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Potential flow artifacts associated with benthic
experimental gear: Deep-sea mudbox examples

by Paul V. R. SnelgrovelZ, Cheryl Ann Butman® and J. Frederick Grassle!~

ABSTRACT

In response to the growing recognition of the potential effects of near-bed hydrodynamics
on various benthic processes, flume studies were conducted to document fine-scale flow
patterns over several types of mudboxes that have been used to study colonization by deep-sea
organisms. Mudboxes are typically filled with natural sediments or sediment treatments and
placed in the field to observe how timing, larval supply and sediment composition may affect
larval settlement. This study addresses potential hydrodynamic biases of mudbox structures as
obstructions to the near-bed flow. Detailed velocity profiles were made over two types of “free
vehicle” mudboxes that could be deployed and recovered from a surface vessel. One of these
(“Old Free Vehicle”) was not designed with regard for potential hydrodynamic biases whereas
the other (“New Free Vehicle””) was designed specifically to minimize flow disturbances and
maintain a realistic boundary-layer flow over the mudbox sediments. Flume velocity profiles
also were made over two smaller mudboxes designed to be deployed by a submersible, one
(“Flush Sediment Tray”’) which was designed to be placed flush with the ocean bottom, thus
minimizing flow disturbance, and another (“Raised Mudbox”) which was not. Flume simula-
tions indicated that the Old Free Vehicle and the Raised Mudbox cause considerable
disturbance to the near-bed flow regime; flows over the mudbox sediment surface differed
markedly from those predicted for the natural seabed and those observed over the flume bed
in the absence of the mudboxes. Flow accelerations, growing secondary boundary layers and
eddy formation were observed over these mudbox sediments, and vertical velocity profiles
varied considerably in the along-channel direction. The alternative mudbox designs (New Free
Vehicle and Flush Sediment Tray) were largely successful in reducing or eliminating these
flow artifacts. Boundary-layer flows over both the New Free Vehicle and the Flush Sediment
Tray were much more uniform, and velocity profiles over the sediment surfaces were very
similar to those in the empty flume channel and those predicted for a natural deep-sea habitat.
In addition, there was no evidence of eddy formation and other major flow disturbances.
These flume studies underscore the benefit of considering potential hydrodynamic effects in
designing benthic experimental sampling gear to reduce potential flow disturbances that may
bias data collections and confound data interpretation.
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1. Introduction

One of the major considerations in designing and deploying biological sampling
gear in the marine environment is minimizing disturbances to the oncoming flow.
Technically, any stationary object that is placed in moving fluid disturbs the fiow both
because the flow has to accelerate to go around the object, and because a boundary
layer develops over the surface of the object. These flow artifacts may or may not
affect sample collections depending on the kind and magnitude of the flow distur-
bances, and on the sensitivity of the organisms to such hydrodynamic effects.
Organism responses to flow artifacts associated with sampling gear can affect
collections both in the water column (e.g., Singarajah, 1969, 1975; Haury et al., 1980;
Butman 1986b) and on the bottom (e.g. Dayton and Oliver, 1980; Hulberg and
Oliver, 1980) and when hydrodynamic disturbances were sufficiently well-defined,
they have been useful as experimental manipulations to test organism responses to
specific flow effects (e.g., Eckman, 1979, 1983; Hannan, 1984; Butman, 1989;
Mullineaux and Butman, 1990, 1991; Walters, 1992; Mullineaux and Garland, 1993;
Snelgrove et al., 1993; Snelgrove, 1994). The focus of this study was on hydrodynamic
artifacts associated with sampling gear placed on or in the seafloor, particularly in
the deep sea, and on design criteria for minimizing flow biases that may be associated
with benthic experimental structures.

Hydrodynamic processes may influence benthic biological processes in many
different ways, including regulation of nutrient and oxygen flux; transport of detritus
and other food sources for living organisms; biomechanical design of organisms with
structures extending above the sea bed; sediment deposition, erosion, and sorting;
and supply and redistribution of larvae and organisms in benthic habitats (e.g.,
reviews of Nowell and Jumars, 1984; Jumars and Nowell, 1984; Butman, 1987).
Although this study was motivated by increasing evidence that near-bottom flows
influence larval settlement (e.g., Butman, 1987; Snelgrove and Butman, 1994),
documentation of flow bias around instruments has direct applications to many other
biological and non-biological processes. This study is relevant, for example, to
measurements of chemical fluxes across the sediment-water interface using benthic
chambers (e.g. Smith, 1978), to measurements of various sediment-transport param-
eters using sea flumes (e.g., Young, 1977; Amos et al.,, 1992), and to studies utilizing
predator-exclusion cages (e.g., Woodin, 1974).

The near-bed flow field is now known to influence larval settlement. Many
planktonic larvae are relatively poor swimmers, and under natural conditions they
may encounter flows that exceed their swimming speeds at distances of only a few
millimeters above the bottom (Butman, 1986a). Studies conducted in the field (e.g.,
Eckman, 1979, 1983; Butman, 1989; Emerson and Grant, 1991; Snelgrove, 1994) and
under controlled flume conditions (e.g., Pawlik et al., 1991; Jonsson et al., 1991;
Butman and Grassle, 1992; Pawlik and Butman, 1993; Snelgrove et al., 1993) indicate
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that even relatively subtle flow effects may influence planktonic larval distributions in
near-bottom waters, and distributions of newly settled larvae and juveniles.

