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Abstract-No consistent -functional grouping of organisms as stabilizers vs destabilizers,
respectively decreasing or enhancing credibility, is possible . Benthic organisms can affect erodibility
in particular-and sediment transport in general-via alternation (1) of fluid momentum imping-
ing on the bed, (2) of particle exposure to the flow, (3) of adhesion between particles, and (4) of
particle momentum. The net effects of a species or individual on erosion and deposition thresholds or
on transport rates are not in general predictable from extant data . Furthermore, they depend upon
the context of flow conditions, bed configuration, and community composition into which the
organism is set. Separation of organism effects into these four categories does, however, allow their
explicit incorporation into DuBoys-type and stochastic sediment dynamic models already in use and
thus permits the specification of parameters whose measurement will enhance predictability of sedi-
ment transport modes and rates in natural, organism-influenced, marine settings .

If the variable of prime concern is the total amount of sediment transported, rather than the fre-
quency of transport events or the spatial pattern of erosion and eposition, and if most transport
occurs in rare but intense bouts (e .g ., winter storms on boreal continental shelves), then it may be
possible to ignore organism effects without major sacrifices in accuracy or precision. Under high
transport rates, suspended load effects override organism-produced bottom roughness, abrasion
removes adhesives from transporting grains, and transport rates (normalized per unit width of the
channel or bed) exceed feeding and pelletization rates. Moreover, at high rates most material trans-
ports as suspended load, effectively out of reach of the benthos . The transport rates at which
organism effects are overridden, however, remain to be determined . For lower transport rates, forag-
ing theory promises to provide insights into organism effects .

INTRODUCTION

THE naming of biogenous sedimentary structures has evolved along with the study of
stratigraphy until a consistent classification has emerged (FRET, 1973) . Because the study of
sediment transport is itself a comparatively young science, and the importance of organisms
in influencing sediment dynamics is an even more recent realization, classifications of
organism impacts on sediment transport are still evolving rapidly . It is our purpose here
briefly to review existing classifications, to erect one of our own, and to examine qualitatively
the compatibility of prevailing sediment transport models and ecological theory with this new
scheme .

The simplest of classifications is dichotomous, and such a bipartite scheme has been
erected to emphasize the divergent effects of organisms on sediment entrainment : organisms
can either stabilize or destabilize sediments, that is make them less or more easily erodible
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than their abiotic counterparts . The processes by which these biogenous changes are made
have been classed as `binding' vs `destabilizing' by RHOADS et al . (1978). Functional grouping
of species as stabilizers and destabilizers (YINGST and RHOADS, 1978) at first appears to be a
logical outgrowth of this classification and of the parallel dichotomy erected by BRENCHLEY
(1981). Such grouping was presaged by earlier work in Rhoads' laboratory (RHOADS and
YOUNG, 1970; RHOADS, 1974) and elsewhere (RowE, 1974, Table 1) .

Although dichotomies are a logical place to start, and the net effect of organisms must be
stabilizing or destabilizing, it does not necessarily follow that individual species can be classed
as stabilizers or destabilizers . Several inconsistencies in fact arise . For example, individual
animal tubes and sparse arrays of such tubes projecting above the bottom increase erodibility
by deflecting fluid of relatively high momentum onto the surrounding bed (ECKMAN et al.,
1981), while denser tube arrays are likely to stabilize the bed by shielding it from the faster
flow above (RHOADS et al., 1978; ECKMAN, 1983) . Another sort of inconsistency arises for an
organism that produces surficial crawling traces . If the surface microtopography initially is
smooth, this activity enhances erodibility (NOWELL et al., 1981). If, alternatively, the ambient
microtopography already is rougher than the microtopography produced by the crawling
species, then the production of crawling trails will act to smooth larger relief and so to
decrease erodibility (MACILVAMNE and Ross, 1979) . The `fine sandpaper' of this smoothing or
roughening process is provided by meiofauna (CULLEN, 1973) . Depending on context (e .g .,
local abundance or initial conditions), the same individual engaged in the same activity may
stabilize or destabilize the sediment surface.

It thus proves impossible to categorize individual species or even individual activities of
species as being consistently stabilizing or destabilizing . Nor does this dichotomy give any
insight into the mechanisms responsible . We choose instead to develop descriptions of four
broad modes of organism effects on sediment transport . Doing so serves two purposes . First,
it makes apparent the fact that, very few organism activities (and thus very few organisms)
can be identified a priori as uniformly stabilizing or destabilizing . Most activities have several
facets whose net impact on sediment transport can not yet be evaluated without ancillary data
or experimentation. Second, it makes explicit the physical mechanisms whereby thresholds
and transport rates can be altered by organisms and thereby permits us to present some pre-
liminary ideas on how those physical mechanisms may be included in extant sediment trans-
port models .

