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ABSTRACT: Resuspension of bottom sediments by waves, currents, and biota is a potentially important
mechanism by which particulate materials are introduced into the water column. Fluxes of particulate
materials between sediments and overlying water were determined in the laboratory. Box cores of
nearshore marine sediments were subjected to defined shear stresses in an annular flume. Sediment
resuspension was detectable at shear velocities (u.) of 0.95 to 1.35 cm s~ ! in sediments ranging from fine
to coarse sands. An average sediment subjected to shear velocities of 1.16 to 1.50 cm s~ contributed 346
to 2312 mg particulate Cm ™ 2h™?, 43 to 266 mg particulate Nm™?h~', and 3.5 x 10’ to 2 x 10*? bacteria
m~?h~! These fluxes would increase the concentrations of those substances in a 10 m homogeneously-
mixed water column by 37 to 246 ug particulate carbon 17}, 4.6 to 28.3 ug particulate N 17! h™!, and
3.7 X 10% t0 2.2 X 10° bacteria |~ h™!, and would double typical water column concentrations in the field
within a few hours. Shear stresses applied to sediments in these simulations represent mild field
resuspension conditions (on the order of 0.5 m amplitude waves in 20 m water depth). Intense winter
storms, which are not uncommon, would likely increase flux estimates according to the depth of
sediment fluidization, and according to depth profiles of sedimentary physico-chemical parameters.
Resuspension, in this study area, appears to play a greater role in relocating particulate than dissolved
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nutrients.

INTRODUCTION

Resuspension of marine sediments represents not
only a loss of material from the benthos, but a gain of
material to the water column and plankton. Hopkinson
(1985) stated that 'Resuspension appears to control the
relative amounts of organic carbon, as well as the sites
and rates of organic matter degradation in the benthos
and water column’. Fanning et al. (1982) concluded
that resuspension may be an important provider of
dissolved nitrogen compounds for phytoplankton,
based on a combination of field data collected during a
storm and laboratory stirring experiments. Wainright
(1987) performed feeding experiments using hetero-
trophic microorganisms as consumers of resuspended
sedimentary material, and found that planktonic micro-
bial growth was stimulated by resuspended sediments
within a few hours.

Further up the food chain, resuspended organic
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matter may be a source of nutrition to filter-feeding
organisms (Rhoads et al. 1975, Tenore 1977, Rhoads et
al. 1984). Rhoads (1973) reported that transplanting
oysters from a commercial bed of coarse-grained sedi-
ments to racks suspended above a muddy bottom sub-
ject to frequent resuspension produced higher meat
yields than oysters grown in the commercial beds.

1t 1s important to know the relationship between the
magnitude of the resuspension flux of organic material
and the erosional shear stress required to cause that
flux. There have been a number of studies to determine
the critical erosion velocities of sediments, i.e. the
water velocity which produces movement of sediments
(e.g. Rhoads et al. 1978, Grant et al. 1982, Grant & Gust
1987). However, data on critical resuspension velocities
and the resulting matenal fluxes into the water column
are rare. Gust & Morris (1989) give in situ estimates of
bulk sediment fluxes. Wainright (1985, 1986) and Fer-
guson et al. (1987) were the first to directly estimate the
magnitude of the microbial flux from the sediment to
the water column at defined shear stresses.

This paper reports the critical shear velocity for
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resuspension (u. .., and resuspension flux estimates
for particulate C and N, total seston, and microbes for a
variety of nearshore sediments.

METHODS

Field sampling. Box cores of sediment were collected
at 5 stations in the Georgia Bight off Savannah, Geor-
gia, USA, in 20 m of water of less (Fig. 1). Sampling
sites were chosen because of their widely varying sedi-
ment characteristics. Cores were quickly transported to
the laboratory under temperature-controlled condi-
tions. Stn OS (Offshore Sand) was sampled at each
sampling period, to give a detailed picture of seasonal
changes. Descriptions of sampling stations and sam-
pling times are given in Table 1,

Sediment characteristics were determined from cores
collected concurrently with those collected for flume
experiments. Carbon and nitrogen analyses followed
the method of Hedges & Stern (1984). The depth of the
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Fig. 1. The study area. Station coordinates are as follows:

Inner Sand (IS), 31° 57.8" N, 80° 50.4" W; Outer Sand (OS), 31°

56.0" N, 80°48.5' W; Inner Channel {IC), 31°53.2" N, 80° 53.4'

W; Mid Channel (MC), 31° 51.3' N, 80° 49.7' W; Outer Chan-
nel (OC), 31°47.2" N, 80° 46.6' W

