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Seabed drag coefficient over natural beds of horse mussels
(Atrina zelandica)

by Malcolm O. Green', Judi E. Hewitt' and Simon F. Thrush!

ABSTRACT

Measurements of seabed drag coefficient, Cjo9, were made under tidal currents at four sites in
Mahurangi Harbour, New Zealand. At the first three sites the dominant roughness element was the
pinnid bivalve, Afrina zelandica (horse mussel). At the fourth site, which was devoid of horse
mussels but covered in cockle shells, patches of seaweed and crab burrows, Cjoy was smallest
(0.0055), but still twice as large as the value typically applied to abiotic, flat, cohesionless seabeds
(0.0025). The mean drag coefficient plus-or-minus standard error at the three sites with horse mussels
was: 0.0082 = 0.0010 (site 1); 0.0096 = 0.0009 (site 2); 0.0115 £ 0.0016 (site 3). There were no
clear differences amongst sites 1, 2 and 3 in terms of the attributes of individual horse mussels (e.g.
shell height, width or orientation), which could have been used to explain the ranking of the drag
coefficients. There were, however, differences amongst the three sites in terms of spatial distribution
of individual bivalves. The site with the highest density of horse mussels, site 1, had the lowest drag
coefficient and an areal concentration (L) of horse mussels higher than typical values cited for the
critical concentration (A,) for the onset of skimming flow over various idealized, three-dimensional
roughness elements. At sites 2 and 3, the drag coefficient was given by:

K r
In (3000/mk\)

CIOO

which was valid for A < A, where k is von Karman’s constant, k is the horse mussel height (i.e.,
protrusionabove the seabed),m =~ 100 and A. =~ 0.2. The stable eddies that are hypothesizedto lodge
between roughness elements at concentrations greater than A, may influence benthic community
dynamics.

1. Introduction

The seabed drag coefficient, Cy, reflects the proportion of mean-flow kinetic energy
dissipated in the benthic boundary layer by turbulence. Although the flow-circulation
modeler typically treats the drag coefficient as a box in which errors are accumulated in
order to calibrate circulation models, the drag coefficient is nevertheless a real link between
flow kinematics and dynamics. As such, its actual value has meaning for those, such as
sediment dynamicists and benthic ecologists, who need to understand frictional forces
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generated by water flowing over the seabed and the consequences of friction to sediment
entrainment and benthic community dynamics, respectively.

In clear, rough-turbulent, steady flow, the size of Cy, is governed by the roughness of the
seabed, which is usually equated with the sediment texture if there are no bedforms or, if
there are bedforms, with the bedforms’ size and shape. The basic relationship between
hydraulic roughness (which is related to C,j—see Eq. (4.4) below) and boundary
geometry was derived by Wooding et al. (1973) and Yaglom (1979). Soulsby (1990) and
Whitehouse and Chesher (1994) have reviewed investigations of steady-flow roughness
attributable to bedforms and sediment texture, including the early work of Sternberg (1968
and 1970) and Kamphuis (1974). Dyer (1980) and Wilkinson (1986) observed large
temporal variation in hydraulic roughness in estuaries, and Soulsby (1990) reported the
effect of bedform orientation on hydraulic roughness. Smith and McLean’s (1977) work on
roughness of superimposed bedforms has proven to be seminal. Hydraulic roughness due
to near-bed granular saltation was formulated by Dietrich (1982) and Wiberg and Rubin
(1989). Green and McCave (1995) interpreted measurements of Cjy, under tidal flows in a
shallow sea in terms of stratification of the boundary-layer flow by suspended sediment.
Hydraulic roughness of loose sand beds under waves was investigated by Grant and
Madsen (1982) and Nielsen (1983), and the enhancement of drag by nonlinear interaction
between waves and currents in the boundary layer was formulated initially by Grant and
Madsen (1979) and later verified using field data by Grant et al. (1984), Huntley and Hazen
(1988) and Green et al. (1990).

The above literature deals with abiotic seabeds, but in many places the seabed is grossly
modified by benthic biota. That is the case in northern New Zealand estuarine and
inner-shelf waters, where the pinnid bivalve Atrina zelandica (horse mussel) frequently
dominates the seabed landscape. Observations by divers and side-scan sonar have revealed
large (100-m spatial scale) patches of horse mussels carpeting the seafloor, which have the
potential to modify boundary-layer dynamics and sediment transport. Conversely, changes
in boundary-layer dynamics induced by biogenic roughness may affect the ecology of the
reef-forming organism and associated communities (e.g., Warwick et al., 1997; Cummings
etal., 1998).

There are three ways seabed roughness can be altered biologically: surface roughness
can be altered by biogenic structures (e.g., burrows and tubes); animals themselves can act
as roughness elements; bulk sediment characteristics can be altered through, for instance,
adhesion (Rhoads and Boyer, 1982; Nowell et al., 1981; Grant et al., 1982). Despite its
potential importance, compared to abiotic seabeds there have been fewer measurements of
the structure of the boundary layer over natural biogenic features in coastal and estuarine
waters (Grant and Madsen, 1986). Chriss and Caldwell (1982) explained the existence of
segmented velocity profiles by two different roughness scales attributable to biologically
generated bedforms on a muddy seabed, and Cacchione et al. (1983) have described how
muddy-seabed microtopography and roughness are controlled by benthic biota on the
continental shelf. The STRESS project has yielded observations of the temporal variability
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of bed configuration in the mid-shelf silt belt and the contribution made to that variability
by biogenicinfluences (e.g., Wheatcroft, 1994). There is a body of work addressing the role
of the boundary-layer flow in maintaining concentration boundary layers above beds of the
blue mussel (e.g., Frechette et al., 1989; Butman et al., 1994), and small-scale field studies
and flume experiments have documented flow around individual and model biological
features (e.g., Eckman et al., 1981; Eckman, 1985; O’Riordan et al., 1993). Flow dynamics
is strongly conditioned by seagrass and macroalgal beds, which can affect benthic
community structure (Peterson et al., 1984) and enhance deposition of suspended material
(Madsen and Warnke, 1983). Gambi et al. (1990) investigated flow dynamics associated
with eelgrass beds, and found two-layer flow with high shear stress at the canopy-water
interface and reduced turbulence in the below-canopy habitat. At yet smaller scales, Hurd
et al. (1997) visualized flow around individual blades of giant kelp and inferred the
thickness of the diffusion boundary layer. Shashar et al. (1996) investigated boundary-
layer structure at several scales on a coral reef.