Because organism effects on incipient motion (on erosion thresholds, e.g ., Shields' curve)
have received the most experimental attention, we will treat organism effects on credibility the
most thoroughly . Data on deposition thresholds for fine abiotic materials are scarce, so that
discussions of incipient deposition and net sediment transport rate under given organism
influences must be largely conjectural. We hope that this conjecture helps to provoke relevant
experiments. The general progression of experiments that we anticipate in arriving at a predic-
tive knowledge of organism effects on sediment transport in the field is from the sorts of
erodibility measures being conducted at present, through experiments on incipient deposition,
to a coupling of erosion and deposition in evaluating biotic effects under conditions of steady
transport, and, finally, to the field-relevant sorts of time-dependent experiments in which
dominance of physical forcing and biotic activities may alternate . We will not approach the
more general, time-dependent problem here . Also explicitly excluded, as our title implies, are
the albeit sediment dynamically important (DEUSER et al., 1983) impacts of planktonic
organisms .
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CLASSIFICATION OF ORGANISM EFFECTS ON SEDIMENT TRANSPORT

Alteration of fluid momentum impinging on the bed by biogenous or biological structures

Structures produced and maintained by organisms can either increase or decrease fluid
momentum incident on the surrounding bed (Fig. IA). We already have mentioned animal
tubes in this regard. The effects of these and other biogenous and living roughness elements
protruding into the flow are far from being well quantified . Only in the simplest cases, i .e .,
isolated, rigid tubes (ECKMAN, 1982 ; ECKMAN and NOWELL, in press) and hemispheres
(PAOLA, personal communication) and for spatially uniform distributions of tubes (ECKMAN et
al ., 1981 ; ECKMAN, 1983), have these effects been parameterized .

For inanimate, bluff bodies uniformly dispersed over a flume bottom, experiments indicate
that the transition from bed destabilization to bed stabilization (due solely to hydrodynamic
effects) occurs as approximately 8% cover of the bed by roughness elements is exceeded
(WOODING et al., 1973; NOWELL and CHURCH, 1979), Flume experiments (ECKMAN et al.,
1981) with the tube-building polychaete Owenia fusiformis at up to 4% areal cover (6 .9 x 103
individuals in -'), a tube density previously believed to be stabilizing (FAGER, 1964), show
enhanced erosion. Although sediment-stabilizing densities of tubicolous species no doubt are
reached in the field (MILLS, 1967 ; FEATHERSTONE and RISK, 1977), they have only recently
(ECKMAN, 1983) been duplicated in the laboratory, where detailed flow measurements can
confirm the supposed stabilizing effect . Previously published results suggesting stabilization
(RHOADS et al., 1978) do not separate stabilization via effects on near-bed flow vs via adhe-
sive effects (see below) . Continuing experiments (ECKMAN and NOWELL, in press) show that,
in addition to areal coverage by tubes, aspect ratio (height : diameter) and tube roughness
influence the extent and magnitude of local changes in bed shear stresses . Reliable quantifica-
tion of analogous effects produced by biogenous or living structures having more complex
geometries is even farther away . Nonetheless, clear instances of armoring of the bed (sensu
GRAF, 1971, p. 101) against fluid shear by biological structures have been identified . Blanket-
ing by macroalgae (FROSTICK and MCCAVE, 1979), by algal mats (NEUMANN et al., 1970),
and by seagrass blades (SCOFFIN, 1970) surely must reduce the incident fluid momentum
locally. Even in these cases of obvious stabilization, however, scour may result from the chan-
neling of flow at the edges of the armored patch of bed .