Accurate documentation, in the field, of larval settlement and recruitment is
challenging; “snap-shot” sampling often does not yield meaningful results because
the timing of larval settlement is notoriously unpredictable both spatially and
temporally (e.g., Levin, 1990) and in situ structures that can integrate settlement are
confounded by potential hydrodynamic biases. In shallow, subtidal habitats, the
relatively high and variable flows over structures raised above the seabed generally
result in trapping artifacts (e.g., Butman, 1986b, 1989), rendering data from sus-
pended traps equivocal for accurate estimates of larval availability.

The problem of hydrodynamic bias in colonization studies has been circumvented
in intertidal environments by placing defaunated sediments flush with the seafloor
(e.g., Eckman, 1983; Gallagher ef al., 1983). A similar approach has been used in the
deep sea, where submersibles have been used to bury small colonization trays flush
with the ocean bottom (e.g., Snelgrove et al., 1992, 1994). These trays were designed
in response to criticism of previous deep-sea colonization studies (e.g., Smith, 1985),
where boxes filied with defaunated sediment (“mudboxes”) were placed directly on
the seabed (e.g., Grassle, 1977; Desbruyéres et al., 1980, 1985; Levin and Smith, 1984;
Grassle and Morse-Porteous, 1987). Unfortunately, submersibles are not always a
feasible approach to deep-water studies, necessitating the use of “free vehicle”
arrays (e.g., Smith et al., 1979; Desbruyéres et al., 1980, 1985; Levin and Smith, 1984;
Maciolek et al., 1987). Free vehicles are designed to be deployed and recovered by a
ship; they free-fall to the bottom and, upon release, float to the water surface. Free
vehicles can thus be deployed in virtually any oceanographic environment at a
relatively low cost.

Mudboxes can be an excellent experimental tool for understanding basic ecologi-
cal processes that occur in the deep sea. Mudbox sediments may be manipulated to
test specific a priori hypotheses on processes such as larval settlement, recruitment
and succession in the deep sea (e.g., Desbruyéres ez al.,, 1985; Grassle and Morse-
Porteous, 1987; Snelgrove et al., 1992, 1994). However, because small-scale hydrody-
namic processes are now known to play an important role in larval recruitment under
certain conditions, it is critical that the mudbox structure only minimally affect the
natural near-bed hydrodynamic regime. Otherwise, collections of infaunal inverte-
brates in mudboxes may be biased by the unusual flows generated by the mudbox
structure, yielding uninterpretable or ambiguous results.

The objectives of this study were to measure, in a laboratory flume, the types of
flows that might be expected to occur over mudbox sediments elevated above the
ocean floor compared with flows over the adjacent seabed, to identify specific
hydrodynamic effects that may influence colonization of mudbox sediments, and to
offer alternative mudbox designs to minimize or eliminate these effects. Although
our emphasis is on mudboxes, similar flow considerations apply to any sampling
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NATURAL SEABED MUDBOX SEDIMENT SURFACE

z = HEIGHT ABOVE BED

6 = BOUNDARY-LAYER THICKNESS
u = FLOW SPEED

U = MEAN-STREAM FLOW SPEED

Figure 1. Diagram showing a natural bottom boundary layer profile (left) and where the free
vehicle or mudbox structure intercepts this profile (right). Stippled areas indicate sediment
in mudbox structure or natural seabed. Also shown is the boundary layer that attaches to the
leading edge of the mudbox structure and grows downstream (compare 3; to 8; as the
boundary layer thickens downstream, the shear near the mudbox sediment surface de-
creases).

device that protrudes above the bottom and remains in situ over a significant period
of time, for example, respirometer chambers (e.g., Smith, 1978) and in situ core
incubations (e.g., Wirsen and Jannasch, 1986).

2. Conceptualization of the problem

a. Boundary-layer flow. As a fluid moves across a solid boundary such as the sea floor,
the drag of the boundary on the flow retards the fluid motion. This produces a region
of vertically sheared velocity referred to as the “boundary layer,” where horizontal
velocity u is zero at the sediment-water interface, and increases with increasing
distance z above the bottom to a distance 8, where the bottom has minimal influence
on the flow and u = U, the mean-stream flow speed (Fig. 1a). General descriptions of
boundary-layer flows in oceanic habitats are given by Komar (1976), Madsen (1976),
Wimbush (1976), Nowell (1983), and Grant and Madsen (1986), and only a few
relevant boundary-layer characteristics are reiterated here. A fundamental feature
of boundary-layer flow over an hydrodynamically smooth bed is that in the lower
~ 20% of the boundary layer, the flow is independent of total water depth and U such
that the velocity profile can be described adequately by the parameters u/u, and
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Figure 2. Diagrams of the Old Free Vehicle showing a side view (left) and a top view (right),
drawn approximately to scale. Sediment in trays is shown in black, and occan bottom in side
view is shown in hatched lines. Arrows and “A” in top view indicate position from which
side view was drawn. Dashed lines delineate section used in model for lume simulation.

uyz/v (e.g., Clauser, 1956), where u, is the boundary shear velocity and v is
kinematic viscosity of the fluid. For these flows, it is thus possible to create
dynamically similar conditions between a laboratory flume flow and the field by
maintaining similar u , (e.g., Nowell and Jumars, 1987).

b. The mudbox case. We here compare flow over a free vehicle (“Old Free Vehicle,”
Fig. 2) and a submersible-deployed mudbox (“Raised Mudbox,” Fig. 3) that were not
designed with specific regard for potential flow disturbances, with flow over a free

peRetetation,
AT

Overhanging lip

Figure 3. Diagram of the Raised Mudbox.
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SIDE VIEW

Figure 4. Diagrams of the New Free Vehicle, showing a side view (left) and a top view (right),
drawn approximately to scale. Sediment in trays is shown in black and ocean bottom is
indicated by stippled area. Arrows and “A” in top view indicate position from which side
view was drawn. Dashed lines delineate section used in model for flume simulation.

vehicle (“New Free Vehicle,” Fig. 4) and submersible-deployed sediment tray
(“Flush Sediment Tray,” Fig. 5) specifically designed to minimize potential hydrody-
namic biases. In the older tray designs, the mudbox sediment surface is raised above
the seafloor and is exposed to higher oncoming flow speeds than natural bottom
sediments (refer to Fig. 1b). Also, because mudbox sediments are themselves a
boundary to the flow, a second boundary layer forms above the mudbox sediments.
Furthermore, bluff body effects of the mudbox structure on the flow may result in
flow separation, where recirculating eddies are shed into the flow and the boundary
layer eventually reattaches downstream. Flow velocities over these structures thus
result from a boundary layer within a boundary layer, and may be very different from
flows over the natural bottom.

