; Xu et al., 1997; Rickard et al.,

1999; Taillefert et al., 2000, 2002; Bull and Taillefert, 2001; Glazer et al., 2002).

2.3. Optical micro-sensors

Optical microsensors, also called micro-optodes, have recently been introduced into the

field of aquatic ecology (Klimant et al., 1995). Most applications and developments,

however, have been made in other disciplines such as analytical chemistry and biomedical

research (e.g., Wolfbeis, 1991, 2000; Wolfbeis et al., 1998). There are optical sensors

available for O2 (Klimant et al., 1995, 1997a; Wenzhöfer et al., 2001a), temperature (Holst

et al., 1997a; Klimant et al., 1997a), pH (Kohls et al., 1997), nitrate (Huber et al., 2001a),

pCO2 (Hales et al., 1997; Holst et al., 2000; Neurauter et al., 2000; Wenzhöfer et al.,

2001b), salinity (Huber et al., 2000), chloride which can be used as a proxy for salinity in

seawater (Huber et al., 2001b), surface detection (Klimant et al., 1997b), irradiance (Lassen

et al., 1992; Kühl et al., 1994, 1997) and flow (DeBeer, 1997). It is beyond the scope of this

section to describe all existing optical microsensors. However, reviews of optical sensors

and measuring systems as well as their applications can be found elsewhere (Klimant et al.,

1997b; Glud et al., 2000; Holst et al., 2000; Kühl and Revsbech, 2001; Holst and Mizaikoff,

2002). Here we present a brief overview of oxygen optodes and their use/advantage in

biogeochemical analysis of carbon mineralization and other processes in marine sediments.

Planar optodes-the fundamental principle behind measuring oxygen concentrations

with optodes is based on the dynamic quenching of a luminophore in the presence of

oxygen. The luminophore is immobilized in plasticisized PVC and fixed to the fibre tip.

When this dye is illuminated with a given wavelength, fluorescence is emitted; the

intensity and lifetime is a function of the oxygen concentration (for details see Klimant et

al., 1995, 1997a; Holst et al., 1997b, 2000). In addition to their long-term stability, optodes

have the advantage not to consume the analyte and therefore exhibit no stirring sensitivity.

They are also much easier to manufacture than oxygen electrodes.

Recently, oxygen optodes have been adapted and placed on benthic lander systems,

making these sensors available for in situ studies of benthic mineralization processes with

profilers and chambers (Glud et al., 1999a). Placing the fibre into a robust steel casing also

allows the construction of long sensors for measuring the oxygen penetration in

oligotrophic deep sea sediments, where penetration depths of several centimeters can be

expected (Wenzhöfer et al., 2001a).

The introduction of O2 microelectrodes and microoptodes to sediment systems has

allowed benthic O2 distribution to be studied with a very high temporal and spatial

resolution (Revsbech and Jørgensen, 1986a,b; Klimant et al., 1995), which has subse-

quently increased our understanding of O2 dynamics in different benthic communities, and
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has provided new insights into the study of benthic microbial ecology. The benthic

interface, however, is highly active, and intense production and degradation of organic

carbon takes place within a narrow zone leading to a dynamic exchange of solutes between

the benthic community and the overlying water. In addition, the interface is not a flat

horizon but is typically characterized by extensive spatio-temporal heterogeneity, both at

micro- and macro-scales. The recent introduction of planar optodes to the study of aquatic

biology allows for two-dimensional quantification of the distribution and exchange of

oxygen in marine sediments (Glud et al., 1996a,b, 1999b; Fenchel and Glud, 2000). These

measurements quantify the spatial and temporal variability of oxygen at heterogeneous

benthic interfaces with a spatial resolution of < 0.1 mm over areas of several square

centimeters and at temporal resolutions of a few seconds (see Koenig et al., 2001 for a brief

review). In addition, oxygen images provide a tool for the investigation of the direct

coupling of small-scale biogeochemical processes, such as the tight coupling between

autotrophic and heterotrophic microorganisms in a microbial mat (Glud et al., 1999b). In

contrast to optical microsensors, where the fluorophore is tip-coated, a support foil is coated

with the immobilized dye in these planar sensors. The planar optodes can then be used

without insulation (so-called transparent optodes, see Holst and Grunwald, 2001) or they

can be covered with a thin silicone layer to avoid illumination of the sediment (Glud et al.,

1996a,b). The use of transparent planar oxygen optodes offers the advantage of combining

2D oxygen distribution images with simultaneously recorded sediment structure images

(Holst and Grunwald, 2001) which allows for a direct correlation of areas with high or low

activity (as determined from the oxygen images) with the matrix structure.