Biogenous or biological structures need not be discrete (roughness elements) or blanket-like
to influence the spatial pattern and magnitude of fluid momentum impinging on the bottom .
Any activity which produces microtopography approaching the thickness of the viscous sub-
layer in relief will suffice . Fluid stresses on the bed downstream (and a shorter distance up-
stream) of the structures would be altered. In FREY's (1973) ethological classification of
structures, resting traces (cubichnia), crawling traces (repichnia), grazing traces (pasichnia),
feeding structures (fodichnia), and dwelling structures (domichnia) would be included so long
as they lend surface relief of sufficient magnitude . Topography of the relevant scales (i .e.,
greater than the viscous sublayer thickness), however, can be made by macrofauna (usually
defined as organisms retained on a sieve of 0 .5 or 1 .0-mm meshes) and larger organisms only .
Meiofauna (organisms passing the macrofaunal sieve but retained on one of approximately
0.05-mm mesh) can be important in degrading these structures (CULLEN, 1973) but not in
producing them. It should be noted, however, that groups usually considered meiofaunal (e .g .,
Foraminifera) may have track- (BUCHANAN and HEDLEY, 1960) and test-producing (DELACA
et al., 1980) members that range into the macrofaunal size category .
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Fig . 1 . Modes of organism influence upon sediment transport . Animal tubes (A) in a flow (direc-
tion indicated by arrow) typically cause local regions of increased and decreased bed shear stresses ;
adhesive and grain-exposure effects are also involved in tube construction. A burrowing harpacticoid
copepod (Huntemannia jadensis) (B) has just moved the shaded sand grain into a position from
which erosion is more likely ; momentum imparted to the grain by burrowing may also be important .
A conical mound of fecal pellets (C) produced by a burrowing tellinid bivalve (Maconta nasuta) com-
bines adhesive effects with altered near-bed flow patterns and altered particle exposure to the flow;
the exhalent siphon of the bivalve, positioned just below the crater in the mound, may also impart sig-
nificant momentum to ejected pellets . Amphicteis scaphobranchiata (D, upper panel), a surface
deposit feeding amphartetid polychaete, ejects fecal pellets from its feeding pit by use of a mucous
sling attached to its two spatulate branchiae ; besides imparting momentum to the particles compris-
ing the pellet, this ampharetid affects near-bed flow via the geometry of its tube-pit complex, alters
grain exposure, and secretes copious amounts of exopolymers . The cockle IClinocardium nuttalli,
(D) lower panel, with arrows indicating flow direction in the inhalent and exhalent siphons) removes
microscopic particles from suspension, packages them into larger pellets, and ejects them into the
flow, which may not be competent to hold these larger particles in suspension ; adhesive effects are

involved in the packaging, as is grain exposure .
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Attention above has implicitly focused upon flow effects inducing erosion . Because bottom
topography generates spatially varying bottom shear stresses and local recirculation regions,
deposition also is influenced . For example, isolated tubes can produce sites of deposition in
their immediate lee (ECKMAN, 1982, personal communication) and groups of closely spaced
tubes can generate regions of enhanced net deposition (RHOADS, 1974 ; ECKMAN, 1983). It is
widely accepted in the engineering literature that increased roughness enhances particle diffu-
sion to the bed (BROWNE, 1974 ; WOOD, 1981), but there is no information available on
biological effects in marine systems . SEHMEL (1979) shows that a factor of five increase in the
roughness length causes a five-fold increase in particle "deposition velocity" . A significant
conclusion of Browne's work was that particle deposition rates are extremely sensitive to
roughness, even when it is too small to produce hydraulically rough flow .

Alteration ofparticle exposure

The activities which produce any of these structures may also influence the exposure of
individual sediment grains (Fig . 1 B) or aggregates to the flow and thereby determine the fluid
forces acting on these grains (PAINTAL, 1971 ; FENTON and ABBOTT, 1977). Without sub-
stantially changing the magnitude of fluid momentum impinging on the bed, organisms can
place individual grains in positions from which they can be eroded either more or less easily .
In flume experiments, the most stable beds vis-a-vis grain exposure (for sand and coarser
materials) are formed by depositing material to make a flat bed at flow strengths just slightly
below the critical erosion velocity (MANTz, 1978) . Moving grains from positions that they
find under these conditions will, in general, enhance erodibility by increasing average grain
exposure (MIDDLETON and SOUTHARD, 1978).

At the relevant scales for discussion of this means of sediment stabilization or destabiliza-
tion, meiofaunal activities may have considerable impact . Near the other scale extreme in
influencing exposure of particular grains are the activities of the frequently large and infaunal
'conveyor-belt' species christened by RHOADS (1974) . These animals deposit feed at depth
within the sediments but place their fecal material at or near the bed surface . Such feeding can
produce graded beds of a decimeter or so in vertical extent (RHOADS and STANLEY, 1964) and
thus may influence erosion rate and depth as erosion proceeds . More subtle grain exposure
effects are produced during fecal deposition by both surface deposit feeders (NOWELL et al.,
1981) and suspension feeders (HAVEN and MORALES-ALAMO, 1966) . Since grain exposure
effects due to benthic organisms operate via alteration of the lift and drag (dominant forces in
erosion) to which a grain is exposed, but can not alter gravity or Brownian motion (dominant
forces in deposition) of particles in suspension, the importance of these influences is greater in
erosion than in deposition .