We attempted to circumvent these problems in two different ways. (1) The New
Free Vehicle was designed so that a new boundary layer would not form over the
mudbox sediments, although the flow was still expected to accelerate moderately as it
moved over the mudbox structure. (2) The Flush Sediment Tray was designed to be
placed flush with the bottom, so that flow would not be altered by the presence of the
tray. In this study, we compared velocity characteristics within a simulated natural
bottom boundary layer with velocity characteristics observed over the four different
mudbox designs.
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Figure 5. Diagram of the Flush Sediment Tray showing separated components.

3. Materials and methods

a. Characterization of natural flow. To evaluate flow over free vehicles and coloniza-
tion trays, it was necessary to recreate flow conditions approximating those that
might be expected to occur naturally. Given that many deep-sea colonization
experiments have been conducted on the Atlantic continental slope and rise off New
Jersey (e.g., Grassle, 1977; Grassle and Morse-Porteous, 1987; Maciolek et al., 1987;
Snelgrove et al, unpublished data), flume flows were selected to mimic typical
current regimes within this region. The Flush Sediment Tray has been deployed
south of St. Croix, U.S.V.I. at 900 m depth (Snelgrove et al., 1992, 1994) and flow
conditions within this region are roughly comparable to those that occur on the New
Jersey slope (C. A. Butman, unpublished data).

The boundary shear velocity can be calculated from vertical profiles of horizontal
current speed taken within the log layer over an hydrodynamically smooth bed given
that the following assumptions are satisfied (e.g., Gross and Nowell, 1983). (1) There
is quasi-steady, uniform, neutrally stratified flow over the bed. (2) The bed is uniform
over large horizontal distances relative to the height above the bed where velocities
are calculated. (3) Bottom roughness is small compared with boundary-layer thick-
ness. In addition to these assumptions, information must be available on velocities
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occurring at some height above the bottom within the log layer and on bottom
roughness characteristics. These assumptions are satisfied, at least periodically, at
the mudbox deployment sites on the Atlantic continental slope and rise and on the
slope south of St. Croix, and deviations from these assumptions are unlikely to affect
the first-order results of this study.

Given the range of near-bed flow speeds and bottom types expected at the study
sites, values of the roughness Reynolds number Re , (u 4 k,/v, where k,, is the bottom
grain size) are roughly 0.1 for the New Jersey slope and 1.1 for the St. Croix slope.
These values fall within the range for hydrodynamically smooth-turbulent flow.
Using the log-layer equation for hydrodynamically smooth-turbulent flows (Schlicht-
ing, 1979), where k is Von Karman’s constant,

u 1 zu.

—=-ln—+55

Ux K 1%
au, of 0.49 cm s~' was calculated for v = 0.01 cm?s~! and foru = 15cms'atz =
500 cm, a typical velocity for flows expected to occur at these and other deep-sea sites

(e.g., Grassle and Morse-Porteous, 1987; Mullineaux and Butman, 1990).

b. The free vehicles. The Old Free Vehicle (Fig. 2) has been used in colonization
studies on the mid-Atlantic slope (Maciolek ez al., 1987) and consists of a square
fiberglass frame (1.52 m by 1.42 m) containing six identical polyethylene trays (30 cm
by 40 cm by 7.5 cm deep) that are filled with sediment. A fiberglass lid covers the
trays and retains sediment during transport to and from the bottom. An aluminum
support structure bears the flotation, the transponder release, and the pelican hook
release. The frame is raised on feet such that the tray sediments are ~ 10 cm above
the bottom on a hard surface, but the frame sinks slightly into a natural muddy
bottom, depending on the consistency of the sediments. When the free vehicle rests
on the bed, the lid is raised ~43 cm above the top of the trays so that it does not
interfere with flow over the sediment surface. Steel plates attached to the underside
of the center of the frame make the free vehicle negatively buoyant; upon acoustic
release, the plates are dropped and the vehicle rises from the bottom, meets the lid to
seal the sediments within the tray, and continues a free ascent to the water surface
for recovery. A square, rubber gasket (1 cm X 1 cm) spans the lip of each of the trays
and, with the aid of magnets around the lid and mudbox perimeter, seals the trays
against the lid during deployment and recovery.