Recently, the planar optode technique was also incorporated onto benthic landers for in

situ two-dimensional mapping of oxygen distribution in coastal sediments (Glud et al.,

2001). They can also be left in place to study the temporal variation of chemical species

associated with burrow creation and evolution, photosynthesis, and development of

microzones. However, one should avoid using planar sensors for DBL studies in active

areas where DBL impedance is significant. Since measurements are performed along a wall,

the DBL is completely distorted, and does not represent natural conditions. At this stage,

planar optodes can still be utilized for exchange or heterogeneity studies, but chemical

gradient in the DBL should not be used to calculate field-derived flux. Laboratory

investigations of early diagenesis in marine sediments with two-dimensional pH fluoro-

sensors have also provided insight into how burrows, tubes and fecal structures influence

the micro-environmental patterns of mineralization processes and these pH-planar-optodes

should be easily adapted to in situ devices (Hulth et al., 2002).

Because of their ability to address spatio-temporal variability in sediment systems, two-

dimensional optodes have the potential to help bridge the gap between the small-scale,

highly site-specific microsensors measurements, and results from benthic chamber

incubations, which integrate much larger areas.

2.4. Gel probes and other in situ sampling techniques

For certain analytes, in situ measurements using microelectrodes have not yet been

developed. Polyacrylamide gel probes thus allow the sampling of pore waters at high

resolution (0.1 to 1 mm) with minimal disruption of the sediment–water interface, for
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subsequent laboratory analysis. Two gel probe methods have been developed: diffusional

equilibration in thin-films (DET) and diffusive gradients in thin-films (DGT). Both

methods include polyacrylamide gel, which consists of >90% water and is typically < 1

mm thick (Davison et al., 1994). The DET method is similar to dialysis methods (e.g.,

Hesslein, 1976), except that the thin gel sections allow for faster equilibration times

relative to dialysis methods (24–48 h for DET probes compared to days or weeks for

dialysis probes; Harper et al., 1997). The DGT method includes a thin film of gel

containing a cation-exchange resin on the back of the polyacrylamide gel layer (Davison

and Zhang, 1994), where ion species accumulate on the resin during the deployment time.

Determining in situ element concentrations from DGT measurements can be complicated

in pore waters due to species depletion near the gel surface during deployment and

resupply from undefined phases (desorption from mineral or organic phases). However,

there are a number of circumstances in which relative, qualitative or semi-quantitative

information about a site can be useful. Because cation-exchange resins can concentrate

analytes, DGT can be used to accumulate low-level species that might not otherwise be

detectable, or to integrate analytes that might be variable with time (Zhang et al., 1995;

Fones et al., 2001). It has also been suggested that DGT might provide a measure of the

bioavailable or labile metal content (Hooda et al., 1999), though the correlation between

DGT uptake and biological uptake has yet to be quantitatively determined.

DET probes can consist of a single long gel section or can have smaller gel sections

constrained to openings (0.4 to 1 mm) separated by thin dividers to eliminate profile

relaxation after sampling (e.g., Fones et al., 1998; Mortimer et al., 1998). Gels made with

low acrylamide monomer content coupled with bis-acrylamide as cross-linker have metal

diffusion coefficients similar to diffusion through water and behave similarly to gels made

with agarose-derivative cross-linker (Zhang and Davison, 1999), which is also commonly

used (e.g., Fones et al., 1998). The probe face is covered with a membrane to physically

protect the gel surface and prevent fouling from sediment particles. A PVC wedge attached

to the back may increase the contact between the probe face and sediments and prevent

vertical channeling of pore water (Morford et al., submitted for publication). After

retrieval, unconstrained gel can be chemically fixed or quickly sectioned (DET) to prevent

diffusional relaxation of the pore water profile or discrete gel sections can be removed

(constrained DET). Individual gel sections are then back-equilibrated in dilute acid or

water before analysis.