Alteration of adhesive-cohesive bonding among particles
Virtually all organism activities are accompanied by the secretion of mucous exopolymers

(FAZIO et al., 1982), by the breaking of adhesive and cohesive bonds between particles, and
by the formation of new adhesive and cohesive bonds between particles moved into proximity
during these activities. We use `cohesion' in the sense of electrochemical bonding directly
between molecules of like chemical character and `adhesion' in the sense of bonding of grains
by an unlike substance (JUMARS et al ., 1982, Fig. 9), for example, an exopolymer secretion
(which may or may not contain living bacteria) causing adhesion of two sediment grains . The
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effect of such adhesive or cohesive bonds on erodibility of individual grains is visualized easily
(Fig. 1C), but only recently has it been measured directly (A . R. M. NOWELL and J. WOLCOTT,
personal communication). Because of the changing ratio of gravitational force (a function of
particle volume) to adhesive-cohesive forces (functions of the number of grain-to-grain con-
tacts and thus of particle surface area) with particle size, cohesive and adhesive forces play
increasing roles in determining erodibility of individual grains as grain size decreases . Until
recently (RHOADS et al ., 1978) it had been supposed that biogenous adhesion could be
ignored in non-carbonate sediments of sand size and coarser . The simple but elegant field
experiment of BOER (1981), showing significant microbial adhesion in the sand of an intertidal
megaripple, lays this notion to rest . GRANT et al . (1982), further present the first detailed
measurements of the critical entrainment stress, shown on a Shields plot, which suggest the
magnitude of adhesive binding throughout the year on an intertidal sand flat ; it appears that
adhesive metabolites build up annually in this boreal environment, increasing critical shear
stress by a factor of two, until episodes of mid-winter sediment transport remove them .

Bacteria (FAZio et al., 1982; UHLINGER and WHITE, 1983), benthic diatoms (HOLLAND et
al., 1974), macroalgae (NEWELL et al., 1980), marine invertebrates (GRENON and WALKER,
1980), and marine vertebrates (PATEL et al., 1980) all produce mucous exopolymers .
Mucopolysaccharides are found on most surficial sediment particles at all water depths in the
sea (WHITLATCH and JOHNSON, 1974 ; JOHNSON, 1977) . Besides breaking adhesive and cohe-
sive bonds as they move sediment grains, organisms also catabolize these compounds
(HOBBLE and LEE, 1980 ; LINLEY et al., 1981). Because both microbial and metazoan com-
munities show strong vertical structure within sediments, adhesive effects are unlikely to
remain constant with increasing erosion depth . Hence the net effect of an organism on
erodibility via modifications of adhesion and cohesion may be difficult to measure, much less
to predict a priori. A particularly insidious feature of microbial adhesion is that it will occur in
laboratory flumes (REES, 1966) unless deliberate care is taken to exclude it . Bacteria and
diatoms grow readily on experimental sediments in fresh or salt water over periods of hours to
days.

The problem of evaluating adhesive-cohesive effects is further exacerbated by their almost
invariable confounding with other organism impacts . Crawling traces of the suspension-
feeding bivalve Transenella tantilla, for example, enhance erodibility of a smooth sand bed by
altering both fluid momentum impacting the bed and grain exposure to it. However, the
enhancement via these modes is not as great as would be predicted from the results of
FENTON and ABBOTT (1977), and the difference appears to be due to mucus secreted by the
animal during its crawling activity (NOWELL et al., 1981) .

Even more complex is the evaluation of adhesive effects resulting from deposit feeding . To
pick up particles from the bed for ingestion, deposit feeders must break the adhesive and cohe-
sive bonds between individual particles or groups of particles . Having done so and pre-
sumably having digested some of the initially present adhesives, deposit feeders frequently
secrete some of their own exopolymers as binding agents for their fecal pellets . The resultant
adhesive and cohesive forces within pellets may be sufficiently strong to allow pellets to trans-
port for considerable distances as identifiable entities having their own hydrodynamic
characteristics (RISK and MOFFAT, 1977 ; TAGHON et al., 1984). Before this transport can
occur, however, adhesive bonds between the pellets and the bed must be broken (NOWELL et
al., 1981 ; Fig. 1C) .

The importance of adhesion and cohesion in deposition is explicit in the literature on
particulate fouling (GDDMVNDSSON, 1981) and aerosol filtration (FRIEDLANDER, 1977) .

V
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Adhesion in these applications usually is parameterized as a `stickiness coefficient', i .e ., that
fraction of contacts with the pipe wall, filter fiber, or bed that result in more or less permanent
deposition . Exopolymer effects on this coefficient remain to be evaluated quantitatively,
though casual flume observations (P . A. JUMARS, unpublished data) and the biology of
suspension feeding (JORGENSEN, 1966 ; LABARBERA, 1984) make it apparent that mucus
enhances deposition. Electrostatic attraction is also a factor in deposition of particles in
waters of low salinity (GERRITSEN and PORTER, 1982), where it might be altered by biota .