Table 1. Station descriptions and sampling periods

Stn Description® Depth Sampling periods
(m)
oS Fine sand, 12 Feb, Mar, May, Jun,
moderately sorted Aug, Sep, Oct
1S Fine sand, 4 Jun, Oct
well sorted
IC Shell gravel, mod. 6.5 May
to well sorted
MC  Medium to coarse 12 Aug
sand, mod. sorted
OC  Coarse sand, mod. 18 Sep
to poorly sorted
“ Based on Wentworth classification

Redox Potential Discontinuity (RPD) was estimated vis-
ually as the boundary between brownish surface sedi-
ments and deeper grey-black sediments. Chlorophyll
content was determined by reverse-phase HPLC using
a method modified from Bidigare et al. (1985). Sol-
vents were 79:21 (v/v) methanol/water, 90:10 (v/v)
methanol/water, 100 % methanol, and 30:70 (v/v) iso-
propanol/methanol, all HPLC grade (Baker). The col-
umn (Alltech Assoc.) was a 100 x 4.6 mm cartridge
containing Zorbax (Dupont) 7 um, C;g-bonded spheri-
cal particles. Solvents were switched isocratically at
300, 550, 850, 1090 s respectively, with a starting
pressure of 1950 psi (1.3 X 107 Pa). Under these condi-
tions, chlorophyll a eluted at 860 s, and phaeophytin a
at about 1100 s.

Resuspension experiments. An annular flume
(Fukuda & Lick 1980, P. A. Jumars & A. R. M. Nowell
pers. comm.; Fig. 2) was used to experimentally deter-
mine the thresholds of sediment resuspension, and the
ensuing flux of material from the sediments to the
water column. The operating principle of the annular
flume is, briefly, as follows (refer to Fig. 2): The cross-
arm rotates, thereby rotating the ring which floats on
the water in the channel. Shear stress between the ring
and water induces circulation of the water in the chan-
nel. Shear velocities were determined with a flush-
mounted skin friction sensor, similar in principle to one
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Fig. 2. Exploded view of the annular flume. The cross arm

rotates, thereby rotating the ring, which floats on the water in

the channel. Shear stress exerted on the water by the ring
causes circulation of the water in the channel
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described in Gust (1988), but using flat, beryllium
oxide-coated thermistor elements (Victory Engineering
Corp., Springfield, NJ, USA). Anemometer circuitry
was a modification of that described by Vogel (1981).
The sensors were calibrated against similar devices in
the laboratory of G. Gust (University of South Florida).
Cross-channel shear velocity variation was less than
19 % of the mean (Wainright unpubl.).

In this paper, shear velocity (u.) will be used instead
of shear stress. The 2 quantities are related as:

T = p(u.)? (1)

where p = density of seawater = 1.025gcm™3; and 1, =
boundary shear stress. The critical shear velocity for
resuspension (U. ., was operationally defined as that
shear velocity which produced a flux significantly
different from zero (p < 0.05).

The sediment-water interface for resuspension
experiments was a box core of sediment that was
inserted through a false bottom in the flume channel,
into an acrylic chamber, to a level below that of the
flume channel bottom. After insertion of the box core
into the core chamber, the opening to the chamber was
covered with an acrylic plate (to prevent resuspension
during filling}, and the flume channel filled with fil-
tered (0.2 um) seawater to a depth of 6 cm (60 1). Filling
time was generally 1.25 h. The plate was then
removed, and the core positioned flush with the flume
channel bottom by means of positioning rods in the
bottom of the core chamber.

Water flow was then started at a low shear velocity
(u. = 0.1 cm s~ Y. Following an equilibration period of
20 min, a sample of water was withdrawn through a
port in the sidewall of the flume for determination of
initial concentrations of particulate matter and micro-
organisms; this sample contained concentrations pres-
ent in the filtered water plus those introduced by the
small amount of water overlying the sediment core, and
served as a blank. Sediment was resuspended by
increasing the shear velocity in a stepwise manner
After each increase, the shear velocity was maintained
for an equilibration period of 20 min and water samples
withdrawn. This procedure was repeated until sedi-
ment was eroded enough to create serious artificial
roughness elements (gullies).

