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1. Introduction

The seabed is the most extensive habitat on the planet. It occupies at least 75% of the
Earth’s surface, far more if the planar areas of the shelves and slopes are taken into
account. It follows that fluxes of materials across the sediment—water interface, and the
mechanisms that mediate and constrain those fluxes, are likely to have global
significance. Just how important the seabed is globally has been costed for nutrient
cycling, which for marine shallow water systems is >US$ 40,000 ha~ ' year™ ', 86% of
the value of this service for all terrestrial and aquatic systems (Constanza et al., 1997).
To this must be added the smaller areas (<1%) occupied by the sediment—water
interface of wetlands, lakes and rivers, where local fluxes can be high and their
significance belies their lesser size. However, what must also be taken into account,
but is often overlooked, is the contribution of living benthic particles to pelagic systems,
particularly planktonic, a process which is likely to profoundly influence the dynamics

* Corresponding author. Tel.: +44-1904-434060; fax: +44-1904-432998.
E-mail address: dr3@york.ac.uk (D. Raffaelli).

0022-0981/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0022-0981(02)00527-0



192 D. Raffaelli et al. / J. Exp. Mar. Biol. Ecol. 285-286 (2003) 191-203

of water column populations and communities (see below). Benthic organisms are often
also key drivers of biogeochemical fluxes through their bioturbatory activities in
sediments. An understanding of the linkages between the fluxes of inorganic materials,
the fluxes of living particles and benthic patterns, and processes within the sediment will
be central to a proper evaluation of the significance of the benthic environment in
marine ecosystems.

These issues were the focus of a workshop held at Aberdeen 25th—29th March 2002, as
part of a larger meeting Benthic dynamics: in situ surveillance at the sediment—water
interface. The workshop specifically identified scaling, heterogeneity and the coupling of
benthic and pelagic systems, focusing on the flux of living particles, as pressing research
issues. In presenting the output from that workshop, we are only too aware that the area of
benthic—pelagic coupling is not novel and that several excellent reviews of the topic
already exist (e.g. Boero et al., 1996; Graf, 1992; Marcus and Boero, 1998). Similarly,
many of the issues of scale and heterogeneity which are so pertinent to benthic ecology
have been discussed at considerable length by many authors (Botsford, 2001; Chase and
Leibold, 2002; Edmunds and Bruno, 1996; Ellingsen, 2001; Gaston, 2000; He and Gaston,
2000; Pascual and Levin, 1999; Pepin and Anderson, 1997; Sponseller et al., 2001,
Woodward and Hildrew, 2002), and a marine benthic focus is provided in a dedicated issue
of this journal (Thrush and Warwick, 1998). It is not our purpose to duplicate these fine
reviews, but to highlight the ways in which the themes of heterogeneity, scale and the
coupling of benthic and pelagic processes might usefully inform one another. Specifically,
we provide a brief review of benthic—pelagic coupling, identify issues of patchiness and
scale pertinent to our theme, discuss ways in which the integration of these areas might
yield new scientific insights and reflect on the potential of surveillance methodologies in
this respect.

2. Benthic—pelagic coupling

The theme of benthic—pelagic coupling acknowledges that there is a two-way
exchange, or flux of matter, between the benthos and the overlying water body, which
is important for both benthic and pelagic compartments. This exchange takes place across
the sediment—water interface, typically viewed by macrobenthic ecologists as a planar
surface. Since much of this essay focuses on the flux of living particles, especially larvae,
post-larvae and sub-adults, it is this planar surface which is also the major focus, but it
should be noted that the area of sediment at the seabed or lake bed in contact with the
overlying water is significantly greater than that represented by the planar surface, due to
the presence of burrows and the resulting active and passive bio-irrigation. Similarly,
water flowing over burrow mounds and ripples can induce porewater advection,
extending several centimetres deep, influencing the distribution of chemical properties
(e.g. oxygen penetration) and biological phenomena (Huettel and Webster, 2001; Huettel
et al., 1996; Huettel and Rusch, 2000; Rusch and Huettel, 2000; Parker et al., this
volume).