Deposition appears, then, to be best approached as a two-stage process . The process con-
sists of first, the probability of contact with the bed and subsequently, the conditional
probability of adhesion given contact . Surface roughness (above) affects the first probability,
whereas organic exopolymers can significantly alter the second probability .

Alteration ofparticle momentum
Alternatively, the organism may circumvent the problem of initial adhesive bond breakage

or of initial motion in general by imparting substantial upward or horizontal momentum to
sediment grains (Fig . 1D) . Amphicteis scaphobranchiata (a tentaculate, tubicolous
ampharetid polychaete), for example, ingests up to 30 mm, 3 of sediment per individual per
hour and uses a mucous sling to eject fecal pellets from its feeding radius (NOWELL et al.,
1981 ; NOWELL et al., 1984). Tellinid, deposit feeding bivalves, as another example, reject
particles that are picked up initially but found unsuitable for ingestion . They inject these
`pseudofeces' as fluid-particle jets into the overlying water column (NEWELL, 1979) .
Although the animal uses fluid to impart particle momentum, we also list such mechanisms as
fish burrowing or near-bottom swimming activity under this category of effects . The
resuspension lasts only during the animal's activity . On a more subtle level, any organism
activity (e .g ., feeding, crawling, burrowing) which moves particles near the interface can alter
the initial motion problem . Via their jostling during locomotion, even meiofauna may be
important by virtue of imparting an analog of Brownian motion to particles (CULLEN, 1973 ;
personal microscopic observation).

Conversely, organisms may capture particles in transport and deposit them . The
phenomenon of suspension feeding accompanied by fecal and pseudofecal deposition is suf-
ficiently well known to have been dubbed 'biodeposition.' This activity can double sedimenta-
tion rate locally (RHOADS, 1974) . Particles in bedload transport may be captured and
deposited in a similar manner (FAUCHALD and JUMARS, 1979 ; DAUER et al., 1981) .

DISCUSSION

Parameterization of organism effects in extant sediment transport models

Given this four-part scheme and the universal presence of organisms in marine sediments, it
seems appropriate to ask which terms in extant sediment transport models will be influenced
biologically and whether this influence can be made explicit . We will examine transport
relationships only by general class, going from the most common to less frequently used for-
mulations . The present level of information does not seem to warrant finer subdivision .

Virtually all bottom stress parameterizations in the marine environment depend on the law
of the wall :
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where To is shear stress at the bed, p is fluid density, u, is boundary shear velocity, U(z) is
mean velocity at height z above the bed, K is von Karman's constant (0.41), and zo is
roughness length (qualitatively representing the height at which long-term average fluid
velocity equals zero). From this formulation, it immediately is apparent that our first
biological mode of effects enters the relationship as a determinant of roughness length ;
biogenous or biological structures alter fluid momentum impinging on the bed by altering z o
in this simple, one-dimensional treatment. Using such a relationship (equation 1), the local
skin friction can be related to the local sediment transport .

Assuming that biogenous roughness is uniform (sensu NIKURADSE, 1933), its effect is
included implicitly in estimates of z o made from measured velocity profiles . If the roughness is
non-uniform, showing non-stationarity or anisotropy ('patchiness' in the ecological jargon,
e.g ., GAGE and GEEKIE, 1973), this one-dimensional formulation will not be accurate .
General, tractable, two- and three-dimensional formulations are not yet available, however .

The simplest and most widely used sediment transport equations that make use of these
estimated ro values are of the DuBoys type (O'BRIEN and RINDLAUB, 1934), i .e ., of the form

q, = a(ro - ro,)",

	

(2)
where t o > to,, (otherwise q, = 0), q, is bed material discharge rate per unit channel width, r oe,,
is shear stress just sufficient to initiate bed motion, and both a and 3 depend on particle
parameters . The value of ,Q varies between 1 .4 and 1 .8 for azoic silts and sands, based on
USWES (1935) data. Simplistically, biogenous roughness enters this equation (as discussed
above) in the to term, grain exposure and adhesion affect ro e,,, adhesion (by virtue of altering
effective grain-size, grain-shape, and grain-weight distributions) alters a and ,Q as well as roe„
and alteration of particle momentum (biodeposition or 'biosuspension') adds a constant (of
unspecified sign) to the right-hand side of the equation . Moreover, it could be argued that the
magnitude of biogenous effects in each of our four modes might depend on q,, making both
parameterization and estimation less tractable . Fortunately, there are reasons to believe that
for arbitrarily high q, these feedbacks become inconsequential . We must argue by deduction
because data concerning organism effects on sediment transport at supercritical shear
velocities are unavailable . We know of no laboratory data (stressed because only in the
laboratory can these effects be identified and isolated with any facility) that allow determina-
tion of organism effects on sediment transport rates .