Water column samples were collected for total sus-
pended material (seston), particulate organic carbon
(POCQ), particulate nitrogen (PN), and microorganisms.
Bacteria/particle samples were fixed with acid-Lugol
iodine solution (Nishino 1986) and refrigerated. Bac-
terial and particle counts followed Nishino's (1986)
protocol for cellulose nitrate filters. Counts were made
as follows: (1) Bacteria fell into 2 classes: 0.2 um diam.
cocci, and 0.6 X 1.0 um rods, and were counted sepa-
rately. (2) Flagellated protozoans were enumerated at

either 125 X or 500 X magnifications, depending on
cell size and abundance. (3) Particles were measured
individually with an occular micrometer, with the
number of attached bacteria on each recorded. At least
50 particles, or the particles in 50 fields, were examined
from each sample. Attached bacterial counts were mul-
tiplied by a factor of 2 to account for the reverse sides of
particles (Kirchman 1983). Microbial volumes were cal-
culated assuming cocci and spherical flagellates to be
spherical, rods and ellipsoid protozoans to be ellipsoid.
Average bacterial cell volumes were computed as
weighted averages, based on the fraction of the total in
each size class. Seston/CHN samples were collected at
only 2 or 3 shear velocities in any given experiment
because the relatively large volumes of water required
for these analyses (several liters) dictated that few
samples could be withdrawn before flow conditions
were affected. Samples were filtered through precom-
busted, tared glass fibei filters (Reeve Angel 984H).
After reweighing them, the filters were acidified, dessi-
cated, reweighed, and subjected to CHN analysis
(Wainright 1987).

Fluxes of materials from sediment to water column
were calculated according to the relationship:

Flux = (C; - C) VT 1 A™! (2)

where Cyand C, = initial and final concentrations of the
substance in the flume; T = time of exposure to a given
shear velocity (u,); V = volume of the flume; and A =
surface area of the sediment core. (Note that fluxes at a
particular shear velocity do not include material which
had already been eroded at lower shear velocities, i.e.
they are not cumulative.) Eroded sediment travels as
bedload and suspended load. The latter was deter-
mined by weighing sediment which accumulated on
the flume channel floor after a flume experiment. The
percentage of the sedimentary material which was
resuspendable was estimated as the amount of seston
(the product of concentration and volume) compared to
the total amount of sediment eroded.

RESULTS
Sedimentary characteristics

Brief descriptions of the study sites are given in Ta-
ble 1. Sediments from the Inner Channel station (IC)
were coarsest, a large fraction of the material being
intact shells or large shell fragments. Stns IS and OS
contained the finest sediments and were outwardly
similar, both having approximately the same texture,
but differing in several important respects. Stn OS had
the highest organic C and N content of all stations
(Table 2), while Stn IS had among the lowest. The
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Table 2. Sedimentary characteristics at 5 sampling stations in the top 1 cm. Inorganic carbon (IC}, total organic carbon (TOC), and
particulate nitrogen (PN} are expressed as percent by dry weight. C: N is the ratio of carbon to nitrogen by atoms. Chl a is
expressed as ug g~! dry wt. RPD is the depth of the Redox Potential Discontinuity. For stations sampled more than once, values are
averages over all sampling periods. Means and standard errors (in parentheses) are based on numbers of replicates noted below

Stn % IC? o TOCH
OS¢ 0.58 0.15
(0.02) (0.005)
is¢ 0.135 0.066
(0.005) (0.002)
Ic* 1.38 0.109
(0.282) (0.010)
McC* 0.18 0.032
(0.024) (0.002)
oce 0.906 0.127
(0.065) (0.007)
“ To convert to g m™~2 multiply by 156
® To convert to mg m™~2 multiply by 15.6
“n = 30 for % IC, POC, PN, C:N; n = 41 for chl a
dn = 8for % IC, POC, PN, C:N; n = 12 for chl a
¢n =4 for % IC, POC, PN, C:N; n = 6 for chl a

Middle Channel station (MC} and Stn IS had the low-
est inorganic carbon contents. The Outer Channel sta-
tion (OC) was a poorly-sorted mixture including shell
fragments of all sizes. There was no consistent rela-
tionship between grain size and organic content. Sedi-
ments contained between 0.1 and 1.4 % inorganic car-
bon (1.1 to 11.5% CaCOj3), mostly derived from
bivalve shells.

The depth of the RPD varied between stations and
seasonally. At Stn OS, the RPD was shallowest (0.5 to
1.5 cm) in July and deepest (2 to 5 cm) in February.

Sediment chlorophyll a concentrations were highest
at Stn OC in September (Table 2). There was no signifi-
cant correlation between particulate nitrogen (PN) or
particulate organic carbon (POC) and chlorophyll a
(p » 0.05) [although chlorophyll content was weakly
correlated with the C:N ratio (p = 0.078)].

The atomic C: Nratio of the sediments did not consist-
ently vary with depth down to 5 cm (p = 0.57), but it did
vary seasonally (p 0.0002), with highest ratios in
Octoberandlowestin August (2-way ANOVA). The C: N
ratioof sedimentapproached that of phytoplankton (ca 5)
in August (Stn MC), while the highest ratios (12.6 = 2.7)
occurred in February (Stn OS, 4 to 5 cm f{raction),
suggesting a more refractory pool of organic material.