We describe here an experiment aimed at measuring Cy over beds of horse mussels in
tidal currents in a northern New Zealand estuary. Our objective is to relate the measured
value of Cjy to a quantitative description of horse mussel population at each of several
sites. The results demonstrate a link between ““mesoscale” (order 100 m) patchiness of the
benthic biota and flow dynamics, and extend knowledge of drag coefficients beyond that
relating to abiotic seabeds.

2. Location

The data are from Mahurangi Harbour, a small estuary (25 km?) on the east coast of the
North Island of New Zealand, approximately 50 km north of Auckland (Fig. 1). All
measurements were made over one week in the lower estuary, where there are extensive
beds of horse mussels. Sand flats flank the main channel and emerge at low tide. The tidal
range in the lower estuary varies from 1.4 m at neaps to 3.1 m at springs; the data were
collected during spring tides. Circulation is dominated by the semi-diurnal tide and the
water column is typically well mixed, although stratification of the upper estuary does
occur after heavy rain. Tidal streams in the lower estuary attain maximum speeds of
~50 cm/s at 100 cm above the bed. The estuary is quite sheltered from ocean swell by
virtue of the mouth’s orientation and the presence of offshore islands.

3. Site selection and data acquisition

Past side scan sonar surveys and diver observations of Mahurangi Harbour were drawn
upon to map horse mussel patches in the estuary. Four experimental sites (Fig. 1; Table 1)
that together spanned the greatest possible range of seabed roughness were chosen. Each
site was located approximately in the middle of an area of homogeneous seabed that
stretched for at least 300 m in a direction parallel to the principal tidal axis, and there was a
shallow submerged reef 100 m beyond site 3 in the up-estuary direction. An ““L’’-shaped
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Figure 1. Location map.

transect was laid out at each site for measuring seabed roughness, and a seabed-mounted
instrument array was deployed at each site for measuring currents. The transect in each
case was situated within 20 m of the instrument array, but transect observations were not
necessarily conducted at exactly the same time as currents were measured. Current
measurements acquired at site 3 during ebb flows are discarded from the following
analysis, as currents in that case were contaminated by wakes shed from the up-estuary
reef.

Video observations were made at each site along two 20-m transects that were laid out
with rope pegged to the seabed and marked at 50-cm intervals. One transect was aligned
with the principal axis of the tidal current and the other crossed that axis at right angles to
form an “L” shape. The video camera was carried by a diver, who held the camera
vertically at constant elevation above the bed. The diver used a ruler to measure the height
(i.e., protusion above the seabed) of 10 randomly selected horse mussels along each
transect. The diver was also prepared to measure bedform geometry; however, there were
no bedforms at any site.

At each site, current velocity was measured at four elevations above the bed using an
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Table 1. Site details. D, is the mean grain size of the bed sediment, which was determined from
analysis of a seabed sample taken at each site. A Mastersizer laser system was used to measure the
grainsize distribution in 0.5-phi intervals over a range of —1 to 14.5 phi. The characterization of
the seabed roughness is expanded and explained in subsequent text and in Table 2; z, is the
reference elevation; see the text for details. The depth is relative to MSL.

Dominant feature of Depth
Site Sediment seabed roughness z.(cm)  (m)
1 (Te Kapa) muddy-sandy,D, = 120um  horse mussels 24 4
2 (LagoonBay)  sandy-shelly D, = 130um  horse mussels 16 5
3 (Mid-Harbour)  muddy, D, = 90 um horse mussels 22 3
4 (Grants Island)  muddy, D, = 14/80 um crab burrows; patches of dead 16 3
(bimodal) cockles (Austrovenus stutch-
buryi) and seaweed (Graciaria
sp.)

array of Marsh-McBirney electromagnetic current meters (3.8-cm diameter spherical head)
mounted on a self-contained tripod (‘““ALICE”’). Currents were measured for 8.53 min
every half hour for approximately 25 h (two complete tidal cycles). The sampling interval
was 0.25 s (2048 points per burst). Pressure was measured concurrently with a Paroscien-
tific quartz pressure sensor located 1.2 m above the bed. The current meters were located at
elevations above the bed (z) of z. + 0, z, + 33, z, + 82 and z, + 146 cm, where z, is a
reference elevation that varied slightly from site to site (Table 1). The reference elevationis
effectively the elevation above the bed of the lowest current meter, which was measured at
each site by divers as the distance between the mid-point of the lowest current meter and
the top of the seabed immediately below the current-meter array. Where there were horse
mussels, z, is defined as the distance between the mid-point of the lowest current meter and
the point halfway between the seabed surface and the top of the mussels.

The current meters were attached to the tripod by a series of cantilevers (Fig. 2). In order
to minimize contamination of the current data by wakes shed from the hardware, ALICE
was oriented on the seabed at each site such that the instrument array pointed across the
principal axis of the tidal stream. Nevertheless, there was a problem with contamination of
the flow by wakes that only became evident after the experiment and that necessitated
using current data from only three levels. With the mean flow impinging on the current
meters from the right (looking from the center of the tripod outwards; Fig. 2), data from the
top current meter had to be discarded, and with the mean flow impinging from the left, data
from the next current meter down had to be discarded.