The New Free Vehicle (Fig. 4), which was designed to reduce flow disturbance
(see Discussion), consists of a round sediment tray (80 cm in diameter) located at the
center of a large, radially symmetrical, smooth, flat disc (224 cm in diameter) which
slopes gently to the seabed at its perimeter. The central sediment tray is filled with
sediment flush with the disc surface. The disc is made from molded plastic (0.64 cm
thick), and support structures underneath the disc hold the structure rigid. The New
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Free Vehicle utilizes a weighting and acoustic release mechanism similar to those
used in the Old Free Vehicle design, except that the weights, release mechanism and
flotation are at the periphery of the vehicle. As in the Old Free Vehicle design, the
tray floats up to meet the lid; a gasket located on the lid and magnets (recessed in the
disc and protruding from the lid) seal the lid against the disc during deployment and
recovery. The sediment surface is ~ 10 cm above the natural seabed.

c. The colonization trays. The Raised Mudbox (Fig. 3), is deployed by submersible
and has been used in several deep-sea studies (e.g., Grassle, 1977; Grassle and
Morse-Porteous, 1987). A thin lip (width of 3 cm) extends around the periphery of a
single fiberglass tray (12.7 cm in height, 50 cm in width and 50 cm in length), which is
filled to within 1 cm of the lip with sediment. A PVC (polyvinylchloride) lid is
attached with a hinge to one side, and flips down over the tray to seal it during
transport to and from the bottom. A sealing gasket is attached to the lid rather than
to the box itself. Because some deep-sea experiments were conducted with a
screened version of this mudbox (Grassle and Morse-Porteous, 1987), flume simula-
tions were also performed with Nytex screen (2 mm square openings) covering the
sediment surface. As in the original deployments, the screening material was not
rigid, and formed gentle contours which occasionally touched the sediment surface.
For flume simulations, the lid was oriented downstream of the flow.

A second type of submersible-deployed colonization tray, the Flush Sediment Tray
(Fig. 5), was designed to eliminate hydrodynamic bias (Snelgrove et al,, 1992) and has
been used in deep-sea (Snelgrove er al, 1992, 1994) and shallow-water (Snelgrove,
1994) colonization studies. This tray consists of a central cup (11.2 cm diameter) that
is fastened to a Delrin plastic plate with a central opening of the same diameter. This
results in a central well 10 cm deep that is filled with sediment, sealed with a lid, and
carried to the bottom by submersible (or divers in shallow water). It is then placed
flush with the seafloor and the sealing lid is removed. Posts at the periphery of the
tray allow attachment of deployment and recovery lids and cause minor flow
disruption, but they are located sufficiently far away from the sediment cup in the
center of the tray so that the flow recovers before it passes over the sediment (see
Results). This colonization tray is described in more detail in Snelgrove et al. (1992).

d. The flume. Experiments were performed in the 17-Meter Flume, a recirculating,
temperature-controlled, seawater flume located at the Coastal Research Laboratory
of the Woods Hole Oceanographic Institution (flume described in Butman and
Chapman, 1989; Trowbridge et al., 1989). Velocity measurements were made with a
laser-Doppler velocimeter (LDV), which allows non-intrusive flow measurements
and where the measurement volume is very small—0.3 mm in diameter by 1 mm long
permitting detailed velocity profiles (e.g., Agrawal and Belting, 1988). The LDV
sampled at 32 Hz, and 6-min averages are reported here.
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The channel width of the flume is 60.5 cm, which made it necessary to modify the
free vehicles for placement in the channel. Model sections of both free vehicles,
completely spanning the flume width, were made for flow characterization in the
flume. In the case of the Old Free Vehicle, the section was taken parallel to the
longest dimension of the individual trays, which included two complete trays with
their long axes parallel to the flow (see Fig. 2). For the New Free Vehicle, a 60-cm
wide section was built from PVC to mimic the center of the tray, encompassing most
of the central sediment area (see Fig. 4). On the model, the upstream sloping
perimeter of the tray was carefully reproduced to the downstream edge of the
sediments only—that is, the model terminated just behind the sediment area—
because the nature of the downstream flow in this unidirectional, steady flow
simulation is irrelevant. In addition, because of the sizes of the structures relative to
the size of the flume, peripheral attachments such as the sealing lid, flotation spheres
and acoustic release could not be used in flume simulations. Preliminary data
collected using a larger flume (with water depth of 1.2 m) indicated no difference in
flow near the sediment over the “Old Free Vehicle” with and without the sealing lid
present (Maciolek ef al., 1987) because of the large distance between the lid and the
sediment tray. In addition, based on the size of the pipes comprising the support
frame for these structures, flow disturbances generated by the support frame itself
are expected to be substantially less than those resulting from elevating the mudbox
sediments above the bottom.

For both free-vehicle designs, the structures completely blocked the lower 10 cm
of the flume flow, forcing the flow to move over, rather than around, the mudboxes.
This enhanced flow acceleration, of about 50%, over the model free vehicles is
unrealistic for the field. The situation was identical for both free vehicle designs,
however, and other than exaggerated flow acceleration over the trays, the essential
features of the vertical velocity profiles, and their along-channel variation, were
expected to be a reasonably accurate simulation of flow over the central portion of
the structures. Allowing flow around the sides of the free vehicles in the flume would
likely have created more serious flow artifacts because the morphology of the boxes
would be incorrect (i.e., sharp edges that do not occur in the full-scale designs).

The Raised Mudbox was only 50 cm in width and therefore could be placed
directly in the flume without any modification. However, to create a similar,
flow-blockage effect to the other designs (i.e., for between-structure comparisons)
and to eliminate funneling of flow along the sides of the mudbox, a thin (3 mm) PVC
plate was placed at the corners of the leading edge of the mudbox. The plates were
cut to fit just under the lip of the sediment tray to seal it against the flume walls.

For flume runs with the Flush Sediment Tray, a section of the flume bottom was
removed and replaced with a 50-cm square by 50-cm deep box, which was filled with
sediment so that it was flush with the floor of the flume. The sediment tray was then
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buried in this box so that the tray sediment surface could be specifically positioned
relative to the surrounding sediment bed—that is, flush with the sediment bed, as
during an ideal ocean deployment, or tipped slightly relative to the bed to simulate a
less-ideal deployment (see Fig. 13).