Many studies have focused on the deposition of non-living organic matter to the
seabed, ranging from microscopic debris through faecal pellets to very large particles,
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such as whales which also create substantial habitat structure (Fujioka et al., 1993;
Smith, 1992; Smith et al., 1989), the mineralisation of this organic material within the
sediment and the release of nutrients back into the overlying water column, and the role
of benthic invertebrates in this process. Whilst technically challenging, such investiga-
tions seem relatively tractable compared to estimates of the movement of living particles
between the benthic and pelagic compartments. The flux of living organisms, both
downwards and upwards is affected by a range of diel, seasonal and ontogenetic
migrations which may overlap spatially to such an extend that they can be thought of as
providing a ladder of migrations linking the organisms on the seafloor with those at the
surface (Herring, 2002). It is only by considering this complex of fluxes that the true
significance of benthic—pelagic coupling becomes apparent. Three basic categories of
movement of living material between benthic and pelagic compartments can be
recognised.

2.1. Active movement following a life-form shift

Ontogenetic movement from the benthic to the pelagic compartment includes hatching,
excysting and larval release, as found, for example, in polyps of jellyfish (Miyake et al., in
press; Dybas, 2001), and the copepods Calanus finmarchicus and Neocalanus plumchrus
(Herring, 2002). Ontogenic related movement from the pelagic to the benthic compartment
includes encystment, egg and larval release across a range of taxa from protists to
macrofauna, including deep-water squid, fish and shrimps. For instance, Calanus and
Neocalanus live as the pre-adult stage at considerable depth, moulting to the adult form in
winter and rising into the surface waters. Movement of organisms between benthic and
pelagic compartments is also associated with a life-form shift in eels (Schmidt, 1922;
Tsukamoto, 1992) and whales (Best et al., 1984; Rice, 1989).

2.2. Active movement without a life-form shift

Movement (active or passive) of organisms between benthic and pelagic compartments
also occurs without a life-form shift, as in the regular diel vertical migrations (DVM)
shown by jellyfish (Larson et al., 1992; Mackie et al., 1981; Mills and Goy, 1988; Miyake
et al., 2002), the mesopelagic shrimp Systellaspis debilis (Foxton, 1970; Roe, 1984),
whales (Rice, 1989; Roe, 1969), the copepods Calanus pacificus (Frost, 1988), Euryte-
mora (Vuorinen, 1987), Euchaeta (Bollens and Frost, 1991) and Pseudocalanus (Ohman,
1990) as well as in mysid and other hyperbenthic organisms (Mees and Jones, 1997).
Organisms within the deep scattering layers (populations of fish, shrimp and siphon-
ophores) can rise to the surface at dusk at rates of up to 300 m h™ ' (Herring, 2002), whilst
in the Pacific, some 43% of the individual and 47% of the biomass migrate from below
400 m by day to above this depth at night (Maynard et al., 1975). It has been estimated that
there may be a vertical translocation of 25 tons km™? day ™' from 250 m to the surface,
almost 10° tons day~ ' over the whole world oceans (Longhurst, 1976). Animals under-
taking DVM which feed at the surface (Merrett and Roe, 1974) carry the food in their guts
down to depths where they void their faecal pellets, greatly increasing the export of carbon
from the surface to the seafloor.



194 D. Raffaelli et al. / J. Exp. Mar. Biol. Ecol. 285-286 (2003) 191-203
2.3. Passive processes involved in movement

Large-scale passive resuspension of individuals from the benthos to the water column
can occur in extreme hydraulic events, such as storms or where tidal ranges are high (Yeo
and Risk, 1979; Cacchione et al., 1987; Dobbs and Vozarik, 1983; Essink et al., 1989) and
can be expected to be increased by human activities such as fishing using bottom trawls,
dredging and aggregate extraction (Jennings et al., 2001a,b; Schratzberger and Warwick,
1999). Similarly, upwelling from deep-sea canyons, cold water seeps and hydrothermal
vents can upwardly transport water masses and their associated organisms (Corliss et al.,
1979; Fujikura et al., 1999; Paull et al., 1984; Suess et al., 1985; Tomassa et al., 2000).

Further discussion of these mechanisms can be found in Marcus and Boero (1998),
Schelske et al. (1995), Hansson (1996), De Jonge and van Beusekom, (1995), Garstecki
and Wickman (2001), Marcus and Schmidt-Gengenback (1986), Ogilvie and Mitchell
(1998), Herring (2002) and Wainwright (1987).

