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Abstract

Spatial and temporal patterns of light attenuance, zooplankton abundance, and larval fish assemblages observed

at night in the flood tide wake of a 2-km-wide, steep-sided island within the Great Barrier Reef lagoon (40—45-m
local depth) are compared with two simple models. Eddy upwelling is shown to be slow relative to erosion, vertical
entrainment, and advection (EA) arising near the flanks of the island, where currents were accelerated to 1-2 m
s1, approximately twice that in the free stream. Turbidity (particles <300-um equivalent spherical diameter [ESD],
inferred from increased water column light attenuance of an optical plankton counter) and medium-sized zooplankton
(700-1,000-um ESD) appeared to be entrained toward the surface, to form a V-shaped plume. The plume originated
near the island's flanks and converged 4 km downstream. Here, light attenuance returned to the free stream con-
ditions, presumably as sediments settled, leaving a patch of medium-sized zooplankton that had a three- to fourfold
greater biomass concentration than the free stream. A decrease in the concentration of small zooplankton (300—
500-um ESD, generaly found in surface waters) is also consistent with vertical mixing by EA. Neuston net
collections across the wake revealed two larval fish assemblages that were correlated with either the small surface
zooplankton or with the deeper, medium-sized zooplankton, which included epibenthic taxa. If EA is a common
process for patch formation in tidal waters, then the geometry of the associated plumes may predict larval settlement

(recruitment ‘* hotspots’”) in shallow tidal waters.

Swirls of turbidity in the wakes of small islands are dis-
tinctive features within shallow, tidally energetic areas such
as the Great Barrier Reef lagoon (Hamner and Hauri 1977,
Wolanski et al. 1984a,b). Wakes of this nature may extend
downstream several island diameters within the semidiurnal
tidal excursion, and they may exist for periods of 4-5 h
(Black and Gay 1986; Signell and Geyer 1991). Wakes may
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enhance mixing (Townsend et al. 1983) and modify sediment
transport, thus influencing the bathymetry. Wakes can also
have biological consequences that affect species-diversity
gradients and plankton patchiness (Hamner and Hauri 1977,
1981), as well as the dispersal and settlement of reef fishes
(Kingsford et al. 1991; Kingsford and Suthers 1996). For
example, zooplankton can be entrained within convergence
zones (Kingsford et al. 1991) or become concentrated within
the reduced turbulence zones of gyrelike features (Aldredge
and Hamner 1980; Murdoch et a. 1990). Aldredge and
Hamner (1980) reported a 40-fold increase in zooplankton
biomass within an eddy associated with a promontory near
the Whitsunday Islands. Similar observations have been re-
ported by Murdoch et al. (1990) off the west coast of New
Zesdland.

Hydrodynamically induced zooplankton patchiness is rel-
evant to the establishment of the so-called recruitment hot-
spots of fish and invertebrates (Sammarco and Andrews
1988, 1989; Kingsford et al. 1991; McNiell et al. 1992).
These regions could be identified from variations in the
physical processes and patterns of water turbidity of island
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Fig. 1.

Illustration of two processes generating near-surface patterns of sediment-laden plumes

in shallow island wakes. (a) EU within paired |ee eddies brings sediment-laden waters to the surface,
and (b) EA is where swift currents at the island edge erode and suspend sediments and create
plumes that advect long streamlines until particles sink back to deep water. The two processes may

be complementary.

wakes. We could therefore explain spatial and temporal var-
iation in the biological assemblages of plankton and larvae
as they approach settlement.

In the present study, two physical processes that could
produce a near-surface expression of bottom-preferential
tracers (sedimentary and biological) are examined. The first
is the eddy upwelling (EU) that arises from the vertical suc-
tion of fluid from the benthic boundary layer below rotating
flows (Greenspan 1968; Wolanski et al. 1984a; Pattiiaratchi
et a. 1986). This process may draw near-bottom sediments
and biota toward the centers of eddies and thence to the
water surface, yielding a surface signature of isolated patch-
es centered on eddies in the lee of idands (Fig. 1a). The
second process involves seabed erosion and the entrainment
of sediments upward into the water column, preferentially in
the high-velocity region near the flanks of the island. The
advection of this entrained fluid within the converging
streamlines may yield a V- or Y -shaped surface signature in
the island lee (Fig. 1b). We denote erosion, vertical mixing,
entrainment, and advection as ‘' EA.”” This process was prob-
ably first identified by Leonardo da Vinci (Levi 1995) in
observations and sketches around stones in shallow streams.
The process is well known in aerodynamic and coastal en-
gineering literature and is described as horseshoe vortices
(Thwaites 1960). The relative importance of the EU and EA
processes, as illustrated in Fig. 1, can be distinguished from
field observations.