4. Data analysis
a. Flow measurements

Current-meter zero offsets (units: cm/s) were determined by still-water bucket test
conducted before and after the experiment. Current meter gains (units: cm/[s*volt])
supplied by the instrument manufacturer were verified using 6 hours (twelve 8.53-min
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Figure 2. The instrumented tripod ALICE showing the current-meterarray and the way ALICE was
aligned relative to the tidal current to achieve minimum contamination of flow data by wakes shed
from the hardware. Thick arrows represent the principal axis of the tidal stream.

bursts) of test data obtained from shallow water at Martins Bay, on the open coast (Fig. 1),
where steady flows were negligible and gravity-wave-orbital motions were dominant. The
verification consisted of comparing u, with u, e, as follows. u, is the measured
wave-orbital-speed standard deviation, which was calculated from each burst of current-
meter data as:

u, = \/ J. " s .1

where €(f) is the power spectrum of the measured current speed, f is frequency and the
limits of integration correspond to the gravity-wave range of frequencies. u,, jie,r 1S the
wave-orbital-speed standard deviation at the level of a given current meter (z,), predicted
from the pressure data using linear wave theory as:

27thg, cosh (kwﬁ) cosh (k,z,)
Uy linear = . 7
! T sinh (k) cosh (k,z,)

4.2)

where hgp, is the standard deviation of the water depth (i.e., [p/pg] + z,, where z, is the
elevation above the bed of the pressure sensor, p is measured pressure, g is acceleration due
to gravity and p is water density), h is the burst-averaged water depth and k, is the
wavenumber calculated using the linear dispersion relationship with h and the mean
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spectral period T (Longuet-Higgins, 1975). For each burst of test data and for each current
meter, #,, and u,, i, Were found to agree within 2%, which is taken as verification of the
current-meter gains.

The drag coefficient was derived from each burst of current data using a standard
technique that derives from steady-flow boundary-layer theory (e.g., Tennekes and
Lumley, 1972). In a turbulent, steady, neutrally buoyant flow the vertical profile of
horizontal current speed is described by the law of the wall:

. = (u*/x) In (2/z) 4.3)

where u, is the mean horizontal current speed at elevation z above the bed, k is von
Karman’s constant (0.41), z, is the hydraulic roughness and u* = (T,/p)"?
velocity, where T, is the time-averaged bed shear stress. The hydraulic roughness is the

is the friction

elevation above the bed at which the mean flow appears to vanish when the current-speed
profile is extrapolated toward the bed in log z — u, space. In the particular case of
rough-turbulent flow, the hydraulic roughness is completely determined by the bed or
equivalent Nikuradse roughness; in smooth-turbulent flow z; is related to the thickness of
the viscous sublayer. In either case, the seabed drag coefficient relates the flow speed at a
specified elevation above the bed to the bed shear stress. Traditionally, that elevation is
100 cm, in which case the drag coefficient is defined as Coy = u*/ E%OO, which, from (4.3),
is equivalent to:

CIOO

K
In (100/ZOJZ “4)

where z; is in cm.

The measured current-speed profiles (i, z) were fitted using least squares to the model
In (z) = (Ku,/ u*) + In (zy), which is (4.3) rearranged. Hydraulic roughness was estimated
from the intercept (B) of the best-fit line as zy = €P. z, was then substituted into (4.4) to
obtain C. The friction velocity, which will be used in parts of the following analysis, was
estimated from the slope (M) of the best-fit line as u* = k/M. The coefficient of
explanation r? was evaluated for each fit of data to the model (i.e. for each burst), which
Gross and Nowell (1983) related to the confidence interval around the estimate of z,.

Eq. (4.3) applies only to the logarithmic or inner layer, which, using values typical of the
Mahurangi sites in Eq. (3) of Harvey and Vincent (1977), was 1-2 m thick more than 80%
of the time. We discarded from the analysis those bursts that yielded r* < 0.985, since the
confidence interval around the estimate of z;, in that case is very wide. Bursts discarded
were from periods of low flow around the turn of the tide, when a well-developed
logarithmic velocity profile is not expected.

b. Seabed observations

Using the marked rope, which is visible in the video footage, as a scale, each 20-m
transect was divided into forty 50- by 40-cm quadrats. A frame grabber was used to
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Figure 3. Definitions of parameters used to quantify seabed roughness. The ellipses represent horse
mussels (the dark rectangles represent horse mussel “‘siphons”).

generate a digital image of each quadrat from the video footage. Each digital image was
examined for the presence of “‘roughness elements” (i.e., horse mussels, burrows and
bedforms). For the horse mussels, the following parameters were measured: shell width,
density, orientation, minimum nearest-neighbor distance (MNND), maximum clearance
between individuals, and patch size (Fig. 3). (Protrusion of horse mussels above the seabed
[“height”] was measured separately by divers.) Density is defined as the number of
individual horse mussels or burrows per 50- by 40-cm quadrat (0.2 m?). Horse mussel
orientations were grouped by eight 22.5°wide sectors (0—180° total range). For burrows,
width and density were measured. There were no bedforms at any site. The spatial
distribution of horse mussels at scales greater than the size of the quadrat was analyzed
using Moran’s I coefficient at 1-m lags (R Package; Legendre and Vaudor, 1991) and 1-m
lag variograms (Geo-Eas; Englund and Sparks, 1991). Analyses were conducted for each
“L”-shaped transect and for each arm of the transect separately.
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5. Results
a. Drag coefficient

Estimates of zy have been averaged by phase of the tide (ebb, flood) and by site (Fig. 4).
Each estimate of 7 has an associated 95% confidence interval, which was derived using the
method of Gross and Nowell (1983). The site-mean Cjy, corresponds to the site-mean z,
(Eq. 4.4).

b. Seabed roughness elements

Densities of seabed roughness elements varied widely (Fig. 5 and Table 2); there were no
horse mussels at site 4. The spatial distribution of horse mussels varied more between sites
than it did within sites (Table 3), and since the scales derived from the spatial-
autocorrelation analysis are all small compared to the transect length, the transect-average
horse mussel densities listed in Table 2 are unbiased estimates.