DET probes have been used to analyse alkalinity, Cl�(aq), NO3
�
(aq), SO4

2�
(aq), NH4

+
(aq),

Ca2 +(aq), Mg2 +(aq), K
+
(aq), Fe

2 +
(aq), Mn2 +(aq), U(aq), Re(aq) and Mo(aq) in both marine and

lacustrine sediments (Morford et al., 2003, this volume; Fones et al., 1998, 2001; Shuttle-

worth et al., 1999; Zhang et al., 1999; Mortimer et al., 1998; Krom et al., 1994; Davison et

al., 1991, 1994). The obtained sample volumes are often small using DET probes, so small

sample volume analytical methods need to be developed and used (e.g., Hall and Aller,

1992). Davison et al. (2000) provide a thorough review of gel probe techniques and

applications.

High resolution gel probe profiles allow for the calculation of fluxes across the

sediment–water interface, where chemical gradients are typically steep, and show promise

for advancing our knowledge of chemical processes. Results show sharp features in pore

water profiles that would not have been observable when averaging over larger depth and
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time intervals (e.g., Fones et al., 2001; Shuttleworth et al., 1999; Zhang et al., 1995) and

should thus improve our mechanistic understanding of element cycling with Mn and Fe

phases. Measurement of horizontal concentration gradients, in addition to vertical

gradients, further characterizes the heterogeneity within sediments, while providing a

two-dimensional portrayal of the system (Shuttleworth et al., 1999). The coupling of an

autonomous benthic lander with gel probes allows for in situ deployment of probes and

expands the application of gel probes to deeper waters (Fones et al., 2001).

Despite of the recent success of gel probes, it is necessary to mention existing in situ

pore waters filtration technique. In particular, the coupling of quasi-in situ whole core

squeezing with a hollow sampler made of thick-walled aluminum tubing equipped with

sampling ports (Martin and Sayles, 1996) allowed the extraction of pore waters for a

limited number of analyses with millimeter-scale resolution, below 4000 m depths (Martin

and Sayles, 1996).

3. Emerging scientific issues and technologies

There are countless important scientific and technical issues that lend themselves to

investigation using in situ benthic biogeochemical assessment. While the increasing

availability of these tools will lead research in yet unanticipated directions, a few emerging

issues are listed here. They include greater insight into the controls on organic matter

mineralization, improved models for the understanding of benthic fluxes to reconcile

microelectrode and larger-scale chamber measurements, insight into the impacts of redox

changes on trace metal behaviour, new insights into geochemical reaction pathways in

surface sediments, and a better understanding of contaminant fate and behaviour in

nearshore sediments.

3.1. Organic matter recycling and burial

Organic matter recycling and burial in marine sediments have been studied for many

years. Nevertheless, fundamental questions remain which may now be addressed in greater

detail with the use of in situ biogeochemical tools.

One important issue is how physical, chemical and biological factors control reminer-

alization rates of organic matter in marine (or lacustrine) sediments (Canfield et al., 1993;

Thamdrup and Canfield, 2000; Landen and Hall, 1998; Ståhl et al., in press (a,b); Aller et

al., 1998). In particular, the study of the relative importance of the active biological

community for degradation rates and pathways of organic matter (e.g., Piepenburg et al.,

1995) is crucial to a full quantitative understanding. Here, the recent introduction of stable

isotope techniques to the field is very promising (Levin et al., 1997, 1999; Middelburg et al.,

2000), and the use of 13C/15N labelled organic substrates in benthic chambers has allowed

for the first detailed analysis of benthic degradation pathways in continental slope and deep-

sea sediments (Moodley et al., in press). The in situ application of these techniques is a very

valuable tool for experimentally addressing questions like the relative importance of the

various POC degradation pathways (e.g., oxic vs. anoxic), the relationship between the

origin and reactivity of settling organic material and the corresponding degradation rates
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and pathways, and the role of terrigeneous material for the above named processes. A

typical example relates to the importance of terrestrial material in the organic matter fraction

being buried in continental margin sediments. De Haas et al. (2002) investigated burial of

organic carbon in a great number of continental margin sediments off Europe and North and

South America. They found that when burial was important in the shelf sediments they

studied, the organic carbon being buried was mostly of terrestrial origin.