We report here on the spatial variation in flow field, light
attenuance (a proxy for turbidity and suspended sediment),
and zooplankton size and abundance estimates derived from
an acoustic Doppler current profiler (ADCP) and an optical
plankton counter (OPC) in the flood tide wake of a small (2
km) island in the shallow coasta region of the Great Barrier
Reef. The majority of the measurements were obtained
throughout the water column with the ship under way, at
nominal speeds of 1-2 m s, in an effort to secure a rea
sonably synoptic view of the semidiurnally varying system.
These measurements were supplemented with neuston net

collections across the wake, to provide a series of point es-
timates of the zooplankton and larval fish assemblages.

Materials and methods

Sudy area and data collection—Derwent Island (21°00’S,
149°49'E) is a low-relief island in the Northumberland Is-
land group of the Great Barrier Reef and is located south of
the Whitsunday Islands and 70 km east of the town of Mack-
ay, Queensland, Australia (Fig. 2). The isand’s long axis is
~2 km east-west and normal (80°) to the strong tidal flows
that are focused on Broad Sound to the south, where the
tidal range may exceed 10 m (Middleton et al. 1984). The
clockwise semidiurnal tidal excursion ellipse for the Der-
went Island region has a main axis that is 9 km long (Mid-
dieton et al. 1984). The island has no fringing reef, and it
presents an abrupt obstacle to the ebb (northward flowing)
and flood (southward flowing) tidal currents that predomi-
nate. A small rocky reef is located 1 km northwest of Der-
went, and Skull Rock (which is exposed at low tide) is lo-
cated 0.5 km east of the island. The only other reef within
the tidal ellipse is Three Rocks (149.74°E, 20.95°S), which
is located 5 km northwest of Derwent. Otherwise, the sur-
rounding bathymetry is featureless, the average depth within
a 5-km radius of the Island being 45 m (SD = 5).

Current measurements—Data were collected south of
Derwent Island aboard the RV Franklin (cruise FR 02/93)
at night during the flood tide. The ship steamed at nominal
speeds of 1-2 m st across five transects (T,1-T,5; 5-8 km
long) through the flood tide wake, beginning the night of 11
February 1993, and across four transects (T,1-T.4; each 5.5
km long), beginning the night of 12 February 1993. Tran-
sects were located between 1 and 5 km south of the island,
and each took ~1 h to complete (Fig. 3, Table 1). On each
transect, we recorded global positioning system navigational
data and depth-varying currents, the latter from a hull-
mounted 300-KHz RDI Instruments ADCR averaging over
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Fig. 2. Bathymetric (25- and 50-m isobaths) chart of the east
coast of Queensland, Australia, and the Great Barrier Reef (inset),
showing the location of Derwent Island within the Northumberland
Island group (upper panel) and the local bathymetry (2-m isobath
intervals; no correction for tide) surrounding Derwent Island as de-
termined using depth estimates (black dots) provided from the ves-
sel depth sounder (lower panel).

4-m depth strata beginning 12.4 m below the surface. Data
were subsequently time-averaged into 3-min intervals to
yield ~250-m profile spacing.

Optical plankton count measurements—On all transects
except T,4, physical and biological properties of the water

column were measured using the Towed Underwater Bio-
logical Sensor System (TUBSS; Sprules et al. 1992; Taggart
et al. 1996; Rissik et a. 1997). Designed and built at Dal-
housie University, the system consisted of an Endeco V-fin
fitted with a Focal Technologies OPC (Herman 1988), an
Ocean Sensors OS-100 conductivity, temperature, and depth
(CTD) sensor fitted with pitch and roll sensor (for use in
monitoring V-fin attitude and for correcting OPC sample
volumes), and a General Oceanics digital flowmeter (for es-
timating the OPC sample volume). With the exception of the
OPC, which transmitted data in real time, all other TUBSS
data were transmitted via an integrated data stream from the
CTD though the conducting tow cable to the ship for com-
puterized logging at 0.5 Hz.