This flux of living particles is likely to have consequences for the dynamics of both
pelagic and benthic systems (Marcus and Boero, 1998). In addition to the trophic cross-
subsidy of living material from the pelagic to the benthic and the benthic to the pelagic
(Polis et al., 1997), benthic environments, in particular, serve as storage banks for
propagules of water column species. Many taxa associated traditionally with an entirely
water column life cycle are now known to use the benthic environment for periods of
months to many years, depending on the species (Marcus, 1995; Hairston et al., 1996), as
eggs, encysted individuals and pre-adults (see above). Movement of this material from the
benthic storage bank to the water column could stabilise population and community
dynamics in the water column and ensure long-term population persistence by repopulat-
ing areas following adverse environmental conditions in the water column. The parallels
with terrestrial soil seed banks are only too obvious. As in the latter, long-term “storage”
of individuals in the sediment effectively decouples the generations and Marcus and Boero
(1998) explore the implications of this. Similarly, the recruitment of ‘“non-storage”
macrobenthic invertebrate larvae into the water column may stabilise models of coastal
ecosystem dynamics (Warwick, 1989). Interestingly, we could find no examples of storage
banks for benthic taxa in the pelagic.

The importance of living particles in the coupling of benthic and pelagic systems
energised marine research programmes 20 years ago, but the theme has fallen out of
fashion in recent years, rightly prompting wake-up calls from several authors (e.g. Marcus
and Boero, 1998; Boero et al., 1996), and has received much less attention by freshwater
ecologists (Ackerman et al., 2001; Bell and Weithoff, this volume; Finelli et al., 2002;
Makino et al., 2001; Rothhaupt, 2000 and references therein; Wilhelm et al., 1999). Given
developments in the field of supply-side ecology (Lewin, 1986; Roughgarden et al., 1985;
Gaines and Roughgarden, 1985), the highlighting of the significance of cross-subsidies
between ecosystems (Polis et al., 1997), attempts to match long-term trends in pelagic and
benthic populations (e.g. Beukeema, 2002), and compelling arguments that the recruitment
of benthic organisms to pelagic systems may be important for marine ecosystem dynamics
(e.g. Warwick, 1989; Belmonte et al., 1995), it is surprising that benthic and pelagic
ecologists have still to fully embrace the holistic approach encapsulated by benthic—
pelagic coupling.
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3. Methodological constraints

Perhaps one of the reasons why benthic—pelagic coupling has declined as a main-
stream theme in marine ecology is that the proper quantifying of the linkages between
the two compartments is not a trivial undertaking. There are many coupled links which
integrate different depths within the water column and it is likely that similar coupled
links occur over depth within sediments, albeit on a much smaller spatial scale. Yet the
majority of the surveillance techniques and experimental methodologies available, many
of which are described in detail in this volume, necessarily focus on the sediment—water
interface. This is understandable given the visually disjunct nature of the sediment and
water column habitat (but see also earlier comments about the pitfalls of restricting
observations to planar surfaces), and the fact that surveillance techniques such as landers
require a stable surface for their operation. However, by focusing on the interface itself
and relying entirely on surveillance techniques, ecologists are unlikely to gain a
complete appreciation of benthic—pelagic dynamics, because they only see the arrival
of pelagic material to the sediment (the very endpoint of its journey) and the departure
of benthic material to the water column (the starting point for this material). The
processes which take place within the sediment or the water column must remain
obscure. Moreover, this ‘material’ usually comprises a restricted range of organism body
sizes (larvae and small adults), because of the size constraints of the recording devices
of most surveillance and experimental approaches. Large particles are infrequently
recorded by many devices, unless they are specifically designed to do so (e.g. Smith,
1992; Smith et al., 1989; Klages et al., this volume; Bailey et al., this volume, and
references therein).