A limitation to the flume simulations was the height of the free vehicles and the
Raised Mudbox relative to the flume water depth. The Raised Mudbox reached to a
height of slightly more than 12 cm from the bottom, with the contained sediments
therefore ~11 cm above the bottom. Although the upper frame (i.e., parts of the
free vehicles higher than the sediment trays) were removed to allow placement in the
flume, both free vehicles, as well as their sediment surfaces, reached to a height of
~10 cm from the bottom. It was therefore necessary to maintain a water depth of
~23 c¢cm above the flume bottom to quantify a reasonable portion of the flow over the
structures. This water depth was maintained for all experiments, and although slight
fluctuations in water level occurred, this had a negligible effect on results during the
course of a profiling series. In instances where depth fluctuations exceeded 3%, the
flume run was terminated and the measurement series was repeated.

Ideally, flume simulations of one-dimensional, open-channel flow should maintain
a minimum width to depth ratio of at least five to avoid significant secondary
circulation effects associated with boundary layer growth along the flume walls (e.g.,
Nowell and Jumars, 1987). Unfortunately, it was impossible to satisfy this criterion
and still quantify a reasonable portion of the flow over structures as large as these
mudboxes in this particular flume. Thus, secondary flow effects may have occurred.
Such secondary flows generally consist of several cells of recirculating fluid in the
cross-stream direction. However, for a width to depth ratio of order three, as in this
study, the magnitude of the velocities of such secondary flows is expected to be small
compared with the along-channel flow (e.g., Henderson, 1966; also our own measure-
ments, e.g., Butman et al., 1994). Therefore, because the goal of the flume simula-
tions was to quantify downstream changes in flow over the sediment surface of a
mudbox relative to a flat bottom, flow measurements were confined to vertical
profiles taken in one along-channel transect (along the flume channel centerline)
both with and without the mudboxes in place. Thus, for this particular application,
cross-stream flow effects are largely irrelevant.

The fluid-dynamic environment associated with all of the mudbox designs was
quantified at a u, of about 0.4 cm s~! (hereafter called “slow flow”), where the
near-surface water velocity was about 10 cm s~1, and the two free vehicles were also
tested at a u,, of about 0.6 cm s~! (hereafter referred to as “fast flow”), where the
near-surface water velocity was about 15 cm s~!. These flows bracket the u, of
0.49 cm s~! calculated for typical deep-sea flows over muddy bottoms where mud-
boxes have been deployed (Section 3a.), and they also fall within the range of tidal
flows expected for shallow-water, coastal embayments (e.g., Butman, 1986a).
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The two submersible-deployed mudboxes were also tested for other potential flow
artifacts. For the Raised Mudbox, simulations were conducted both with and without
the Nytex screening that was used in field experiments for predator exclusion
(Grassle and Morse-Porteous, 1987). This comparison was designed to document
potential effects of the screens on flow over the mudbox. In both Raised Mudbox
simulations, the sides of the mudbox were cut away to allow profiling down to the
sediment surface (i.e., ~1 cm below the lip of the tray). In the screened mudbox,
however, the screen was not rigid and formed wavy contours such that the mesh
blocked the laser beams of the LDV, making it impossible to profile below the screen
close to the sediment surface. For the Flush Sediment Tray, simulations were
conducted with the tray flush with the flume bottom and also with the leading edge of
the tray purposely exposed (i.e., tipped up into the flow). Thus relatively “good”
(=flush) and “poor” (=tipped) deployments were simulated.

Theoretical calculations indicated that the log layer in the open-channel flow
section of the flume was between approximately 0.3 and 5.0 cm above the bottom.
Therefore, 10 profile points in the vertical were roughly logarithmically spaced
within this region and five more points were evenly spaced above the log layer.
Because the nature of flow over the mudboxes was unknown and may have been
more complex than in the flume channel, 10 vertical profile points were roughly
evenly spaced above the mudbox structure. Fifteen point profiles were taken in areas
where greater resolution was desired. Along-channel positions of vertical profiles
over the mudboxes were dictated by visual observations of flow separations and other
boundary-layer flow features which we sought to resolve.

The sediment used in the Old Free Vehicle, New Free Vehicle and Raised
Mudbox simulations was obtained from the U.S. Mid-Atlantic slope at 2100 m where
colonization experiments have been conducted (Maciolek et al., 1987; Grassle and
Morse-Porteous, 1987). Despite slight differences in the actual heights of the
mudboxes, the sediment surface in each case was about 10 cm above the floor of the
flume, except for the Raised Mudbox, where it was about 11 cm above the flume
floor. The Flush Sediment Tray was filled with sediment from the St. Croix site,
where this type of tray had been used previously (Snelgrove et al, 1992, 1994).
Although this sediment is somewhat coarser than the muddy sediment from the
Mid-Atlantic slope, the roughness is not sufficiently large to extend above the viscous
sublayer in hydrodynamically smooth-turbulent flow, and therefore both sediments
would be expected to have a similar effect on the vertical shear, mixing and shape of
the velocity profile. The position of the mudboxes along the flume channel was such
that the front edge of the sediment in each tray was 10.1 m downstream from the
flume entrance. Therefore, the leading edge of the New Free Vehicle extended 6 cm
further upstream than that of the Old Free Vehicle. Also, because the fiberglass rim
of the Raised Mudbox was relatively small, it did not extend quite as far upstream as
the Old Free Vehicle (leading edges differed by 9 cm).
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Figure 6. Velocity profiles taken at three points along the flume axis encompassing the test
section where measurements were made in slow (left) and fast (right) flow. Boundary shear
velocities (u , ) were calculated with a semi-empirical expression for the mean velocity in a
steady, open-channel flow above a smooth bottom, as described in Trowbridge ef al. (1989)
and Butman and Grassle (1992).