The OPC measures (mV) light attenuance in the water
column, which is used as an index of water color and tur-
bidity from phytoplankton and suspended sediments <250-
um equivalent spherical diameter (ESD). The OPC aso
counts and sizes any optically refractive particles nominally
>250-um ESD, and data are recorded among 4,096 cali-
brated digital sizes that are proportional to the projected par-
ticle area. We reclassified the particle data into 64 size clas-
ses, which are expressed as a geometric mean ESD (um) on
the basis of the integer value of the sguare root of 4,096
digital size classes (Table 2 and as in Taggart et al. 1996).
The volume of water sampled and the particle counts within
each of the 64 size classes were summed over sequential 2-s
intervals, to provide data at a rate of 0.5 Hz to match that
of the other instruments. OPC data logging required file
breaks (data interruption period normally <60 s) at 30-min
intervals. For practical purposes, only 13 of the 64 size clas-
ses were analyzed and include the smallest reliably resolved
size class (318-um ESD) to the largest reasonably abundant
size class (1,893 um; Table 2). OPC number-at-size estimate
data can be distorted by particle coincidence (when two or
more particles simultaneously interrupt the light beam at
high particle concentrations). According to Sprules et al.
(1992), coincidence may distort 10% of the data at concen-
trations of 11 particles L-*. Because our data provided an
overall average concentration of <6 particles L~ and a max-
imum of 10 particles L=, we inferred that coincidence af-
fected <10% of our data.

On the night of 11 February, five transects (Fig. 3a) were
completed during the flood tide period. On T,1 and T,2, the
instrument was towed at 11-m depth, and on T,5 at 17-m
depth, to maximize the horizonta resolution (3 m) in the
surface layer. On T,3 and T,4, the instrument was undul ated
over depths of 4-30 m, to attain improved vertical resolution
(1 m) at a cost to horizontal resolution (140 m).

On the night of 12 February, three 5.5-km transects (Fig.
3c) were completed within the flood tide period by undulat-
ing the TUBSS between 4- and 30-m depth across the wake,
providing similar spatial resolution as obtained by the meth-
od described above. We subsequently completed an extra
transect, T,5, on the north side of the island aong latitude
20.96°S between 149.860°E and 149.795°E during the early
morning of 13 February (Table 1). The eastern half of T,5
was completed during the remainder of the flood tide (south-
ward flowing) and permitted a brief examination of the up-
stream flow prior to its being disturbed by the island.
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Fig. 3. ADCP depth-averaged surface layer (12.4 m) current vectors along transects south of
Derwent Island during flood tide on the nights of (a) 11 February and (c) 12 February and corre-
sponding longitudinal section profiles of velocity (u-components; positive north) and scale bars (m
s1) aong (b) T,2 and (d) T,2 as estimated over six 4-m depth strata (12.4-32.4 m). Integers
superimposed over an arrow (steaming direction) in panels a and ¢ denote sequential transect num-
bers for each night.

Table 1. Summary of transect data collected across the flood-tide wake on the south side of Derwent Island, showing the date in
February 1993. Listed is the transect number (east or west heading), local time (total minutes on transect), depth range of the TUBSS,
number of records, number of undulations (‘‘tow-yos™), the figure number of the corresponding vertical section, neuston net sample station
identifiers as shown in Fig. 12, range in concentration of total larval fish (per 250 m3), and corresponding range in Shannon-Weiner diversity
indices. High tide at Mackay was at 0235 and 1454 h on February 12 (5.0 and 4.5 m, respectively).

Date and No. of No. of Neuston
transect Local time (min.) TUBSS (m) records tow-yos Figure samples Total larvae Shannon

11-12 Feb

T1 (<) 2129-2210 (41) 11 1,199 — — — —

T2 (-) 2213-2255 (42) 11 1,223 — — — —

T3 (<) 23012356 (55) 4-27 1,619 21 8* — —

T4 (-) 0003-0115 (72) 4-30 2,001 30 9 — —

T5 (<) 01210217 (56) 17 1,638 — — — —
12-13 Feb

T,1 (<) 2128-2224 (56) 4-30 1,657 22 10a T,la-h (n = 8) 181-402 0.9-1.2

T,2 (=) 22362343 (67) 4-30 1,994 31 10b T,2a-h (n = §) 259-555 0.8-1.3

T,3 (<) 0002-0049 (47) 4-30 1,403 19 10c T,3af (n = 6) 248-603 1.0-15

T4 (=) (ADCP only) — —_ — — — — _
13 Feb

T,5T (<) 0252-0317 (25) 4-30 752 9 11 — — —

* The horizontal distribution of al five transets is shown in Fig. 7.
T Transect on the north side of Derwent Island during the final stages of flood tide.
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Table 2. List of OPC digital size classes (bins), the geometric mean equivalent spherical diameter (ESD), and the biomass of a particle
in each class, under the assumption of a density of 1,000 kg m~3. The average unrotated loadings (factors) of a PCA (% variance explained)
of the biomass in size classes are shown. These groupings defined the small- and medium-size zooplankton particles. The taxonomic
composition of particles >5% of those examined and the range of their size categories is indicated, with their average size category
indicated in boldface type (determined from image analysis of their maximum lateral area). Detritus occurred in al size categories.