6. Interpretation and discussion
a. Validity of law of the wall and dependence of drag coefficient on seabed roughness

Before attempting to relate the drag coefficient to the seabed roughness, we address two
issues concerning the interpretation of the current data. Firstly, are there bursts for which
the assumptions underpinning the law of the wall are invalid and therefore for which the
estimate of zy derived from (4.3) is also invalid? Secondly, assuming that the law of the
wall is valid, is it always correct to assume that z, (and Cy() is governed by only the seabed
roughness elements?

Some factors could invalidate the law of the wall: effects of flow unsteadiness (e.g.,
Soulsby and Dyer, 1981) and effects of flow stratification by suspended sediment (e.g.,
Green and McCave, 1995). We summarily dismiss both of these because local acceleration
of the semidiurnal tide is negligible and the water was always either clear or there was a
well-mixed ‘““washload” present with no discernible gradient in suspended-sediment
concentration. We conclude that the assumptions underpinning the law of the wall are not
violated and therefore it is valid to estimate z, from the measured velocity profiles. In that
case, variation in the goodness-of-fit of the law of the wall to the data reflects random error
in the current measurements, rather than any real dynamical effect that causes the velocity
profile to deviate from (4.3).

There are two situations where the magnitude of z, (and C,y,) would not be completely
governed by the seabed roughness elements: a combined wave-current flow (e.g., Green et
al., 1990) and flow that was not fully rough turbulent (e.g., Chriss and Caldwell, 1984). In
the first case, the mean flow above the wave boundary layer is retarded by bottom-
generated turbulence and by an additional source of friction that derives from interaction of
the wave and current within the wave boundary layer. In that case, z, is not determined
uniquely by k;, where k; is the equivalent Nikuradse roughness of the bed. Grant and
Madsen (1986) showed that in combined wave-current flow z, = ksl/%ﬁ*“ 9/30, where 5, is
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Figure 4. Velocity profiles grouped by site and by phase of the tide (ebb, flood) within sites. Each
profile is plotted against a horizontal axis (cm/s) that moves to the right by 5 cm/s for each
successive profile. The filled circles denote measured current speed. Each thin line is Eq. (4.3)
fitted to the data. The diamonds denote z,; the 95% confidence interval around each estimate of z,
is shown in the standard way. The dashed line is the geometric-mean z, for that phase of the tide
and the dotted line (“‘site mean”) is the geometric-mean z, for the site. (a) Site 1, Te Kapa. (b) Site
2, Lagoon Bay. (c) Site 3, Mid-Harbour. (d) Site 4, Grants Island.
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Figure 4. (Continued)

the wave boundary-layer thickness and { = u*,/u* ., where u* . is the time-averaged friction
velocity above the wave boundary layer and u*, is the sum of the time-averaged and
wave-induced-maximum friction velocities. Waves do in fact penetrate to the bed from
time to time, at least in the lower reaches of Mahurangi Harbour, and generate orbital
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Figure 5. Schematic of horse mussel distributionat sites 1, 2 and 3, traced from actual video footage.
The slim rectangle stretching the length of each panel represents the rope pegged to the seabed,
which was used as a guide by the diver operating the video camera. Between the single dark patch
marked on the rope and the pair of dark patches is 50 cm. Each ellipse represents a horse mussel,
and the two dark rectangles on each ellipse represent horse mussel “siphons.” The figure shows
plan views.

speeds at the bed that are comparable with mean speeds. That was never the case, however,
in the present experiment. The maximum g, 5, Where ugg, is the significant wave-orbital
speed at the bed computed from the variance of the burst pressure signal using standard
linear-wave theory (see, for example, Green et al., 1990), was only 3 cm/s, which was
measured during one burst at site 1 (Te Kapa). At all other sites and at all other times uq,
was less than the value that corresponds to the noise floor of the pressure sensor, i.e.
~1 cm/s. We therefore dismiss any effect in the benthic boundary layer due to wave-
current interaction.

In a rough-turbulentboundary layer under a pure current, z; is completely determined by
the bed or equivalent-Nikuradseroughness. In that case:

20 = k/30 (6.1a)
K 2
Cioo = p (6.1b)
In|100[ —
n / 30

For smooth-turbulent flow and the particular case of u*d/v = 11.6, where O is the thickness
of the viscous sublayer and v is the kinematic viscosity, zo = v/(9u*). For all bursts, 9u* zy/
v > 1, which indicates that the observed hydraulic roughness was much greater than the
value expected had the flow been smooth turbulent. The transition to rough-turbulent flow
occurs at Re* ~ 70 (Daily and Harleman, 1966), where Re* = u*k/v and Re* is the
roughness Reynolds number. For all bursts Re* > 70, where Re* was evaluated as
u*30zy/v, following (6.1a). We conclude that the boundary-layer flow was always rough
turbulent. Therefore (6.1) applies and we are justified in assuming that z, (and Cq) at each
site is completely governed by the seabed roughness elements alone.
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Table 2. Measurements of seabed roughness elements. T1 is the 20-m transect aligned with the
principal tidal axis. T2 is the 20-m transect aligned across that axis.