4. Results

To validate the assumption of one-dimensional open-channel flow in the region
where mudboxes were tested, measurements were made at widely-spaced intervals
along the channel before the mudboxes were added. Profiling was done at points
along the flume channel corresponding to the location of the leading edge of the New
Free Vehicle, the leading edge of the Old Free Vehicle, and a position near the
furthest downstream measurement location. In both slow and fast flow, the shear
velocities and shapes of profiles were similar at each along-channel location (Fig. 6)
as predicted from theoretical considerations (e.g., Nowell and Jumars, 1987). Thus,
the flow was essentially fully developed, in terms of mean horizontal velocity, at the
leading edges of the mudboxes. Furthermore, a comparison of the flume flows and a
typical deep-sea flow (Fig. 7) reveals that the mudbox leading edges would intercept
the velocity profiles within the log layer of the flow in all cases and that the highest
shear region, the viscous sublayer, is well below the interception point.

a. The free vehicles. In the slow-flow simulation, flow approaching the sediment tray
in the Old Free Vehicle differed markedly from flow over the flat flume bed
(compare Fig. 8 to Fig. 6a). Directly above the fiberglass lip at the leading edge of the
tray, negative velocities were observed adjacent to the lip, with positive velocities
occurring only at heights >1 cm above the lip, suggesting that an eddy formed
upstream of the rubber gasket. Above the region of flow separation, velocities of
about 9 cm s~! were observed, much as predicted for a natural deep-sea boundary



834 Journal of Marine Research [53,5

Characterization of Deep-Sea Flow
T ¥ T t L]

20 .
€
L 16| -
°
@
m
2 12t .
8 Approximate height
s of mudbox sediments
(%] 8 = .
c
S
2
o

4 - -

1 4 , 1 [
2 4 6 8 10 12
Horizontal Velocity (cm/s)

Figure 7. A theoretical, hydrodynamically smooth-turbulent velocity profile in a typical
deep-sea, muddy habitat, calculated for u = 15 c¢cm s~! at z = 500 cm (e.g., see Butman,
1986a).

flow (Fig. 7) and the hydrodynamically smooth-turbulent flume flow (Fig. 6). Several
centimeters downstream from the gasket, over the upstream portion of the sediment
surface, negative velocities were again observed. Within ~1 cm of the sediment
surface, flows were negative at a distance 4 cm downstream from the gasket,
suggesting that an eddy (or eddies) had formed just behind the gasket. Further
downstream, negative velocities were not observed, as the boundary layer reattached
and began to grow over the sediment surface. Note that the generally higher flow
speeds observed over the tray compared with the open channel case is partly due to
the mudbox blocking the flume flow, resulting in enhanced acceleration (see Section
3d.); this would be much less pronounced in nature.

The two-dimensional velocity field over the Old Free Vehicle in fast flow (Fig. 9)
was qualitatively similar to that observed in slow flow (Fig. 8). The size of the eddy
that formed downstream of the gasket appeared to be slightly larger than in slow
flow, given that negative velocities were observed 6 cm downstream of the gasket
compared with 4 cm in slow flow. Not surprisingly, under these flow conditions,
velocities were generally faster in all cases; however, the shapes of the profiles at
corresponding locations were similar in the slow and fast flows.

For the New Free Vehicle, changes to the natural velocity profile as the flow
moved over the mudbox structure were much less pronounced (Fig. 10). Although
the shape of the profile changed as flow moved past the leading edge of the disc up
onto the raised surface where the sediment was contained, flow separation was not
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Figure 8. Velocity profiles measured at different positions along the Old Free Vehicle
upstream of the sediment surface (left) and directly over the sediment surface (right) for
slow flow conditions. Letters refer to along-channel positions of the profiles, as indicated in
the diagram beneath the plots.

observed. The absence of negative velocities downstream from the leading edge also
suggests that eddies did not form anywhere over the mudbox structure. Flow was
reduced near the mudbox surface, particularly just before the crest of the leading
edge (profile C in Fig. 10). Most importantly, however, flow over the sediment
surface did not change appreciably in the along-channel direction, and at least
qualitatively resembled flow in the open-channel case (Fig. 6). Although flow
acceleration was observed relative to the open channel, this was again, in part, a
result of structure-induced flow accelerations in the flume, and such accelerations
would be expected to be smaller in nature where the flow is free to move around as
well as over the structure. As with the Old Free Vehicle, velocity profiles above the
New Free Vehicle under fast flow conditions (Fig. 11) were similar to those under
slow flow (Fig. 10).

b. The colonization trays. In general, flow over the Raised Mudbox (Fig. 12) was
similar to that over the Old Free Vehicle (Figs. 8 and 9). Although there was no
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gasket at the upstream edge of the Raised Mudbox, negative velocities indicative of
eddy formation were observed just above the overhanging lip at the leading edge
(profile A in Fig. 12); evidently, the overhanging lip created a complex hydrodynamic
disturbance. At the upstream edge of the sediment surface, just behind the lip,
negative velocities (and thus, eddy formation) were again observed (profiles B and C
in Fig. 12). Further downstream, a secondary boundary layer appeared to develop
over the sediment surface, and vertical profiles varied considerably as the flow
progressed downstream (profiles D and E in Fig. 12). Relative to these other flow
effects, differences between screened and unscreened case mudboxes were modest,
at least in the region where measurements could be obtained. Nonetheless, higher
velocities were generally observed close to the sediment surface in the screened case,
and the eddy in the upstream region of the contained sediment was somewhat larger
in the unscreened case.