Resuspension fluxes

Sediment-to-water fluxes of all materials showed
similar patterns, i.e. measurable fluxes at u, = 0.95 to
1.16 ¢cm s™* and much greater fluxes at higher shear
velocities (Fig. 3). (The shear velocity reported in Wain-

% PN? C:N Chl a° RPD (cm)
0.02 9.30 1.21 0.5-5
(0.001) (0.67) (0.3)
0.01 7.95 0.74 >5-12
(0.001) (0.71) (0.14)
0.018 7.18 0.71 >8
{0.002) (0.40) (0.11)
0.008 5.12 1.34 >8
(0.001) (0.40) (0.18)
0.015 9.88 522 2-3
(0.002) (0.97) (0.45)

right (1987), u. = 1.8 cm s~!, was an overestimate.

Experimental conditions were similar to the u, =

1.16 cm s~! reported here. Heated-thermistor velocity
profiles, which were used to make the former
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Fig. 3. (a) Bacterial fluxes from flume experiments, expressed

on a numeric and on a volume basis. (b) Total seston, carbon

and nitrogen fluxes from flume experiments. In all cases,

plotted values are means of all runs combined; error bars are
* 1 standard error of the mean (n = 41)
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estimates, are inferior to the shear stress sensors for this
particular application.} u. .;.;, the shear velocity which
produced a significant flux of sedimentary material into
the flume water, was determined to be 0.95 cm s~
when data from all stations were combined (Fig. 3).
This flux of 2.3 x 10! £ 7.7 x 10' cells m™? h™! is
equivalent to an increase in the bacterial concentration
in a homogeneously mixed 10 m water column of 2.4 X
10* + 8.2 x 10° cells ml™! h™!. Estimates of increased
cell concentration in 10 m of water may be obtained by
dividing cells m~2 h™! by 9.4 x 10° The corresponding
conversion factor for seston, C and N is 9.4 x 10%
During any particular sampling period u. .., was
between 1.16 and 1.35 cm s™. Insignificant fluxes at
lower shear velocities were caused by high intrastation
variability, making flux estimates insignificantly differ-
ent from zero.

There were few detectable between-station, or sea-
sonal differences regarding any flux parameter. An

exception was particulate nitrogen at u, = 1.5 cm s~ ?,
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Fig. 4. Seasonal fluxes of particulate nitrogen at 2 shear
velocities: (a) 1.16 cm s™'; and (b) 1.5 ¢m s~ '. Values are
means + 1 standard error of the mean. The plotted value of
OS (Mar) is a single value, with no corresponding standard
error Error bar for Stn OC (Feb) at u. = 1.16 cm s~ ! actually
extends below zero. No samples were collected during Apr,
Jul

where Stn OS (March) and Stn IS (October) showed
significantly greater N fluxes than Stns MC and OC in
August and September, respectively (2-way ANOVA,
p < 0.05; Fig. 4). Stn IS had a low nitrogen content
(Table 2), and so its relatively large N flux must have
been a result of unusually high erodibility, and thus
high total seston flux. Although total seston flux at this
station was higher than at several other stations, the
difference was not significant (p = 0.07; 2-way
ANOVA). Bacterial fluxes were significantly higher at
Stn OS (February) atu, = 0.95and 1.16 cm s~ ! (Fig. 5),
suggesting that this station was more prone to erosion
than average.

Bacterial fluxes from the sediments were highly
correlated with the all other resuspension parameters
(p < 0.003 or better; Table 3). The weakest correlation
was between bacterial and particle abundances.

Samples were collected after 2 exposure times at 2
different shear velocities, to assess whether fluxes
remained constant over a more extended period of
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Fig. 5. Seasonal fluxes of bacteria at 2 shear velocities: (a)
1.16 cm s~ '; and (b) 1.5 cm s~! Values are means + 1 stand-
ard error of the mean. Error bar for Stn OC (Feb) at u. = 1.16
cm s~ ! actually extends off scale, as do those for Stns OS (Sep)
and IS (Jun) at u. = 1.5 cm s™'. No samples were collected

during Apr, Jul



276

time. Fluxes of bacteria and particulate material col-
lected after 12 min were not significantly different from
those collected at 24 min at u. = 1.16 or 1.5 cm s~

Thus fluxes remained constant for at least 24 min.

Characteristics of resuspended material

Sedimentary material was 0.16 to 1.61 % resuspend-
able on a dry weight basis (Table 4). Between 0.5 and

Mar Ecol. Prog. Ser. 62: 271-281, 1990

2.5% of the resuspendable material was PN, while 4.3
to 16.5% was POC, yielding atomic C:N ratios of 7 to
23. Resuspendable material at Stn OS generally had
the lowest C: N ratio, while that from Stn IS (June) had
the highest C and N contents. Lowest C and N contents
were generally found at Stns IC and MC.