Above critical entrainment velocity, the rates of production of biogenous features and not
just their accrued abundances would come into play. Transport would act, for example, to
erase animal crawling traces or to replace them with other bedforms . Whether traces would
influence sediment transport rates appreciably would then depend upon the rate of abiotic
bedform growth and the rate of track production . At some rate of sediment transport,
probably well below that needed to erode the crawling organism, trace production would stop
entirely .

Effects of hydraulic roughness due to animal tubes also probably decrease with increasing
sediment transport rates . Tubes built higher above the bottom expose the tube and protruding
animal to increased drag forces . Spionid polychaetes, which suspension and bedload feed
when horizontal particulate fluxes are sufficient (TAGHON et al., 1980) decrease their tube
heights as flow velocity and sediment transport rates increase (G . L . TAGHON, personal com-
munication). Furthermore, the impact of both biogenous and abiogenous bottom roughness
upon momentum transfer will decrease in general with increasing sediment transport, even if
the physical nature of that roughness does not change . For example, tracking by the bivalve



Transenella tantilla doubles z o (NOWELL et al., 1981), but z o increases by a factor of ten in
the presence of strong bedload transport (SMITH and McLEAN, 1977) or by two orders of
magnitude in the presence of wave-current interactions (GRANT and MADSEN, 1982) .
Material in transport tends via stratification to stabilize the near-bottom water column and
thus to impede the transfer of momentum from the outer flow to the bed (ADAMS and
WEATHERLY, 1981).

Both in the field and in the laboratory, microbial cover of sediment grains, especially upon
the exposed surfaces of contact points between moving grains, is reduced by abrasion
(MEADOWS and ANDERSON, 1968). Presumably, then, microbial adhesion effects would
decrease with increasing sediment transport rates . At some level of sediment transport,
probably well below that necessary to erode and transport the animals responsible, animal
activity levels would be expected to drop, with consequent decreases in grain-exposure,
biodepositional or bioerosional effects . Many suspension-feeding bivalves, for example, are
well known to be strongly affected by excessive suspended loads (LoOSANOFF and ToMMERS,
1948), which can clog their respiratory surfaces and lead to their replacement by other
feeding guilds (RHOADS and YOUNG, 1970).

This sort of reasoning led us to pose the null hypothesis (JUMARS et al., 1980 ; NOWELL and
JuMARS, 1982) that organism impacts in general decrease with increasing sediment transport
rates. Using the total load relationship of SHIELDS (1936) for a noncohesive, flat bed with
grain roughness only (i.e., without bedforms) as a reference standard, we represented the
relationship (Fig . 2E). Against this standard, the four modes of organism effects in theory can
be resolved (Fig . 2A to D). At some transport rate, in theory, biological effects of benthos will

qs

qs
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Fig . 2. Sediment transport rate, q r , vs bed shear stress, r, for an initially flat, non-cohesive, bed of
abiotic sediments laid at a just subcritical flow velocity to create maximal stability with respect to
grain exposure, biogenous scatter in the relationship indicated by stippling . Sediment transport
begins at a critical shear value, r e , . It is conjectured that organism effects become inconsequential at
some level of shear (ra ) and sediment transport (q o ) . Shapes and relative magnitudes of the stippled
regions are also conjectural and are intended to apply only to the simplest case of well-sorted sedi-

ments in beds without vertical grading . Lettering corresponds with the modes of Fig. 1 .
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become quantitatively unimportant . That prediction, and we stress again that it is an untested
one, also is supported by the fact that as the excess shear stress (r o - roe,) increases, more of
the total load moves in suspension well above the bed-effectively out of reach of the
benthos. An important and as yet unanswered question to address for the DuBoys-type
relationship then is at what excess shear, for the environment and benthic community of
concern, do organism effects drop to an inconsequential percentage of the transport rate? A
preliminary answer for a hypothetical community living in medium sand might be obtained by
utilizing the USWES (1935) data for transport rates of material and data on organism
processing rates . Very approximately, when t o : 1 .15 to.„ the transport rate of bedload
exceeds the processing (feeding and pelletizing) rate of macrofauna [the latter calculated from
the results of TAGHON and JUMARS (1984), coupled with realistic field densities of organisms] .
However, this very crude answer ignores effects such as fecal pellet transport distances
(TAGHON et al., 1984), adhesive effects on ro c,., and interactions between deposit feeding and
sediment transport.