Another important issue is the role of DOC and DON fluxes in benthic carbon and

nitrogen recycling (Hall et al., 1990; Skoog et al., 1996; Hulth et al., 1997; Burdige and

Zheng, 1998; Alperin et al., 1999; Burdige et al., 1999; Landén and Hall, 2000; Burdige,

2001; Holcombe et al., 2001; Ståhl et al., in press (a,b)). Most studies published so far

suggest that DOC fluxes are relatively small (in the order of 10–20%) compared to

corresponding DIC fluxes (or organic carbon oxidation rates). However, benthic DOC and

DON fluxes could shed light on to the differences in carbon and nitrogen remineralization

rates observed between coastal, shelf, slope and deep-sea sediments, and may help elucidate

long time-scale changes and trends (Smith and Kauffmann, 1999; Smith et al., 2001).

3.2. Sandy shelf sediments

Until very recently most investigations have been constricted to muddy (relatively

impermeable) sediments while sandy sediments, the prevailing sediment type of con-

tinental shelf regions, have been left largely unstudied (Boudreau et al., 2001; Huettel and

Webster, 2001). This was primarily due to the common belief that sandy sediments are

largely inactive due to their low organic content. This traditional view has now given way

to a new paradigm which regards sands as biocatalytical filters with the ability to process

organic matter at high rates. It is well known that the shelf seas are highly productive

(Jørgensen, 1996; Walsh, 1988). There is thus a need to assess the contribution of shelf

sediments to the remineralization of the organic matter produced within that area and to

integrate this information into budgets of global carbon turnover. Another important

subject for investigation is the cycling and fate of nutrients and contaminants, particularly

since coastal and shelf areas are generally subject to high loading of these substances. As

many traditional methods might not be reliable or appropriate to sands, future work must

focus on methodological developments for sampling, in situ measurements and modelling,

as well as large scale investigations in various shelf regions.

3.3. Oxygen and carbon cycles in sediments

Among organic matter degradation pathways, aerobic mineralization is generally

considered to be of primary importance (although anaerobic pathways may play a major

role in coastal sediments). Oxygen is used by aerobic microorganisms to directly oxidize

organic matter or it is used to chemically or microbially oxidize reduced products (i.e.,

NH4
+, Fe2 +, Mn2 +, H2S, CH4) from the oxidation of organic matter (OM) by other

electron acceptors. The determination of oxygen distribution allows one to extract kinetic

parameters for reactions linked to oxygen consumption/production (such as organic matter

mineralization, oxidation of reduced dissolved products, and photosynthesis by benthic

microphytes). A proper approach to calculate a diffusive oxygen flux from a concentration
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profile is still in question, and should be standardized. Microprofile measurements always

capture the oxygen gradients in the diffusive boundary layer (DBL) and, if resolution is

high enough, one can calculate the flux from this gradient. However, the DBL is disturbed

by the electrode itself (Glud et al., 1994a,b) and the accurate determination of the location

of the sediment–water interface is sometime subjective, yet crucial for flux calculations.

In order to define the optimal way to estimate fluxes from micro-electrode measurements,

chamber experiments and microelectrode measurements have been made with homogen-

ized sediments and in the absence of infauna, to compare different estimations of the

oxygen flux (Tenberg et al., submitted for publication-a). Incubation experiment fluxes

were used as the ‘‘real’’ oxygen flux to which different model calculations based on the

observed microprofiles were compared: Berg’s model (Berg et al., 1998) resulted in a

good agreement between calculated and chamber fluxes, while other models (Bouldin,

1968; Cai and Sayles, 1996) resulted in calculated fluxes 1.5 to 2 times larger than Berg’s

model. The prevalence of the Berg model compared to the others is probably linked to the

fact that it takes into consideration the multi-layered production/consumption zones in the

sediment.

Moreover, one problem when calculating oxygen fluxes from microelectrode profiles is

the lack of information on diffusivity on the same spatial scale (100 Am). One solution

proposed is the direct measurement of diffusivity using new sensors based on diffusion of

gases from an electrode (Revsbech et al., 1998). These are able to determine diffusivity on

retrieved cores at the appropriate depth scale (100 Am, Elberling and Damgaard, 2001).

Other techniques for measuring the water content are now being developed. For example,

although not yet at the in situ stage, the use of nuclear magnetic resonance (NMR) could

prove to be a useful tool for studying water content of the sediment (Wieland et al., 2001).

Clearly, though, a more thorough evaluation of this important issue is required.