3 4
1 2 (Mid- (Grants
Type Parameter (Te Kapa) (Lagoon Bay)  Harbour) Island)
Horse mussels
individuals  width (cm) T1 average 7.7 8.9 7.8 —
T2 average 7.6 94 9.1 —
overall average 7.65 9.1 8.5 —
average height 7 7 7 —
of 10 indi-
viduals (cm)
orientation T1; 10 quadrats 18,19, 12, 15, 2,2,3,0, 10,16,9,6, —
(numbers per 13,12,15,13 0,3,4,1 5,6,8,9
22.5°%sector) T2; 10 quadrats 16, 24, 41, 28, 3,3,1,3, 7,4,1,6, —
16, 18,26, 24 3,4,5,4 7,17,7,9
overall average 17,22, 26, 21, 2,2,2,2, 8,10,5,6, —
15,15,21,19 2,3,4,2 6,11,7,9
density of  density (indi- T1 average 14.6 14 5.5 —
individuals viduals per 50- T2 average 224 24 6.8 —
X 40-cm quadrat)  overall average 19.9 1.9 6.2 —
MNND (cm) T1 average 0.6 172 14.1 —
T2 average 0.5 272 4.1 —
overall average 0.55 231 9.2 —
overall minimum 0.1 1.0 6 —
overall maximum 2.1 450 50 —
patches patch size (cm) T1 average 26.7 >50 23 —
T2 average 322 >50 26 —
overall average 30.6 >50 25 —
overall minimum 12.8 75 10 —
overall maximum 49 250 54 —
maximum T1 average 18.1 190 25 —
clearance T2 average 19.2 292 18.8 —
(cm) overall average 18.8 247 22 —
overall minimum 7.4 50 3 —
overall maximum 36.9 450 50 —
Burrows width (cm) T1 average 1.1 0.8 0 1.2
T2 average 1.1 0 1.4 1.4
overall average 1.1 0.8 1.4 1.3
density (num- T1 average 0.6 1.0 0.8 0.8
ber per T2 average 1.3 1.2 0.2 1.8
quadrat) overall average 0.9 1.1 0.5 1.3
Bedforms no bedforms no bedforms no bedforms no bedforms
Comments patches of dead

whole cockle shells

and seaweed
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Table 3. Results of the spatial autocorrelationanalysis of the horse mussel distribution at each of the
three sites with horse mussels.

Average size

of spatial
Site Area structure (m)

1 (Te Kapa) “L”-shaped transect 10

arm of transect normal to tidal axis 3and 10

arm of transect parallel to tidal axis 1.5and 10
2 (Lagoon Bay) “L”-shaped transect 7.5

arm of transect normal to tidal axis 7.5

arm of transect parallel to tidal axis 7.5
3 (Mid-Harbour) “L”-shaped transect 3

arm of transect normal to tidal axis 3

arm of transect parallel to tidal axis 3

b. Relationship of seabed roughness to site-mean drag coefficient

Although the boundary-layer flow encountered at the instrument tripod at any particular
time is the product of upstream roughness rather than roughness in the immediate vicinity
of the tripod, we do not have sufficient information on the state of the seabed to relate each
estimate of drag coefficient to upstream roughness at the time of each measurement.
Instead, our intention is to relate the seabed roughness at each site (as determined from the
transect survey) to the site-mean drag coefficient. We comment on the validity of this
approach at the end of this section.

The site-mean C,, (Fig. 6; Table 4) was smallest (0.0055) at site 4 (Grants Island), but
still twice as large as the value (0.0025) typically assumed to apply to abiotic, flat,
cohesionless beds under tidal currents. Although the bed was flat at site 4 (i.e., there were
no bedforms), it was not abiotic: the surface was covered with patches (~1-m diam) of
dead whole cockle shells and patches of seaweed (1-2-m diam) attached to the bed. In
addition, small crab burrows were common.

The ranking of the other sites in terms of increasing site-mean Cj is: site 1 (0.0082),
site 2 (0.0096) and site 3 (0.0115). Bedforms were not apparent, but horse mussels were
present in each case. There were no clear differences amongst the three sites in terms of the
attributes of individual horse mussels: individuals were approximately the same width
(89 cm) and height (7 cm; i.e., protrusion above the seabed surface), and individuals
assumed no preferred orientations relative to the tidal flow (see Table 2). Thus it is not
possible to explain the ranking of the drag coefficients in terms of attributes of individual
horse mussels.

There were, however, differences amongst the three sites in terms of spatial distribution
of individuals. The ranking of the sites in terms of increasing density (number/quadrat) is:
site 2, site 3 and site 1 (Table 2). The ranking in terms of MNND is reversed, MNND being
roughly inversely related to density. There were also differences amongst the three sites in
terms of patch structure. At site 1, the average maximum clearance was less than the
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Figure 6. Site-mean Cy at each of the four sites.

average patch size, which implies that individuals are distributed more in a “carpet” than
in patches. At site 3, the average maximum clearance was approximately the same as the
average patch size, which suggests a more distinct patchiness, compared to site 1. The fact
that MNND, patch size and maximum clearance are all more variable at site 3 than at site 1
(see minimum and maximum values in Table 2) also suggests a more patchy distribution at
site 3, compared to site 1. At site 2, the density of individuals was so low and the maximum
clearance so high that there was no obvious patchiness at all, on the scale of the quadrat.

c. Drag over horse mussels and skimming flow

For not-too-closely spaced, three-dimensional roughness elements, the equivalent-
Nikuradse roughness k; (and also z, through 6.1a, and C)y through 6.1b) is directly
proportional to the product kA, where k is the roughness-element height and A is the areal
concentration (dimensionless) of the roughness elements, which is similar to density
(number of shells/quadrat) or abundance, but takes into account exposure of the individual
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Table 4. The site-mean drag coefficient is shown with plus-or-minus standard error. k is the
roughness element height; d is the roughness-element width in the dimension transverse to the
mean flow; D is the mean element spacing; A is the areal concentrationof roughness elements, A =
kd/D?. “Type” refers to the roughness types identified by Perry et al. (1969) and Wooding et al.
(1973); k; is the bed or Nikuradse roughness (Eq. 6.1a) and m is the constant of proportionality in
Eq. (6.2). H and L are the height and length, respectively, of the ripples that, according to Eq. (6.4)
and assuming ripple steepness 0.1, would generate hydraulic roughness equal to site-mean z,.