The Flush Sediment Tray was designed to be placed flush with the ocean bottom,
and not surprisingly, the flow over the tray (Fig. 13) was virtually identical to that in
the open-channel case (Fig. 6). Exposing the leading edge of the Flush Sediment
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Figure 10. Velocity profiles measured at different positions along the New Free Vehicle
upstream of the sediment surface (left) and directly over the sediment surface (right) for
slow flow conditions. Letters refer to along-channel positions of the profiles, as indicated in
the diagram beneath the plots.

Tray resulted in modest changes to the velocity profiles as flow passed over the
sediment surface. These changes were minor, however, compared with along-
channel changes in velocity profiles observed over the sediment surfaces of any of the
other mudbox designs. This orientation also represents a worst-case scenario be-
cause it is generally possible for a submersible or divers to place the trays more flush
with the sediment surface (authors’ pers. obs.).

5. Discussion

Within recent years, small-scale hydrodynamic processes have been recognized as
an important source of benthic biological heterogeneity (e.g., see reviews by Jumars
and Nowell, 1984; Butman, 1987; Snelgrove and Butman, 1994). Despite the fact that
many different processes such as nutrient supply, organic flux, sediment deposition
and erosion, and larval supply may all be heavily influenced by the near-bed flow
regime, benthic experimental structures or instruments generally have not been
designed to minimize flow disturbance or artifacts. Studies specifically evaluating
flow effects on infaunal larval settlement and recruitment in natural habitats (e.g.,
Eckman, 1979, 1983; Butman, 1989; Snelgrove, 1994) and in laboratory flumes (e.g.,
Pawlik ef al., 1991; Jonsson et al., 1991; Butman and Grassle, 1992; Grassle et al.,
1992b; Pawlik and Butman, 1993; Snelgrove ef al, 1993) have produced strong



838 Journal of Marine Research 53,5

New Free Vehicle (Fast Flow) New Free Vehicle (Fast Flow)
14 T T T T 10 T T T T
o 9.44 m downstream (A) o 10.25 m downstream (F)
e 9.56 m downstream (B) — @ 10.50 m downstream (G)
€ 12 ¢ 9.63 m downstream (C) b 5 sk v 10.75 m downstream (H) i
2 v 9.90 m downstream (D) heg
€ 10 O 10.10 m downstream (E) - §
[ £
= o
2 ] HL 1
3
g ] 2
-4 8 4t g
@
o ] s
g »
2 o 9 4
a 2
30 20 22 24 26 28 30
Horizontal Velocity (cm/s)

——=--0
===-m
—_———mm
il ———-0

- ———z

N

Figure 11. Velocity profiles measured at different positions along the New Free Vehicle for
fast flow conditions. Letters refer to along-channel positions of the profiles, as indicated in
the diagram beneath the plots.

evidence that hydrodynamic processes have an important effect on larval or postlar-
val distributions both in the water column and on the bottom. Such results dictate a
re-evaluation of colonization studies where sediments were raised above the seafloor
both in shallow water (e.g., McCall, 1977; Zajac and Whitlatch, 1982) and in the deep
sea (Grassle, 1977; Desbruyeres et al, 1980, 1985; Levin and Smith, 1984; Grassle
and Morse-Porteous, 1987; Maciolek et al., 1987).

One means of eliminating potential flow artifacts in benthic colonization studies is
to place sediments flush with the natural bottom, an approach which has been
successfully adopted in intertidal habitats (Eckman, 1983; Gallagher et al, 1983).
Indeed, the Flush Sediment Tray tested here has been successfully used in shallow
water (Snelgrove, 1994) and the deep sea (Snelgrove et al., 1992, 1994). The flume
simulations summarized here (see also Snelgrove et al, 1992) indicate that flow
disturbance generated by Flush Sediment Trays is minimal, even when the leading
edge of the tray is exposed, and that the flow across the tray closely approximates that
predicted for the natural environment. Unfortunately, it is not always logistically
possible to place trays flush with the ambient sediment, particularly in marginally
accessible habitats such as the deep sea. Thus, it is sometimes unavoidable to have
structures protruding above the sediment surface, and efforts must then be directed
toward minimizing, rather than eliminating, hydrodynamic disturbance.
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Figure 12. Velocity profiles measured at different positions along the Raised Mudbox
upstream of the sediment surface and over the sediment surface for screened (left) and
unscreened (right) trays in slow flow. Letters refer to along-channel positions of the profiles,
as indicated in the diagram beneath the plots.

Instruments that extend above the ocean bottom and into the benthic boundary
layer create flow disturbance in several different ways, and the potential flow artifacts
are exemplified by the mudbox examples. The flow must accelerate as it moves over
and around a mudbox which protrudes above the bottom. In unbounded flows, this
effect is somewhat minor, however, compared with other potential hydrodynamic
effects. By raising the sediment contained in the mudbox up into the boundary layer
flow, relatively fast flows will move past the mudbox sediment compared with flow
over the sediment-water interface (Fig. 1b). The result is that a second boundary
layer develops on the sediment surface, creating complex, constantly changing flow
conditions over the mudbox sediments. Furthermore, if the drag of the mudbox on
the flow is sufficiently large, the boundary layer may separate such that eddies are
shed at various places along the sediment surface, potentially creating regions of
enhanced shear and of local deposition.