Digital size ESD Biomass Factor 1 Factor 2
category (um) (mg) (35%) (14%) Composition
9-15 318 0.0168 0.92 -0.13
16-24 425 0.0402 0.92 —-0.04 Undinula
25-35 535 0.0802 0.90 0.16 Undinula, Centropages
36-48 648 0.1425 0.60 0.65 Undinula, Eucalanus, zoea, Centropages, carid
49-63 764 0.2335 —0.25 0.86 Undinula, Eucalanus, zoea, Centropages, carid
64-80 883 0.3605 —0.61 0.62 Undinula, Eucalanus, zoea, Centropages, carid
81-99 1,003 0.5283 —0.66 0.29 Undinula, Eucalanus, zoea, Centropages, carid
100-120 1,125 0.7455 —0.54 —0.03 Eucalanus, zoea, Centropages, carid
121-143 1,249 1.0202 —0.44 —0.08 Eucalanus, zoea, carid
144-168 1,375 1.3612 —0.44 -0.20 Eucalanus, Sagitta, zoea, carid
169-195 1,502 1.7742 —0.40 —-0.18 Eucalanus, Sagitta, zoea, carid
196224 1,631 2.2717 —0.29 -0.21 Eucalanus, Sagitta, zoea, carid
225-255 1,761 2.8594 —0.38 -0.21 Sagitta, carid
256-288 1,893 3.5518 —0.26 -0.21 Sagitta, carid

Neuston collections—Surface zooplankton were collected
on transects T,1-T,3 on the night of 12 February (coincident
with ADCP and TUBSS) using a 0.75-m-square 330-um
mesh net deployed 2—3 m outboard from the vessel. A Gen-
eral Oceanics flowmeter was used to determine the total fil-
tered volume (nominally 250 m? per collection). The net was
sequentially deployed for 5-min periods in a spatial series
fashion on each transect. Each deployment was followed by
a2-min interval to retrieve, clean, and redeploy the net. This
protocol provided 22 collections over the three transects and
a horizontal resolution of 600 m (Table 1). Net collections
were preserved immediately in 5% (vol/vol) buffered form-
aldehyde and seawater. Because samples were collected at
night, we assume that species- and size-specific avoidance
were minimized. Samples were subsequently sorted, and fish
larvae were identified by taxonomic family (Leis and Rennis
1983; Leis and Trnski 1989), enumerated, and analyzed as
a concentration (individuals per 250 m?3) or individuals m2.

The 13 calibrated OPC size classes were taxonomically
referenced using individuals of the different taxa in the net
collections. First, we determined the range of sizes for the
different taxa among concentrated subsamples taken from
seven different net collections representative of the three
transects. Each subsample was mixed, placed in a linear
trough (5 ml), and examined using a video camera mounted
on a microscope. The trough was scanned in one direction,
and the first 100 particles in each sample, including detritus,
were identified, outlined (including copepod antennae and
excluding setae) using NIH-Image software (available at
http://rsh.info.nih.gov/nih-image/), and the calculated area
was converted to equivalent spherical diameter (Rissik et al.
1997).

To compare OPC estimates of abundance among size clas-
ses with net collection estimates, we used image analysis
and quantitative subsamples drawn from the same seven
concentrated collections for image analysis. Each was dilut-
ed to 250 ml, mixed, and three replicates of 1-ml subsamples

were withdrawn. Each was placed under the camera, and
seven fields of view (with no overlap) were selected hap-
hazardly to create image ‘‘ stack.” Particles (10—60 per field)
were then sized (using image area converted to um ESD as
for the OPC), classified according to the 13 OPC size clas-
ses, and summed by size class and expressed as a concen-
tration (particles m=3). Size and abundance estimates of the
neustonic zooplankton provided by image analysis were
within 25% of the OPC's near-surface estimates for the
small- and medium-sized particles (<764 um ESD). The
OPC'’s abundance estimates of larger particles declined from
43% of the image analysis estimate of neuston (883 um) to
11% (1,502 uwm). This systematic divergence in abundance-
at-size is a function of size-related avoidance of the OPC
opening, which is small relative to the neuston net opening
(Hopcroft 2002), the large volume sampled by the neuston
net relative to the OPC (170:1) and the consequent under-
sampling by the OPC of large particles at low concentration
(e.g., Huntley et al. 1995), and that the OPC collected data
4-10 m below that sampled by the neuston net. Our image
analysis method may also be biased, because larger zoo-
plankton have an increased likelihood, relative to the OPC,
of presenting the maximum sectional area to the camera.