Site-mean Site-
Cg0 and mean
standard k d D 20 k,
error cm cm  cm A A type em cm m  H Lcm
1 (Te Kapa) 0.0082+0.0010 7 4.8 10 034 015 “8"[A>A] 1.1 32 — 14,140
2 (Lagoon Bay)  0.0096+0.0009 7 54 32 0.04 002 “k”[A<A,D=0(k)] 1.5 46 176 19,190
3 (Mid Harbour) 0.0115%£0.0016 7 5.1 18 0.11 0.05 “k”[A<A,D=0(k)] 22 66 86 28,280

4 (Grants Island)  0.0055 = 0.0006 _ = = —  “k,D’[A<A,D>k] 04 2 — 5,50

roughness elements to the flow (Koloseus and Davidian, 1966). Given that horse mussels
are approximately the same height and width at sites 1, 2 and 3, we therefore expect the
drag coefficient to be highest at site 1 where the horse mussel density is greatest, which is
not the case.

The anomalously low drag coefficient at site 1 can be explained in terms of skimming
flow. Morris (1955) showed that there is a critical areal concentration of roughness
elements (A.) which coincides with the onset of mutual sheltering of roughness elements
from the flow. For A > A, the space between the adjacent roughness elements contains a
stable eddy which aids in the establishment of skimming flow (Wooding et al., 1973); in
effect the shear layer rolls on top of the field of stable eddies, thus reducing the drag.
Wooding ef al. termed roughness that behaves in that way “3” roughness, and noted that
for flat-topped “3” roughness, the drag coefficient tends to a smooth-wall value as A — 1.
Figure 1 of Wooding et al., in which some of Koloseus and Davidian’s (1966) data are
reproduced, shows a range of values for A., from ~0.1 for rectangular bars to ~0.2 for
spheres. To test whether the data are consistent with skimming flow, we estimated A for
each site, as follows. Wooding et al. (1973) defined the areal concentration of roughness
elements as A = A,/S, where A, is the frontal area of the roughness element and S is the
specific area or average area of flat surface per roughness element. When the roughness-
element shape is invariant, which we assume to be the case for horse mussels, A = kd/D2,
where d is the projection of the roughness-element width in the plane transverse to the
mean flow and D is the mean element spacing (Fig. 7). To estimate A for each site, we set k
as the average individual mussel height (see Table 2); we computed an average d for each
site by distributing the average size (Table 2) across the eight orientation sectors as given in
Table 2; and we estimated D by assuming mussels were uniformly distributed throughout
the quadrat at the average density (Table 2). In that way, A for site 2 was estimated as 0.04,
for site 3 as 0.11 and for site 1 as 0.34 (Table 4). If we assume that the decrease in drag
coefficient at site 1 compared to site 3 is indeed due to skimming flow, then we can infer
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MEAN FLOW. = » D

Figure 7. Definition of d, the projectionof the horse mussel width in the plane transverse to the mean
flow, and D, the mean horse mussel spacing, used to evaluate A, the areal concentration of horse
mussels. The figure shows a plan view; the ellipses represent horse mussels.

that, for horse mussels ~8-9 cm wide protruding above the seabed ~7 cm, 0.11 < A, <
0.34, or A. = 0.2. Since that value for A is very similar to the values given in Wooding et
al.’s Figure 1, it is plausible that the decrease in drag coefficient at site 1 relative to site 3
was due to skimming flow and that the horse mussels at site 1 were therefore behaving as
“d” roughness. The Mahurangi data are also consistent with Nowell and Church’s (1979)
data from depth-limited boundary layers in a flume. Nowell and Church found that the total
boundary resistance increased to a maximum at roughness density A equalto 0.1, and then
declined for roughness densities beyond that value, where A is defined as NA/A, and N is
the number of roughness elements, A, is the plan area of individual roughness elements and
A, is the total bed area. Following Morris (1955) and Perry et al. (1969), Nowell and
Church attributed the decline to skimming flow. Thus, the critical roughness density for the
onset of skimming flow A, was ~0.1. By setting N in each quadrat to the overall average
density of individual shells (Table 2), A, as the overall average width (Table 2) multiplied
by 2.0 cm (which is the typical bivalve thickness at the top of the shell) and A; as 2000 cm?
(i.e., the quadrat area), we estimate A for site 2 as 0.02, for site 3 as 0.05, and for site 1 as
0.15 (Table 4). Thus, A for site 1 is greater than Nowell and Church’s value for A, which
strengthens our inference of skimming flow and associated drag reduction at site 1. It is
conceivable, and worthy of further attention because of the implication to boundary-layer
dynamics over bivalve reefs, that the vertical momentum imparted to the very-near-bed
flow through the nonsiphonal filtering activity of the horse mussels acts to stabilize the
boundary layer. Siphonal excurrents, which are more concentrated than nonsiphonal
excurrents and known to interact with the turbulent boundary layer (e.g., O’Riordan et al.,
1995), may have a different effect on the boundary-layer dynamics.

For A < A, the eddy between elements is unstable and is shed into the shear flow. In that
case, the turbulence structure is scaled to the roughness height, which results in the
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previously mentioned relationship:
k, = mkA\. 6.2)

For D = O(k), where D is the horizontal distance between roughness elements, there is not
space enough for reattachment of the flow between roughness elements; Perry et al. (1969)
termed this case “k”” roughness (or ‘“wake interaction” flow). For A < A, and D >> k, the
flow can reattach between roughness elements, in which case (6.2) still holds, but the
smooth wall between the elements makes a positive contribution to the total drag. Perry et
al. termed this case “k, D” roughness (or “‘isolated roughness” flow).