The percentage of bacteria that were attached to
particles increased with shear velocity (Fig. 6a). Up to
80 % of the resuspended bacteria were attached to
particles (Stn N, October), however, on average about

Table 3. Correlation matrix, with Pearson correlation coefficients between flux parameters. Significance is indicated as follows:
‘T p<0.001; "7 0.001 <p<0.01

= 173 for bacteria x particles

Flux Seston N C Bacteria Particles
Seston 1.000

N 0.943""" 1.000

C 0.967""" 0955~ 1.000

Bacteria 0.630""" 0.541°"" 0.543" " 1.000

Particles 0.588" " 0.589°"" 0.556""" 0.234"" 1.000

n = 75 for the following correlations: seston X C, seston x N, C x N
n = 62 for the correlations: bacteria X seston, bacteria x N, bacteria x C, particles x seston, particles x C, particles x N
n

Table 4. Percent of eroded material resuspended, and its composition. Percent resuspended is based on the seston concentrations
in flume water relative to sediment disappearance from the experimental box cores. Percent N, C and atomic C: N ratios are on a
dry weight basis. nd: not determined. Numbers in parentheses are standard errors

Stn, Month Ua % resusp % N % C C:N
OS, Feb 1.16 nd 0.91 (0.23) 6.69 (1.27) 9.21 (1.47)
Mar 1.16 1.49 (0.40}) 7.69 (1.42) 7.36 (1.18)
1.50 1.70 10.31 7.09
1.65 nd 0.77 (0.08) 5.97 (0.37) 9.29 (0.68)
May 1.16 1.50 (0.56) 11.26 (3.54) 9.89 (1.18)
1.65 1.61 0.79 (0.17) 6.50 (0.78) 10.61 (1.09)
Jun 1.16 1.16 (0.24} 9.48 (1.98) 9.89 (1.14)
1.50 0.58 (0.06) 5.02 (0.57) 10.21 (0.81)
1.65 nd 0.58 (0.03) 4.78 (0.36) 9.53 (0.16)
Aug 1.16 0.77 (0.13) 6.93 (1.00) 12.28 (3.00)
1.50 1.47 0.67 (0.05) 5.18 (0.32) 9.12 (0.46)
Sep 1.16 1.65 (0.57) 10.11 (2.35) 8.13 (0.85)
1.50 0.67 0.74 (0.09) 5.97 (0.50) 9.56 (0.42)
Oct 1.16 0.65 (0.50) 7.82 (1.63) 16.01 (3.42)
1.50 0.66 0.64 {0.10) 5.82 (0.76) 10.70 (0.36)
IS, Jun 1.16 2.48 (0.98) 16.49 (4.89) 9.25 (1.51)
1.50 nd 1.01 (0.42) 7.23 (1.34) 11.49 (2.05)
Oct 1.16 0.84 (0.11) 7.66 (1.02) 10.73 (0.57)
1.50 0.16 0.50 (0.02) 4.46 (0.26) 10.44 (0.71)
OC, Feb 1.16 nd 0.74 (0.08) 7.11 (0.24) 11.70 (0.91)
Sep 1.16 0.78 (0.17) 7.40 (1.37) 13.34 (3.91)
1.50 0.36 0.92 (0.16) 7.69 (1.24) 9.84 (0.34)
IC, May 1.16 0.55 (0.13) 8.40 (0.99) 22.96 (8.34)
1.35 0.60 (0.06) 7.12 (1.23) 13.81 (1.0%)
1.65 1.33 0.62 (0.04) 5.58 (0.12) 10.66 (0.76)
MO Aug 1.16 0.64 (0.21) 562 (1.64) 9.24 (0.55)
1.50 0.29 0.47 (0.06) 4.29 (0.34) 10.94 (0.64)
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Fig. 6. {a) Percentage of resuspended bacteria attached to

particles. Plotted values are means of all runs combined (n =

41) = 1 standard error of the mean. (b) Average bacterial cell

volumes of resuspended bacteria in flume experiments. Plot-

ted values are means of all runs combined (n = 41) + 1
standard error of the mean

60 % of resuspended bacteria were attached to parti-
cles at the highest u. examined.