Figure 2 also suggests why and when DuBoys-type relationships founded on the Shields
curve can be reasonably successful . If the figure is accurate, then for an environment where
most sediment transport occurs at very high excess shears, the best estimation technique for
the model parameters a, /i, and especially r oc ,, is to establish the solid curve by dealing with
sediments from which organism effects have been removed . It is easy to see (Fig . 2) that using
a roe, value from a biologically modified sediment readily could yield erroneous estimates of
the curve's parameters . Unfortunately, stringent attention has not always been paid to the
exclusion of microbes in `abiotic' sediments (REES, 1966), making the abiotic `baseline'
difficult to specify. Even if our hypothesis of diminishing biological influence with increasing
sediment transport rates is found to be true, however, there will be some range of sediment
transport rates over which organism impacts can not be ignored .

We suggest, at least until experiments prove this approach inadequate, that these organism
effects can be parameterized relatively easily with only minor modifications of the Einstein
bedload transport equations .

To avoid the difficulties of determining a critical boundary stress, EINSTEIN (1950, 1964)
developed a probabilistic entrainment model that assumes that the particles move in a series
of steps (with step length proportional to particle size), with long rest periods (of varying dura-
tion) between steps. Thus, in any area of the bed there will be an exchange of particles, some
being deposited and some being entrained ; differing transport rates are then achieved by alter-
ing both the residence time between steps and the thickness of the moving layer . Here we shall
state the key elements in the Einstein model and show how the four categories of organism
effects may be incorporated into it .

The bedload equation of Einstein may be written as

P

	

A,9

	

(3)
,

1 +A,c'

where P, is the probability of occurrence of at least one jump during time interval T.
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Here L is the jump length (which Einstein took to be a constant 100), k, and k2 are
coefficients of the weight and shape of the particle, and k, is a constant related to the settling
velocity [following Einstein, but see YALIN's (1977) discussion], and thus A, should be an
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empirical constant. The intensity of bedload transport ((p) represents the balance between
deposition and entrainment ; i, and iB represent the fractions of the bedload and bed material,
respectively, of a given grain size (d) ; g, is the bedload transport rate per unit width and time,
and y, and p, are the specific weight and density of the sediment . The probability P of entrain-
ment is given by the ratio of the weight of the particle to the lift, which for entrainment must
be less than unity, i.e .,

k4(P, -P)gd
3	 < 1 .

	

(5)
z CLpk, x 2 u y(1 + r/)

Here Ub is a `bed velocity' equal to the velocity at 0 .35x, where x is a characteristic grain size
incorporating an empirical correction curve for the ratio of particle size to the thickness of the
viscous sublayer, CL ; DL is the lift coefficient which is a constant ; and q is held to be a con-
stant that includes the effects of fluctuations of the lift force . Two further corrections were
included by Einstein, namely a hiding factor to allow for the fact that smaller grains are often
hidden between larger ones, and second a pressure correction to allow for varying roughness .

The influence of organism activity, as represented by the four classes, may now be
included . The effect of organisms altering the fluid momentum impinging on the bed enters the
bedload model most directly through equation (5), in terms of x. The bed velocity is derived
from the logarithmic velocity distribution (equation 1) . We see that altering the boundary
roughness by tube building, for example, will alter u, and also affect x if the tube penetrates
the viscous sublayer . Tracking effects, which are mainly a function of particle size : track ratio,
may be included in the correction term for evaluating effective particle size or viscous sub-
layer thickness .

Altering grain exposure can affect the bedload relationship most directly through changing
the effective particle diameter (x) . If the bed material is of uniform size with no variations
down through the bed, then altering grain exposure will have only a small effect on x .
However, in natural beds there are distributions of particle sizes, and such size-frequency
distributions often exhibit vertical gradations . Feeding selectivity may thus alter the grain size
distribution in the topmost layers (RHOADs and STANLEY, 1964 ; TsucHIYA and KURIHARA,
1980) and hence affect x (in equation 5) and d (in equation 4) .

Inter-particle adhesion can be incorporated directly into the transport equation . As stated
above (equation 5), the probability of entrainment depends on the ratio of weight of the
particle to the instantaneous lift. Equation (5) may be modified so that

k4(Ps-P)gd3CA < 1 .

	

(6)
CLikp,uax 2(1 +q)

Here, CA is an adhesion coefficient (equal to unity for abiotic sediment) which will be a func-
tion of particle size and exopolymer abundance. If the adhesion is dominated by bacterial
exudates, then measurements of mucus concentration (assayed by the amount of uronic acid
present (cf. FAZIO et al., 1982)] may yield a simple correlation with the lift required to break
the adhesive bonds . Preliminary data, reported by NOWELL et al. (1981), suggest that includ-
ing CA will result in an apparent variation of a factor of 3 in CL . Other adhesive effects, such
as pelletization, result in a change in particle size and density and may be included most
straightforwardly in equations (4) and (6).