Wooding et al.’s (1973) Figure 1 gives some sample values for m, including 0.88 for
rectangular bars in air and 0.22 for spheres in air. Combining (6.2), (6.1a) and (6.1b), the
drag coefficient is related to m by:

ClOO

K
1n(3000hnkk;r (6.3)

which is valid only for A < A.. We used the observed site-mean drag coefficient from sites 2
and 3 in (6.3) to estimate m for horse mussels (Table 4).

It is not possible to ascertain whether our two estimates of m (one from site 2 and one
from site 3) are representative of a single “true” value, in which case the variation in the
estimates of m is due to random measurement error, or whether the two estimates reflect a
real trend in m. We can conclude at this stage only that m ~ 100 for the natural beds of
horse mussels and await further experiments to elucidate any variation in m.

Soulsby (1983) gave the following equation, derived from Wooding et al. (1973), for z,
associated with ripples of height H and length L in steady flow:

2o = 2.0H(H/L)". (6.4)

Eq. (6.4) was used to calculate the size of the ripples equivalent to each site-mean z,
assuming that ripples were of equilibrium steepness H/L = 0.1. In terms of hydraulic
roughness, the horse mussel beds in Mahurangi Harbour are equivalent to rather large
bedforms (Table 4), which suggests that horse mussel beds are quite effective at dissipating
mean-flow energy. Energy dissipation by bed friction depends roughly on the drag
coefficient multiplied by the cube of the free-stream current speed. Thus, assuming that the
free-stream flows at the two sites are the same speed, approximately twice as much energy
will be dissipated by friction over the horse mussels at site 3 (site-mean C;o = 0.0115)
compared to site 4 with no horse mussels (site-mean C;y = 0.0055). Compared to the
“traditional” abiotic seabed (C,y, = 0.0025), energy dissipation will be approximately
four times greater at site 3 over horse mussels (again, assuming similar current speeds).
The fact that onset of skimming flow is expressed only in terms of a critical bed
geometry implies that, once initiated, skimming flow will persist throughout the tidal cycle
as the mean flow waxes and wanes. The essentially invariant drag coefficient at site 1
(Fig. 4a) is consistent with that implication. Skimming flow has interesting implications for
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both the ecology of horse mussels and the influence of bivalves on infaunal communities
and surficial sediment characteristics. The stable eddies characteristic of a patch of “8”
roughness horse mussels may become depleted of food and/or dissolved gases, which
would have a deleterious effect on individuals, cf. Frechette et al. (1989), who showed that
food supply to the bed is increased by the increase in turbulent transport caused by the
enhanced hydraulic roughness associated with the mussel Mytilus edulis. At the same time,
skimming flow over the ‘0" roughness will provide shelter for individuals from hydrody-
namic forces. On the other hand, horse mussels distributed at concentrations less than the
critical value may benefit from increased turbulent diffusion (Frechette et al., 1989), but at
the cost of greater exposure to the forces generated by the fluid shear. Changes in infaunal
composition are often attributed to modifications in flow that influence the settlement and
dispersal of larvae and post-larvae (e.g., Eckman, 1983). Our analysis demonstrates one
way that boundary-layer structure may be radically changed by biogenic surface rough-
ness, which therefore may have a concomitant effect on the infaunal composition.

d. Upstream roughness

Our analysis has been founded on relating site-mean drag coefficient to seabed
roughness in the immediate vicinity (within 20 m) of the current-meter array, even though
we acknowledged previously that boundary-layer flows are the product of upstream
roughness, not local roughness. Our approach therefore will be valid only if the local
seabed roughness as determined from each transect survey is representative of the
upstream roughness. Since the site-mean drag coefficient is actually a tidal average and the
tide is essentially rectilinear at each site, the “‘upstream roughness” in our case must
correspond to the roughness of an ellipse-shaped area centered on each site. Hence, for the
transect roughness to be representative of the upstream roughness, the seabed in that
imaginary ellipse must be unchanging through time and uniform over space. Since
bedforms, which could conceivably change shape and/or size over the tidal cycle (e.g.,
Dyer, 1980), were secondary to the horse mussel communities, which should not change
significantly over the duration of the experiment (one week), the first condition (i.e.,
roughness constant through time) is satisfied. In order to address the second condition, we
first need to estimate the size of the imaginary ellipse at each site, which we do in the
following by examining how boundary-layer flow responds to change in roughness.

In the most extreme case, an internal boundary layer, which can be treated as a separate
and almost independentboundary layer (Antonia and Luxton, 1971), develops downstream
of a discontinuous change in roughness. The thickness of the internal boundary layer, 05;,
grows in the downstream direction, x, as:

813L = ZO,d[0~75 —0.031n (ZO,d/ZO,u)](X/ZO,d)O‘S (65)