Many studies have measured the input of living material from the pelagic to the
benthos using traps (Godhe et al., 2001; Hansson, 1996; Norkko et al., 2001; Whitlatch
and Osman, 1998; Whitlach et al., this volume), but there have been relatively few
estimates of emergence from sediments to the pelagic compartment (Arnott and Yan,
2002; Bell and Weithoff, this volume; De Stasio, 1990; Duggan et al., 2002; Hairston et
al., 2000; Head et al., 1998, 1999a,b). Whilst investigations of settlement and emergence
may be thought of as complementary, because they describe the movement of particles
across a boundary, the two processes are quite asymmetric in the information they
provide. Emergence from the benthos is measured at the sediment surface, but the
settlement patterns of these individuals within the water column, perhaps many tens or
hundreds of metres above, has to our knowledge not been documented at all. Similarly,
the emergence or rain-out of living material from the pelagic zone, may be initiated
many tens or hundreds of metres above the sediment—water interface, and the spatial
patterns of this rain-out as it moves through the water column have rarely been mapped
(Hansson et al., 1994; Hansson, 1996). Until we can better estimate and describe the
spatial structure of recruitment of benthic material to its final destination within the
pelagic compartment, as well as rain-out of pelagic material to the benthos, it will be
difficult to truly appreciate the dynamics of benthic—pelagic coupling. Simply knowing
how much material leaves or arrives at the sediment—water interface, without following
the subsequent fate of the organisms provides only a limited view of the benthic—pelagic
couple.
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4. Issues of patchiness and scale

One of the most important attributes of both benthic and pelagic systems is the patchiness
(heterogeneity) of their biological components in space and time (e.g. Dagg, 1977; Denman,
1994; Hall et al., 1994), both vertically and horizontally. Rather than being recognised as an
important feature of their systems, ecologists have long regarded patchiness as a nuisance
because of the high variance it imposes on sampling programmes and because it generates
autocorrelation between samples that can potentially confound any subsequent statistical
analyses (Legendre, 1993). In the past, much effort has therefore been put into trying to
minimise the variance between separately collected samples, for instance by increasing the
number of samples, by increasing the size of the sampling unit, by simply homogenising
many separately collected samples to lose the variance, or by using extremely large
sampling units which integrate abundances over large areas, such as trawls. An alternative
view is that between-sample variance is important information which allows a formal
description of the natural heterogeneity that may hold the key to understanding the dynamics
of the system under study (Legendre, 1993). We believe that this will certainly be true for the
emergence and settlement processes observed at the sediment—water interface.

Benthic organisms display patchiness at a range of scales, from millimetres to
kilometres and from seconds to years (Hall et al., 1994), but these are rarely explicitly
acknowledged in the design and implementation of surveillance techniques including
emergence and settlement traps, which often employ more pragmatic criteria (cost, weight,
ease of sample processing, etc.). Whilst shallow-water ecologists at least have the potential
to sample and re-sample intensively and repeatedly over a range of scales, the costs (in
every sense) of sampling in deeper water makes this prohibitive, and scaling issues have
usually been explored in a more constrained way by sub-sampling from larger sample
units, such as a grab or a box-core, or by multi-samplers. However, the spatial separation
between sub-samples (the lag) is necessarily rather small and may not describe adequately
spatial patchiness at the scale appropriate for larger species or reveal the correct scale at
which key ecological processes operate. Although not dealing specifically with the flux of
living particles, the point is illustrated well for species that develop complex burrow
systems and actively transport particulate material from the surface to depth and vice versa
(e.g. Callianassa subterranea, Maxmulleria lankesteri, Atkinson and Nash, 1985; Hughes
et al., 1999, 2000). Such activities bring about subtle changes in the microbiological,
physical and chemical properties over very fine scales (sub-mm) across burrow walls but
the phenomena occur over vertical scales of tens to hundreds of centimetres. These
systems can only be observed adequately if the sampling design is appropriate, for
example by using large box cores and 2-3-m-long, large-diameter gravity corers
(Kershaw et al., 1983, 1984, 1999).

Given the acknowledged patchiness in the distribution of benthic organisms, it is
reasonable to suppose that the spatial patterns in the departure of living particles from the
sediment will be similarly heterogeneous. The extent to which this patchiness is eroded by
diffusion and turbulence as the individuals leave the sediment and move up through the
water column has not, to our knowledge, been documented. Likewise, the likely effects of
the arrival of large patches of benthic larvae on the tropho-dynamics of their receiving
pelagic system are not clear.
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Relating emergence and settlement processes of macrofaunal organisms to sediment
physico-chemical and microbiological features is also potentially confounded by the scale
at which those features are routinely measured. For instance, oxygen electrodes record
heterogeneity at the micron-scale, whilst macrofauna are often sampled with corers many
centimetres in diameter. Whilst there can be no “correct” scale at which to describe
ecological pattern and process (Levin, 1992), it is clear that larger-scale processes do
provide the conditions in which a distributional pattern occurs, whilst the processes
responsible for the pattern itself often operate at the next lowest level (O’Neill, 1989).