Biodeposition can be included in the model by a change in d . However, it should be noted
that we have concerned ourselves here chiefly with a bedload model, and much biodeposition
occurs from suspended material. Bioerosion effects may be incorporated through the term q



126

	

P . A . JUMARS and A. R. M. NOWELL

in equation (7). In the original formulation, detachment of particles only occurs due to
fluctuating forces, and the possibility of detachment due to viscous forces was excluded, but
generalizations to include viscous forces have been developed of the form

r/ i = iif(u,d/v)

(i .e ., there is a dependence on roughness Reynolds number) which may be generalized to a
first approximation (i .e., bioerosion is not affected by rate of bedload transport) as

n=no +n„
where 7o is a bioerosion constant determined by the activities of the organisms present .

We hesitate to suggest other formulations in any detail, especially more complex ones
explicitly parameterizing organism influences, until the fit of the simple and relatively
standard approaches above is examined . One additional approach that merits some mention,
however, is rate process theory . GULARTE et al. (1980) show that such theory predicts
reasonably well the effect of electrostatic cohesion on erosion rates of mineralogically pure,
abiotic clays . Unfortunately, we know of no facile way of extending this approach to
exopolymer adhesion or other organism effects . To date, rate process theory remains untested
for natural, biologically modified sediments, and the prognosis for such testing is not very
hopeful. Model coefficients in the rate process formulation generally are determined by
varying flume temperature, a procedure that causes severe problems in the simultaneous
dynamic scaling of biological rates (PLATT, 1981). Once again, however, the lack of data pre-
cludes confident conclusions .

An important first question which must be answered for application to a specific environ-
ment is whether organism effects must be considered at all . Since q, is so strongly nonlinear
with T o (Fig. 2E), and if only the integrated transport rate is of concern, then occasional
strong transport events (high r o ) would be expected to dominate q, . On boreal, non-carbonate
shelves, transport seems to be dominated by just such infrequent but highly significant events
(SMrrH and HOPKINS, 1972). If only total transport is of interest, then perhaps in the situation
dominated by episodic high transport, first-order approximations can safely ignore biogenous
effects in estimating q, . The relative unimportance of organisms in determining the total trans-
port (if substantiated) would not be expected, however, to carry over into stratigraphic
interpretation of the same transport events (NITTROUER and STERNBERG, 1981). For more
subtle questions, such as how frequently sediment transport occurs, organism effects will have
to be taken into account. Further, frequency of sediment transport is important as a feedback
in determining benthic community structure (RHOADS and YOUNG, 1970 ; BRENCHLEY, 1981)
and in controlling light transmissivity of continental shelf waters (ZANEVELD, 1977) .

CONCLUSIONS

A tenable functional grouping clearly would be an asset in pursuing these more subtle
effects. For reasons that we hope are now evident, grouping of organisms as stabilizers vs
destabilizers has proven inconsistent . Unfortunately, no clear replacement of this classifica-
tion, for use on continental shelves or elsewhere, is as yet possible . The experimental data
simply are lacking for most taxa to determine the modes and magnitude of their impacts on
transport thresholds and transport rates, much less to evaluate whether natural groupings of
organisms according to their effects are possible . Flume experiments with a wide diversity of
organisms are necessary before any definitive empirical grouping can result . Nonetheless,
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some elements of a classification are beginning to emerge by virtue of their dramatic impacts .
Adhesive-secreting microbes (RHOADS et al., 1978 ; BOER, 1981), tube builders (ECKMAN et
al., 1981), and pelletizers (RISK and MOFFAT, 1977 ; MCCALL and TEVESZ, 1982 ; RHOADS
and BOYER, 1982) will be major categories in any more complete classification of sediment
transport effects .

Ideally, this empirical scheme could be coupled not only with sediment transport theory but
also with ecological theory . Sediment transport effects surely could be more easily categorized
and predicted if their adaptive (or exaptive sensu GOULD and VRBA, 1982) value to organisms
could be identified. The body of ecological theory that shows the greatest potential in this
regard is optimal foraging theory (PYKE et al., 1977 ; HUGHES, 1980). Foraging theory
already has proven useful in understanding the process of pelletization (LEVINTON and LOPEZ,
1977), selection of particles for incorporation into pellets (TAGHON et al., 1978), patterns of
deposit feeder movement (ROBERTSON et at, 1980 ; SCHEIBLING, 1981), and rates of sediment
processing by deposit feeders (TAGHON, 1981 ; TAGHON and JUMARS, 1984). We suggest that
an enhanced effort to realize the potential for a closer coupling between foraging theory and
sedimentological effects would be amply repaid .
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