Average bacterial cell volume (Fig. 6b) was typically
maximum at or before the point where there was sig-
nificant resuspension. Bacterial fluxes appeared to
increase between u. = 1.35 and 1.5 cm s~! when
viewed numerically, but decreased on a volume basis
(Fig. 3). However, in both cases, fluxes at u, = 0.95 and
1.16 cm s~! were statistically indistinguishable from
each other, as were those atu, = 1.35and 1.5 cm s™ ',

Flagellated protozoa (mostly 4 to 5 um diameter)
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Fig. 7 Percentage of total microbial fluxes attributable to
protozoans, on a volume basis. Plotted values are means and
standard errors of fluxes from 2 to 4 cores per sampling period;
each core's flux was itself a mean of fluxes from 4 shear
velocities

were a significant component of the microbial biomass.
These organisms were most numerous during February
and March (Fig. 7), comprising 14 to 98 % of microbial
biovolume at both Stns OC and OS. However, proto-
zoan volume was typically less than 10 % of total micro-
bial biovolume in all other resuspended microbial com-
munities. Diatoms were infrequently observed, but in
insufficient numbers to quantify.

DISCUSSION

Contribution of resuspended materials to the
plankton

Resuspended sedimentary material may contribute
very significantly to normal water column concen-
trations of all substances examined (Table 5). Using
water concentrations of materials from the study area
for comparison, estimates were made of the contribu-
tion of resuspended material to the average field con-
centrations of these substances. Measured laboratory
fluxes could double typical planktonic field concen-
trations within an hour at u, = 1.5 cm s™' or a few hours
at u, = 1.16 cm s~'. While it was not possible to
demonstrate a significant time-dependent reduction in
the magnitude of resuspension fluxes on the order of
24 min, Fanning et al. (1982) found the greatest release
of dissolved nutrients in the initial few minutes of their
‘stirring experiment’, despite the relatively small
amount of sediment eroded. It is likely that this also
applies to suspendable particulate nutrients, the impli-
cation being that once fluidized, sediments yield a
diminishing return as resuspension persists.

Interestingly, attached bacteria comprised the bulk
of the bacterial flux (Fig. 6a). While it is commonly
thought that most planktonic bacteria are free-living,
there are a number of reports of high proportions of
attached bacteria in relatively turbid waters, in terms of
both numbers and activity (e.g. Bell & Albright 1981,
Schoenberg & McCubbin 1985, Plummer et al. 1987).
Plummer et al. (1987) concluded that bacteria attached
to resuspended particles were relatively unimportant
compared with those attached to permanently sus-
pended particles in estuaries, while Palumbo et al.
(1984) stated that resuspension was an important de-
terminant of the number of attached bacteria in the
Georgia Bight.

The relationship between bacterial cell volume and
shear velocity suggests a relationship between cell size
and sediment depth. Bacteria resuspended first were
larger than those resuspended later. Deeper sediment
bacteria, which appeared in the water column only at
greater shear velocities, had smaller average cell size.
Reasons for smaller bacteria at depth may include the
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Table 5. Comparison of increased seston, nitrogen, carbon and bacterial concentrations due to resuspension at 2 shear velocities
with typical concentrations of those substances in the study area and surrounding area. Flume fluxes were converted to increased
concentrations in a 10 m water column per hour, using box core surface area and flume volume, and assuming homogeneous

mixing. For increased concentrations, units are mg 17! h™! for seston, ug 1-! h™! for PN, POC, and cells mI™! h™! for bacteria

Substance Typical field Source Range of increased concentrations
concentrations atu. = 1.16 cm s ! atu. = 1.5 cms™!

Seston 5-200 mg 17! Oertel & Dunstan (1981) 0.1-0.9 1.8-10.1
2-15 Wainright (unpubl.)

PN 2-76 ug 171 Haines & Dunstan (1975) 0-15.9 11-52.4
16-110 Wainright (unpubl.)

POC 35-800 ug 17! Haines & Dunstan (1975) 0-70.4 107433
150-900 Wainright (unpubl.)

Bacteria 105-10° cells ml~" Wainright (unpubl,) 0.1-2.4 x 10° 0.5-5 x 10°

Pomeroy (1985)

refractory nature of buried organic matter (although
this was not evident in the C:N ratios), diffusion-
limited uptake of oxygen and nutrients in subsurface
sediments and reduced bacterial grazing in surface
sediments.

Storm estimates

Shear velocities used in this study (0 to 1.5 ¢cm s™1),
while exceeding u. ..; were probably far lower than
maximal shear velocities experienced in the study area
during storms. A wave-current Interaction model
(Grant & Madsen 1979) was used to calculate shear
velocities, using current and wave information as input.
Shear velocities ranged from 1.5 to 6 cm s~! (Table 6;
T. F. Gross, Skidaway Institute of Oceanography, pers.
comm.). Shallow areas are especially prone to resus-
pension (compare 4 m with 18 m run). Wiberg & Smith
(1983) reported shear velocities as 4.5 to 5.2 cm s™!
during a storm at an 18 m station off Alaska. Other