In sediment with intense biogeochemical activity, the paradigm of oxygen as the

ultimate oxidant of the organic matter may be inappropriate and oxygen fluxes may not be

converted into accurate organic matter remineralization rates because: (1) sediment

heterogeneities due to bioirrigation preclude the use of one-dimensional porewater profiles

to calculate rates of organic matter remineralization; (2) the precipitation of reduced

metabolites (e.g., FeS, FeS2, MnCO3, FeCO3) is not accounted for in converted oxygen

diffusive fluxes; (3) some of the reduced metabolites may escape reoxidation by oxygen

(e.g., N2, NH4
+, Mn2 +, CH4); (4) the oxidation state of organic carbon (greater than zero)

affects the C/N ratio in reactions stoichiometry used to calculate organic matter reminer-

alization rates. These issues could be addressed by coupling in situ microprofiles and

benthic fluxes of each terminal electron acceptor and reduced metabolite with a diagenetic

modeling approach that accounts for physical mixing and bioturbation to calculate the

effect of sediment diagenesis on organic carbon preservation. Such an approach is not

straightforward and will require intense collaborations between researchers from different

fields and with a range of expertise.

3.4. Trace elements and ‘‘new biogeochemical pathways’’

Narrow gaps between chemical profiles (e.g., between dissolved oxygen and dissolved

iron profiles or between dissolved uranium and dissolved sulfide) can be used to examine
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whether reactions are coupled or decoupled, possibly providing insight into alternative

reductants or oxidants (e.g., reactions between ammonium and manganese oxides or

between ammonium and nitrate; Thamdrup and Dalsgaard, 2002). As a result of such fine-

scale analyses, new secondary biogeochemical pathways, which would not have been

apparent in traditional, lower-resolution porewater profiles, are now being proposed or

identified. As with carbon cycling, there is a need to quantify how these new reactions are

controlling or being influenced by (in the case of trace elements) long-term and seasonal

changes, bioturbation and other perturbations. A major drawback of current technology,

however, is the difficulty in determining the difference between time variations, spatial

heterogeneity and manipulation artefacts. Therefore, ex situ kinetic experiments should be

used to complement in situ studies (Roychoudhury et al., 1998). These could help to

interpret in situ observations, to differentiate between biologically mediated and purely

chemical reactions, and to reveal the production of transient/side species.

Technically, in situ determinations of trace elements or manganese and iron usually do

not measure total dissolved concentrations, but rather corresponds to operationally

defined speciation (e.g., ‘‘electroactive’’ species, ‘‘diffusive/mobile’’ species). Electro-

chemistry provides a way to address these issues and new methods continue to emerge in

the literature. With improvements in nanotechnology, electrodes are likely to become

smaller and more sensitive. In addition, with the recent progress in separation technology

(e.g., DGT, DET), future studies will probably aim toward determining the chemical

speciation of metals (i.e., organic and inorganic metal complexes, ‘‘free’’ metal) in situ by

encasing microelectrodes into DGT- or DET-type membranes. Other electrochemical

techniques, such as chronopotentiometry (i.e., potential stripping analysis or constant-

current stripping analysis) and amperometry are gaining interest and may emerge as

extremely useful techniques to analyse trace compounds. Finally, microsensors that can

reach deeper depths and assess the effects of bioturbation/bioirrigation must be developed

for more analytes. These processes are extremely important as they can shuttle carbon

and trace elements through the oxic and suboxic zones, without chemical signature

alteration.

3.5. Contaminant fate and environmental management

These emerging techniques can be applied to coastal management investigations (Apitz

and Chadwick, 1999; Apitz et al., 2002). For instance, groundwater advective flow can

provide a continuous or pulsed source of oxygen and nutrients to sediments and the water

column (Moore, 1999), which may affect contaminant fate and transport, and thus,

management strategies. Sediment biogeochemical responses to such events can result in

either short- or long-term changes that need to be studied by in situ approaches, both to

gain a fundamental understanding of how these processes affect chemical behavior and for

environmental management. In fact, a number of dynamic pathways may contribute to

contaminant transport and exposure at contaminated sediment sites. These include the

effects of bed transport, bioturbation, diffusion and advection, resuspension and deposi-

tion, and transformation and degradation. The relative rates of these processes help define

the potential risk of in-place contaminated sediments, pathways of exposure that must be