(Elliot, 1958), where z; ,is the hydraulic roughness downstream (x > 0) of the change and
Zo. 1s the hydraulic roughness upstream (x < 0) of the change. Eq. (6.5) can be used to
calculate x5y, which is the distance needed for the internal boundary layer to grow to a
thickness of 200 cm following a change of roughness. x,, was calculated for sites 1, 2 and
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3, where 7, was set to 0.4 cm and zy, was set to the actual hydraulic roughness for each
site in question. The upstream value of 0.4 cm is the same as the hydraulic roughness at site
4, which has been chosen as a “background” roughness, i.e., devoid of the influence of
horse mussels. 200 cm is the approximate height of the tripod. For site 1, x,99 was 16 m, for
site 2 it was 19 m and for site 3 it was 25 m. Thus, the internal boundary layer that would
grow over a typical horse-mussel patch sited within featureless seabed would completely
enclose the current-meter array within only about 20 m of the edge of the patch. x7, which
is the distance needed for the internal boundary layer to grow to a height equal to the mean
water depth, can also be calculated from (6.5). Addressing the same changes in roughness
as above and using the mean water depths in Table 1, for site 1 x; was 39 m, for site 2 it was
61 m and for site 3 it was 43 m. Although the internal boundary layer grows quite rapidly,
the bed shear stress immediately downstream of the roughness change overshoots before
more slowly returning to an equilibrium value. Antonia and Luxton (1971) found that
mean-flow integral parameters, including the Clauser friction factor, reach equilibrium
values at a distance less than 20 equilibrium boundary-layer thicknesses downstream of a
roughness change in a steady flow. Assuming that the equilibrium boundary-layer thick-
ness at each site is equal to the mean water depth, and addressing yet again the same
changes in roughness, equilibrium would be attained approximately 80 m downstream of
the roughness change at site 1, 100 m downstream at site 2 and 60 m downstream at site 3.
Such calculations give an appreciation of the distances over which boundary-layer flows in
Mahurangi Harbour adjust when flowing over patches of horse mussels studding otherwise
featureless seabed. From these calculations, we estimate that uniform seabed roughness
extending for an upstream distance of about 100 m is reasonable in the Mahurangi Harbour
to ensure a fully developed boundary-layer flow. Our experimental sites were all situated in
areas of the harbor where the seabed was deemed to be homogeneous for at least 150 m on
either side. Thus, the second condition above (i.e., roughness uniform over the entire
upstream area) is satisfied, and we therefore conclude that the seabed roughness as
determined from each transect survey is indeed representative of the upstream roughness
that is associated with the site-mean drag coefficient. We conclude that our basic approach,
viz. relating a site-mean drag coefficient to a local seabed roughness, is valid. Our
statement that experimental sites were situated in homogeneous areas is made on the basis
of past scan-sonar surveys and diver observations and is therefore not rigorous; future work
should incorporate replicate sampling to provide a more rigorous test of such propositions.

Although the key process inferred from the Mahurangi data set is the action of eddies at
the scale of individual horse mussels, in order for the site-mean drag coefficient to be
affected, such eddies must act over the entire upstream area, which extends for ~100 m
parallel to the principal tidal axis. Thus, our results demonstrate a link between benthic
biota and flow dynamics at the 100-m ‘““mesoscale.”

7. Conclusions

The site with the highest areal concentration of horse mussels, site 1, had the lowest drag
coefficient amongst the three sites with horse mussels. Since the areal concentration of
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horse mussels at site 1 was higher than typical critical values cited by Wooding et al. (1973)
for inducing skimming flow over spheres and rectangular bars, we hypothesize that the
anomalously low drag coefficient there was due to the presence of stable eddies in the space
between horse mussels inducing a skimming flow. Direct observations of turbulence are
required to verify the hypothesis. Eddies between horse mussels at sites 2 and 3 are shed
into the flow, in which case turbulence structure is scaled to the roughness height. In that
case, the Nikuradse or bed roughness is mkA and the constant of proportionality, m, we
estimate from the data as being ~100. Thus, in steady, neutrally buoyant, rough-turbulent
boundary-layer flow, the drag coefficient of beds of natural horse mussels with areal
concentration <~0.2 is given by:

K
In (3000/mk)\)

Cioo

where m =~ 100. Skimming flow ensues over horse mussels ~8-9 cm wide and ~7 cm
high at A = ~0.2. The Mahurangi data set has an important implication for the
interpretation of ecological experimental data: since boundary-layer flow over 8~
roughness elements is not similar to flow over “k” or “‘k, D’’ roughness, it may not be valid
to extrapolate experimental findings from one flow type to the other.
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APPENDIX
Notations
A, plan area of roughness element
A, frontal area of roughness element

A, total bed area
B intercept (fitting of wall law to velocity profile)
Cioo drag coefficient referenced to flow at 100 cm above bed
d projection of roughness-element width in plane transverse to mean flow
D mean roughness-element spacing
D, mean grain size
f frequency
g gravitational acceleration
D standard deviation of water depth
h mean water depth
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ripple height

roughness-element height

equivalent Nikuradse roughness

gravity-wave wavenumber

ripple length

constant of proportionality in Eq. (6.2)

slope (fitting of wall law to velocity profile)

minimum nearest-neighbor distance

number of roughness elements

pressure

coefficient of explanation

roughness Reynolds number

average area of flat surface per roughness element

mean spectral period

standard deviation of wave-orbital speed (estimated from current data)
significant wave-orbital speed at the bed

standard deviation of wave-orbital speed (estimated from pressure data)
mean current speed at elevation z above the bed

time-averaged friction velocity

time-averaged friction velocity above the wave boundary layer

sum of time-averaged and wave-induced-maximum friction velocities
distance downstream of a step change in hydraulic roughness

distance needed for an internal boundary layer to grow to a thickness of 200
cm following a step change in hydraulic roughness

distance needed for an internal boundary layer to grow to a thickness
equivalent to the mean water depth following a step change in hydraulic
roughness

elevation above the bed

pressure-sensor elevation above the bed

reference elevation

current-meter elevation above the bed

hydraulic roughness

hydraulic roughness upstream of a step change in roughness

hydraulic roughness downstream of a step change in roughness

power spectrum of current speed

thickness of viscous sublayer

thickness of wave boundary layer

thickness of internal boundary layer

von Karman’s constant

areal concentration of roughness elements

critical areal concentration of roughness elements for onset of skimming flow
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A roughness-element density
A. critical roughness-element density for onset of skimming flow
v kinematic viscosity of seawater
p density of seawater
T, time-averaged bed shear stress
g ur Jux
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