Table 6. Expected shear velocities in the study area, computed
using the Grant & Madsen (1979) wave-current interaction
model. Default conditions are: z = 12 m, roughness length (Ky)
= 0.3 cm, current velocity 1 m off bottom = 20 ¢m s, wave
angle to current axis = 0°, wave period = 5 s, wave height (%
peak to trough) = 50 cm. In a given combination, only the
indicated parameter has been changed from the default vajue

Changed parameter Resulting shear velocity
(cms )
None; all default values 2.44
z=4m 5.95
z=18m 1.50
Ky, = 3cm 3.98
Current velocity = 2 cm 57! 2.04
Wave angle = 90° 2.09
Wave period = 10 s 3.76
Wave height = 150 cm 5.23

factors such as bottom roughness, wave height and
wave period also have large effects on u.. In the con-
text of particle movement, u, produced by steady
unidirectional flow (as in the flume experiments) is
equivalent to that produced by waves or wave-current
interaction (Nowell & Jumars 1984); that is, particles
would not distinguish between u. = 2 cm s~ produced
by waves and u, = 2 cm s~ produced by currents.
Storm events show enormous potential for shifting
pools of particulate organic matter from the benthos to
the plankton. Hopkinson (1987) observed sediment
fluidization down to 25 cm. While it is unknown exactly
what values of u, might produce sediment fluidization
down to 25 cm, it is interesting to extrapolate my
estimates of "% suspendable’ to volumes of fluidized
sediment reported by Hopkinson {1987). Assuming that
fluidization releases all resuspendable material down
to that depth, using a conservative value of 0.16 %
resuspendable (Table 4), and a sediment bulk density
of 1.5 g cm™?, 600 g of material would be resuspended
per m*. This is probably an underestimate, since the u.
capable of this sort of erosion would likely have a
higher "% resuspendable’ value associated with it.
Multiplying the dry weight of resuspendable sediment
by 7.7 % carbon and 0.8 % nitrogen (Table 4) yields
46.2 g C and 4.8 g N m~2 The overall release ratios are
1.23 x 107* g POC g~! sediment (0.0123 %) and
1.3 x 10 ° g PN g~ ! sediment (0.0013 %). Assuming
homogeneous mixing in a 10 m water column, this
becomes about 4.9 mg C and 0.51 mg N 17! (compare
with Table 5). To make a similar estimate of the
increase in bacterial concentration in a 10 m water
column, the regression equation which describes resus-
pended bacteria as a function of resuspended nitrogen
may be used [bacteria = 8464 (N) — 3.4 x 10%, 1 ? =
0.292, p = 0.0001, where N is in ng N 17!, bacteria are
expressed as cells ml™!]. The result is an increase in the
bacterial concentration of 4.3 x 10° cells ml™! (release
ratio = 1.08 x 10® cells ¢! sediment}. These estimates
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of post-storm concentrations are similar to concen-
trations observed during a storm in October 1987: up to
27mg C17',0.39 mg N17!, 3 x 10° cells ml™! (Griffith
et al. unpubl.).

Quality vs quantity

The quantity of any substance resuspended depends
strongly on at least 3 factors: the concentration of the
substance in the sediment, the erodibility of the sedi-
ment, and the shear velocity. The first 2 factors are
determined by a complex interaction of physical and
biclogical factors including grain size distribution, hy-
drodynamic history, organic content, and resident biota
(see e.g. Eckman et al. 1981, Grant et al. 1982, Grant &
Gust 1987). Given similar sedimentation inputs, sedi-
ments which are resuspended on each tidal cycle (such
as at Stn MC) or as a result of frequent wave action
(such as at Stn IS) migth be expected to be organically
poorer than those remaining stationary for an extended
period.

In terms of resuspended carbon, the resuspension of
large quantities of low-C material may have the same
net effect as the resuspension of a small amount of
organically rich, but less erodable sediment. Stn IS
sediments were relatively low in organic content
(Table 2); however, the resuspendable portion was
comparable to or higher in organic content than that
from other stations (Table 4). Assuming that resus-
pendable material from all stations had similar organic
contents, and using data from October in the '% resus-
pended’ column of Table 4, 0.66/0.16 = 4.125 times the
sediment at Stn IS must be eroded to produce the same
amount of resuspended carbon as at Stn OS. In fact, the
amount of sediment eroded at u, = 1.5 cm s~ ! was 6.5
times greater at Stn IS than at OS (data not shown).
Thus, the opposing effects of organic content vs erodi-
bility seemed to balance each other in this case.