These types of flow disturbances were observed in the Old Free Vehicle and
Raised Mudbox flow simulations (Figs. 8, 9, 12). Qualitatively, flows over these two
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Figure 13. Velocity profiles measured at different positions along the Flush Sediment Tray
upstream of the sediment surface and over the sediment surface for flush (left) and partially
exposed (right) trays in slow flow. Letters refer to along-channel positions of the profiles, as
indicated in the diagram beneath the plots.

types of mudbox were similar. Because the sediment surface is raised well above the
natural seabed, relatively high flow speeds approached the sediment. Over the
mudbox sediment and within the natural bottom boundary layer, a thin boundary
layer grew over the sediment surface, increasing in thickness as the flow moved
downstream. Eddies formed in front of and behind the gasket of the Old Free
Vehicle, and although a gasket was absent from the Raised Mudbox, the sediment
surface was lower than the rest of the tray and a similar flow effect (i.e., eddy
production) resulted from the tray itself. Thus, an area of relatively low shear was
produced both in front of and behind the gasket, creating potential depositional
areas upstream of the gasket and at the leading edge of the sediment surface.

In unidirectional flows, the eddy in front of the gasket may reduce the number of
larvae, adults, sediment grains, or food particles that encounter the sediment tray,
because this area of very slow flow may cause passively transported material to fall
out of suspension. Those particles that make it over the gasket may tend to be
entrained in the small eddy behind the gasket. Moreover, the boundary layer over the
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sediment in this design grows considerably as the flow progresses across the sedi-
ment. Thus, because boundary-layer characteristics constantly change in the along-
channel direction, the flow regime is not uniform over the sediment surface. This
along-channel variation in boundary-layer characteristics thus imposes an additional
variable over the mudbox sediments that could confound interpretation of effects
due to sediment treatments alone. Furthermore, these measurements were made
with flow at right angles to the sediment tray. Flow approaching at an angle, across
the corners of the tray, may be even more complex. Clearly, characteristics of flow
moving across the Old Free Vehicle and the Raised Mudbox were very different from
those expected to occur over natural, muddy deep-sea bottoms.

In designing the New Free Vehicle, many of these potential problems were
considered. The gasket was attached to the lid rather than to the sediment trays,
eliminating the eddy effect. The sloping edge of the disc surrounding the sediment
tray was designed to minimize disturbance to the natural boundary layer, and to
avoid eddy shedding downstream of the leading edge. Based on the flume simula-
tions shown here, these design goals appear to have reduced hydrodynamic biases
considerably. Velocity profiles changed comparatively little across the sediment
surface of the New Free Vehicle, and there were no areas of enhanced deposition
and shear resulting from eddies. The net effect was that flow across the sediment tray
closely mimicked predictions for flow over the natural seafloor.

The two major improvements of the New Free Vehicle were the elimination of
flow separations and the production of a relatively uniform flow across the sediment
surface. These improvements are critical given the growing evidence that even
relatively small-scale flow aiterations influence settling larvae. Given that typical
swim speeds for larvae may be exceeded by mean horizontal flow speeds at distances
of only a few millimeters above the bottom (e.g., Butman, 1986a; Gross et al., 1992), it
is not surprising that results of several field studies suggest that larvae may be
passively entrained in relatively small-scale bottom features, such as depressions
(e-g., Savidge and Taghon, 1988; Snelgrove, 1994). Although these organisms may be
actively responding to organic material that has accumulated in depressions (e.g.,
VanBlaricom, 1982), there is evidence that passive entrainment may occur for at
least some taxa. In flume experiments with larvae of the polychaete Capitella sp. 1
and the bivalve Mulinia lateralis, for example, enhanced settlement was observed in
small depressions compared with flush treatments of a similar sediment type
(Snelgrove et al., 1993). In fact, M. lateralis larvae, in particular, were often observed
to make a “poor choice,” settling in depressions containing an unfavorable substrate,
probably because of hydrodynamic entrainment. The spatial scale of eddies created
in the small depressions in the Snelgrove ef al. (1993) flume experiments was roughly
comparable to the eddies generated in the mudbox simulations described here.
Moreover, although larvae of Capitella sp. I and M. lateralis are capable of active
habitat selection, settlement may be modified by near-bed hydrodynamics (Butman
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and Grassle, 1992; Grassle et al., 1992a,b; Snelgrove ef al., 1993). Likewise, because
transport of passive particles such as fine-grained sediments and detritus clearly can
be modified by near-bed flow processes (e.g. Stolzenbach et al., 1992; Yager et al.,
1993) sediment properties may vary over small scales within the Old Free Vehicle
and Raised Mudbox sediments and larvae may respond actively to this variation.

Mudbox-type experiments can also be criticized for physically isolating the experi-
mental sediments from the surrounding sediment. Indeed, Smith and Brumsickle
(1989), working in an intertidal system, found that patch size and sediment isolation
influenced colonization rates of species and the time required for treatments to
return to background composition. The relative effects of elevating the sediment
above the surrounding bottom and placing sides on the sediment plugs in this study
were unclear, but the high numbers of post-larval individuals that were observed in
their treatments do suggest that physical isolation of sediments represents a poor
mimic of a natural, small-scale disturbance, at least in this environment. Still, if the
goal of a given experiment is to mimic a large-scale disturbance where within-
sediment migration is less likely to be important, or to isolate effects of specific
variables on colonization (e.g., sedimentary organic composition; Snelgrove et al,
1992; 1994) from confounding variables, such as presence or absence of different
adults, then mudbox-type experiments can be a valuable tool.

Although these flume simulations were motivated by an interest in potential
hydrodynamic effects on settling larvae, the types of flow disturbances that have been
documented here may be relevant to many different fields of oceanographic re-
search. These demonstrated alterations to the boundary-layer flow caused by mud-
box structures are presented to facilitate the design of hydrodynamically unbiased
benthic experimental gear for use in other areas of benthic ecology, chemistry,
geology, and engineering.
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