controlled and, potentially, mechanisms of natural recovery of the sediment. An under-
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standing of the relative importance of these processes will focus site conceptual models

and help risk managers balance these processes to minimize risk and, ideally, optimize

recovery (Apitz and Chadwick, 1999). Such an evaluation should provide sufficient

information to support decisions about which sediments can responsibly be managed in

place, how aggressively they should be monitored or contained, or whether they should be

removed and managed ex situ. Landers, microelectrodes, and newly refined seep meters

will provide insight into the processes that drive contaminant fate and behavior in near-

shore sediments (Chadwick et al., 2000; Paulsen et al., in press).

3.6. Scaling issues

The issues of scaling are non-trivial when one moves from small-scale microelectrode

measurements (0.1 to 1 mm) necessary for elucidating the mechanisms of biogeochemical

processes to the larger-scale models and interpretation necessary to understand regional

processes and extract global budgets. Our present view of spatial and temporal variability

of biogeochemical processes, and how they respond to changes in climate, environment, or

when one moves from coastal sediments to abyssal plains, is largely incomplete. Careful

studies to reconcile microprofiles and chamber results have begun; insight from 2D

optodes will aid in this conceptual link, as will higher-resolution studies. Commercially

available in situ instrumentation has been placed on remotely operated vehicles (ROVs)

and benthic landers to monitor biogeochemical processes in the environment over a variety

of spatial and/or temporal scales. Expanding the number of multi-dimensional in situ

investigations in heterogeneous sediment and including investigations through seasonal,

tidal and other temporal cycles will provide practical insight into the large-scale variability

of these processes.

4. Guidelines for the future

The new technologies that have emerged in the last decade (electrochemical, optical

and gel probes) now require standardization and validation. Further scientific achieve-

ments will also likely arise from combined technologies and from new modeling

approaches. Future benthic exploration may also benefit from concepts developed from

current research in the medical, military, space and oil industries (i.e., international

submarine laboratory, holochem probes, furtive benthic chambers and landers, single

use benthic probes for time series chemical records, medical imagery and remote micro-

manipulators). These developments should help to miniaturize main components and

increase the efficient- to dead-weight ratio on landers and benthic ROVs, as well as help

expand their general capabilities.

General features of ‘dream tools’ to make decisive progress in the field of sediment

biogeochemistry and early diagenesis can be summarized as follows: such equipment

should combine high resolution and sensitivity with the possibility of in situ manipulation

and the determination of chemical speciation. Sensors that can provide time-series data

acquisition will be necessary. A combination of such properties could be developed from

the combination of in situ voltammetry and gel techniques (Tercier-Waeber et al., 2000).
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Alternatively, current planar optodes (two-dimensional) could benefit from the addition

of a gel probe set on the opaque face. Other compounds than O2 and pH could be detected

using optodes, such as SCO2 and NO3
�. These compounds could potentially be combined

on a single optode that could then simultaneously measure multiple elements. In order to

eliminate any ‘‘wall effects’’ inherent in such intrusive methods, new devices derived from

the concept of holography (which could be called ‘‘holochem’’), allowing measurements

‘‘far’’ from the implantation location, could be developed in the future. The collection of

2D pictures from optodes also requires the development of 2D models that can provide

quantitative information about the dynamic nature of the biogeochemical processes at the

sediment–water interface. Small-scale acoustic imaging could also provide 2D informa-

tion on the structure of the interface and the porosity of the sediment.

‘‘Intelligent’’ landers are needed for sediment–water interface detection and for the

optimization of deployment times and resolutions. In general, landers are deployed with a

preset program of operation, which is not necessarily optimal for profiling close to the

sediment–water interface. In order to minimise ship time needed and to get the proper

profile definition, automatic detection of the sediment–water interface, and real-time

interpretation of first measurements to automatically redefine profiling parameters, are

essential and will most likely be developed in the near future. Furthermore, ‘‘furtive’’

landers that have no impact on sediment fluid dynamics and which can move around the

landing site to check on lateral heterogeneity would be a major improvement.

Scaling measurements for large areas is definitely another challenge for this discipline.

High-resolution, and thus small spatial scale, measurements are the basis for estimating

fluxes, but estimates for large areas are required to address environmental issues. Hetero-

geneity is very large in coastal waters and tools are required to scale for site-specific results.