To explore these issues better, benthic ecologists need to adopt the landscape approaches
developed by terrestrial ecologists (e.g. Forman, 1995; Pickett and Cadenasso, 1995). The
framework of landscape ecology has enjoyed several decades of activity in terrestrial
ecology, but only relatively recently have marine ecologists applied it to benthic systems.
Over much of the seafloor, marine landscapes are typically defined by physical character-
istics, rather than the biological structures (e.g. plant communities) seen in terrestrial
systems (Zajac, 1999; but see also Robbins and Bell, 1994 on seagrass habitats). Several of
the benthic surveillance techniques and approaches described in this volume (e.g. Cutter et
al., this volume; Parry et al., this volume) offer great potential in this respect, although
interpretation of the data must be made cautiously, because they tend to reflect physical
rather than biological characteristics. For instance, acoustic ground discrimination systems
can be used to define areas of the seabed which are acoustically different, but these
boundaries between sediment classes should not be used in isolation to artificially constrain
faunal assemblages. As pointed out many years ago by Gray (1974), particle size varies
continuously across the seabed and co-varies with other habitat structuring factors, such as
the presence of megafauna. In practice, the seabed habitat is a mosaic of different sediment
grades that support different assemblages and densities of fauna that respond to spatial and
temporal variation in the environment at many overlapping scales. Each scale may require
different but complimentary techniques, for example RoxAnn (Greenstreet et al., 1997),
QTC View (Morrison et al., 2001), side-scan sonar (Zajac et al., 2000) for broad-scale
survey and video observation for intermediate scales (Parry et al., this volume).

5. Future perspectives

Given that benthic and pelagic systems are coupled, pelagic patterns and processes are
also likely to affect benthic pattern and process. Hence, there is an urgent need not only
to identify these patterns and processes, but also to develop protocols which link
processes and patterns across different scales. If scaling rules are non-linear, then relating
a pattern to a process measured at quite different scales, and extrapolating from small-
scales where measurements and experiments are more tractable, to those larger scales, in
which managers are interested, will involve crude approximations at best. Despite the
interest in scale as an issue in benthic ecology, techniques for linking patterns and
processes across even a limited range of scales (e.g. Thrush et al., 1997) still seem a long
way off.

The issues of scale, heterogeneity and benthic—pelagic coupling are being increas-
ingly considered together by managers of the marine environment. Measurements at
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site-specific scales are increasingly being used to answer questions at a regional scale,
because marine ecosystem managers are under pressure from directives which are
increasingly concerned with human impacts. When taking measurements of these
systems at the ecosystem, community and sediment—water interface scales, it is
essential that these separate elements are brought together. Although landers, related
surveillance techniques and the experimental methodologies currently available have the
potential to facilitate measurements of benthic—pelagic coupling and heterogeneity at
various temporal and spatial scales, we need to consider exactly how information
recorded at these different scales can be subsequently integrated when designing
programmes. This is probably best underlined by considering the impact of disturbance,
which has effects over a broad range of scales. For example, large-scale trawling may
impact the entire North Sea at different intensities (Jennings et al., 1999, 2000;
Rijnsdorp et al., 1996), but there are potential benthic effects from the level of bacterial
populations to entire benthic habitats. Trawling can also affect various aspects of
benthic—pelagic coupling, such as sediment flux and biodeposition (Norkko et al.,
2001), recruitment to the benthos (Marinelli and Woodin, 2002), biological structuring,
production and chemical fluxes (Jennings et al., 2001a,b; Widdicombe and Austen,
2001; Duplisea et al., 2001).

As discussed above, linking across these quite different scales is likely to be problem-
atic. Whilst approaches such as those described in Thrush et al. (1997) and new numerical
tools, such as meta-analysis (Arnqvist and Wooster, 1995; Gurevitch et al., 2002), offer
potential in this respect, we believe that much could also be achieved by closer
collaboration between benthic and pelagic ecologists working at different scales. Our
workshop included researchers working across a broad range of scales from the very
precise measurement of physico-chemical processes at the millimetre scale, through
mapping regions of the seabed at the landscape (kilometre scale), with every scale in
between represented (see papers, this volume). Yet the opportunity for collaboration
between what have become essentially sub-disciplines of benthic ecology and other
disciplines is minimal, and coordinated campaigns designed to specifically address the
issue of integrating information across different scales are long overdue.
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