Sedimentary organic matter is widely believed to be
of relatively low quality, however some simple calcula-
tions suggest that this is not necessarily so. Chlorophyll
content (Table 2) provides an indication of the quality
of the sedimentary organic matter. Using a factor of
50:1 for converting chlorophyll a to organic C [this
value is toward the lower range of values given in
Parsons et al. (1977) and Mann (1982) for phytoplank-
ton], 50 ug C g~* of sediment, or 5 % of sedimentary
organic C content, is attributable to phytoplankton. To
this can be added organic C contributed by bacteria
fassuming 10° cells g% mean cell volume = 0.5 um?,
106 fg C um™* (Nagata 1986)] which brings the con-
tribution of labile organic C to 10 %. This excludes
protozoans (which may contribute substantially to mi-
crobial biomass; Fig. 7), other meiofauna, macrofauna,

and unknown quantities of unidentified labile organic
matter. Also excluded are dissolved organic C or dis-
solved inorganic nutrients released during resuspen-
sion, each of which may stimulate pelagic production
(Fanning et al. 1982, Hopkinson 1987). Thus it is prob-
able that the resuspension of sediments which contain
a fully developed community may contribute signifi-
cantly to pelagic pools of labile organic carbon.

Particulate vs dissolved

Resuspension apparently plays a much larger role in
redistributing particulate nutrients than dissolved
nutrients in this study area. Using porewater concen-
trations of NHF, NO3, and PO3~ from Hopkinson (1987:
100, 20, and 45 uM, respectively), assuming 100 %
release of those substances when 25 cm of sediment is
fluidized, and averaging the result over a 10 m water
column, the water column concentration would
increase by ca 1.13 uM NHI, 0.23 uM NOj, and
0.51 uM PO3 ™, respectively, with release ratios of 5.5 x
1077 gN g~ !sedimentand 2.0 X 10" * g P g~ ' sediment.
These results compare with typical field concentrations
of 0.5 uM NHZ, 0.25 uM NO3, and 0.7 uM PO}~ (Hop-
kinson 1987). The percentage increase in dissolved
nutrients as a result of sediments being fluidized to a
depth of 25 cm is similar to the percentage increase in
particulate substances in just a few hours at a u. of 1.16
or 1.5 cm s~ ! (Table 3).

Do flume results mimic nature?

Uptocau, =1.2cms™!, the flume mimics conditions
on a flat sand-bed quite well. At shear velocities greater
than about u. = 1.2 cm s™! gullies began to develop at
the corners of some box cores. Flux estimates at higher
shear velocities may therefore overestimate resuspen-
sion on a flat sand bed, a situation which might be
argued to be atypical in nature. Erosion at these higher
shear velocities may more closely mimic that which
might occur near a rock, sand ripple, reef edge, or
biotic structures such as sea urchins and polychaete
tubes (Eckman et al. 1981, Carey 1983). I have fre-
quently observed the following roughness elements in
the study area: onuphid and oweniid polychaete tubes
(up to 7 X 0.5 cm, densities of several hundred m™?),
sea urchins, sand dollars, large mollusc shells, rocks
and sand ripples.

Annular flumes have several advantages over other
flume designs for use in resuspension experiments: (1)
they are recirculating in that the same water passes over
the sediment core repeatedly, leading to relatively high
concentrations of suspended material; (2) unlike
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straight-channel recirculating flumes, water is not
passed through a water pump which might physically
alter suspended particles and associated organisms, and
the chemical composition of the water; (3) the boundary
layer is fully developed throughout the flume, unlike in
a straight channel where the boundary layer grows in a
downstream direction; (4) the use of intact sediment has
obvious advantages when results are to be extrapolated
to nature. A disadvantage of the annular design is the
secondary circulation pattern associated with the shape
of the channel, which creates non-uniform shear vel-
ocities across the sediment surface, and makes calibra-
tion both difficult and laborious. The calibration prob-
lem was largely overcome by the use of flush-mounted
skin friction sensors (Wainright unpubl.).

CONCLUSIONS

These results and extrapolations support Hopkin-
son’'s (1985) contention that resuspension may be a
major influence on organic matter cycling in shallow-
water marine environments. Resuspension can shift the
major pools of particulate organic matter from the
benthos to the water column. A significant part of this
organic matter may be labile, and thus of immediate
nutritive value to filter-feeding organisms. Previous
work on this topic (Wainright 1987) showed that the
longer-term impact of resuspended sediments on
planktonic microbes could be very significant, even
when the initial microbial contribution to the water
column was indistinguishable from background.
Measured fluxes in the present study exceeded those
used in Wainright's (1987) study, and were themselves
probably conservative estimates of field conditions du-
ring storms. Thus, the long-term stimulatory effect of
resuspension fluxes on planktonic microbes should be
even greater. Resuspension appears to be an important
influence on the cycling of particulate carbon and ni-
trogen which persists much longer (days to weeks) than
the resuspension event itself.
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