Acoustics could be one of these tools, since it can be measured at small (cm) to regional

(km) scales, provided that one can relate the acoustic properties of some habitats to their

oxygen demand and small-scale acoustic properties (Freitas et al., this volume).

The recent development of high temporal and spatial resolution data and 2D/3D

information needs to be accompanied by the development of computational models that

are capable of utilizing such data. Summaries of current modelling capabilities can be found

in Soetaert et al. (1996) and Boudreau (2000). An example of the use of 2D information in

modelling can be seen in Franc�ois et al. (2001). Future models should, in turn, extract

information that cannot be measured directly, such as fine-scale spatial variability in

microbial reaction rates and temporal evolution of redox boundaries along biological

structures. Heterogeneity is the rule, but in locations where physical transport processes are

dominant, homogeneity can be assumed even at the current finest scale of in situ

observation. Hopefully, these will be adequate tools to reconcile flux values derived from

either benthic chambers, on board incubations or high-resolution concentration profiles.

5. Epilogue

Heisenberg lives. At every level, the tools we use to observe our world affect what we

see. While this has been compellingly (and distressingly) demonstrated at the subatomic

level, as one moves to ever more complex and multivariate systems, this fact is all the more
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true, but perhaps less likely to be explicitly addressed. As oceanographers seeking to

understand the complex inner space of benthic dynamics, we seek to characterize, with

relatively few samples, the biogeochemical controls on processes which are affected by

countless variables, and are heterogeneous on every spatial and temporal scale, and to

extrapolate these results to regional, global and historical levels. To achieve this, we bring a

number of tools to the table, ranging from in situ measurements and field samples to

laboratory experiments and models, seeking to strike a balance between realism and control.

The development of in situ benthic assessment tools has provided unprecedented

insight into the distribution, flux and behaviour of a limited, but rapidly growing, number

of constituents. However, it must be remembered that even the most carefully designed in

situ tool can change the environment it is observing, and these potential changes must be

taken into account in data interpretation. While, for example, benthic chambers can be

designed to address some of these changes, such as flexible-walled chambers for the

effects of pressure gradients and O2 diffusion to offset respiration, no chamber can address

all potential issues, nor can any sensor meet all potential limitations. Furthermore, an in

situ observation can only report on the parameters measurable by that system, and cannot

necessarily determine what parameters control changes in the measured parameter, or even

measure all potentially important parameters. Spatial and temporal scaling issues can also

produce problems—a very detailed microprofile is only truly representative of the very

spot it is measuring.

It is because of these and many more issues that our understanding of benthic processes

will advance most rapidly when we creatively partner in situ measurements with broader

field sampling, well-designed laboratory experiments, and frequently calibrated and

validated models. Experiments and models, informed by field measurements, can help

us determine, under much more controlled conditions, driving mechanisms and processes.

These efforts should then aid in the site selection and field design for further in situ work,

testing laboratory and model results and driving the next iteration of models and

experiments. If one accepts this iterative/collaborative model of oceanographic inves-

tigation, rather than a competition between those who work in the field and the laboratory,

our understanding of benthic processes will evolve at an ever-accelerating pace.
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1984. The asphyxiation technique—an approach to distinguishing between molecular-diffusion and biolog-

ically mediated transport at the sediment water interface. Limnol. Oceanogr. 29 (4), 675–686.

Santschi, P.H., Bower, P., Nyffeler, U.P., Azevedo, A., Broecker, W.S., 1983. Estimates of the resistance to

chemical-transport posed by the deep-sea boundary-layer. Limnol. Oceanogr. 28 (5), 899–912.

Sayles, F.L., Martin, W.R., Deuser, W.G., 1994. Response of benthic oxygen-demand to particulate organic-

carbon supply in the deep-sea near Bermuda. Nature 371 (6499), 686–689.

Shuttleworth, S.M., Davison, W., Hamilton-Taylor, J., 1999. Two-dimensional and fine structure in the concen-

trations of iron and manganese in sediment pore-waters. Environ. Sci. Technol. 33, 4169–4175.
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Wenzhöfer, F., Holby, O., Kohls, O., 2001a. Deep penetrating benthic oxygen profiles measured in situ by

oxygen optodes. Deep-Sea Res., Part 1 48, 1741–1755.
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