Analyses—OPC particle abundance-at-size data were con-
verted to concentration (number m=3) and aong with the
temperature, light attenuance, and depth data were smoothed
using a symmetrical, cosine-weighted (—0.041, —0.01,
0.119, 0.267, and 0.33), nine-point moving average (Legen-
dre and Legendre 1998). The smoothing algorithm resulted
in some small negative estimates when blocks of data con-
taining zero estimates (for the relatively rare large particles
>1,000-um ESD) were encountered. These were set to zero.
The biomass of each size class (expressed in mg; Table 2)
was estimated using the concentration-at-size estimates un-
der the assumption that individual spherical particles have a
near-neutral density of 1,000 kg m—3.
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A principal-components analysis (PCA; no rotation of
axes) of the log-transformed [In(x + 1)] zooplankton bio-
mass concentrations (X) in each of the 13 size classes was
done on the data from T,3 and T,1, and the results were
used to reclassify the 13 size classes into either a small size
class (318-535-um ESD) or a medium size class (764—
1,003-um ESD) (Table 2). The neustonic larval fish data
were also subject to a PCA (transformed as above), using
varimax rotation of axes to generate unconfounded factor
scores (providing interpretive insights by redistributing fac-
tor loadings among taxa such that each taxon tends to be
associated with one factor). We used only the 11 most abun-
dant taxonomic families, which were present in at least half
(=11 of 22) of the net collections.

Contours of surface and sectional variation of the flow
field, light attenuance, and zooplankton biomass were gen-
erated (Surfer; Golden Software) using a kriging algorithm
with a conservative gridding routine with dimensions deter-
mined by the average x and y spacing of the data. For ex-
ample, when contouring the vertical section data, we used a
50 X 33-node grid derived from the number of vertical pro-
files (x) and 1-m depth intervals (y), a quadrant search radius
with anisotropy set at 10% of the X, y range, a maximum of
24 data per node within the search radius, and blanking
where <12 data were within the search radius. The resultant
grid was then matrix smoothed using a twofold weight on
the center node to produce a new grid with twice (interpo-
lated) the resolution of the original. When contouring the
surface layer data from the five transects beginning on 11
February, we used al of the constant depth data from tran-
sects T,1 and T,2 (11 m) and T,5 (17 m)-and the 9—15-m-
depth—averaged data on transects T,3 and T,4, when the
TUBSS undulated through the water column to gather sec-
tional data (Table 1).

Results

Derwent Island wake—The flow field from the ADCP
data during the flood tide of 11 February shows a wake due
south of the island (transects T,1-T,5; Figs. 3a, 4). The cur-
rents were <0.5 m s* throughout the water column in the
lee of the island and were frequently directed to the east
(Fig. 4e-h). Free-stream currents at the western extremities
of the first four transects show a relatively constant free-
stream southward flow of 0.5 m s* that was generdly in-
dependent of depth (Figs. 3b, 4). Immediately downstream
of the flanks of the island on transects T,1 and T,2, the flow
was >1.0 m s throughout the water column (Fig. 4). The
flow field on the second night (12 February) was analogous
to that on the first, with similar patterns in the surface hor-
izontal expression and in the vertical sections (Figs. 3c,d, 5),
although current speeds were 30% weaker.

Horizontal distribution of light attenuance and zooplank-
ton—On 11 February, we observed high (2,000-2,300 mV)
local maxima in light attenuance at 9-14 m depth west of
the Derwent wake on T,1 and T,2 and smaller (2,000 mV)
local maxima to the east (Fig. 6). These regions correspond
to regions of the highest current velocity (Fig. 7a). Light
attenuance was lowest (<2,000 mV) within the wake im-
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Fig. 4. Longitudina section scattergrams a—d of u (positive N)
and e-f of v (positive E) among six depth strata (12.4-32.4 m) along
four transects south of Derwent Island during the flood-tide period
beginning the night of 11 February. Each datum represents a current
velocity estimate (m s*) within one of the six depth strata as the
ship steamed along each transect that increased in distance from the
isand, as illustrated in Fig. 3. The dashed vertica lines represent
the eastern and western edges of Derwent Island located upstream;
the dotted horizontal reference lineisa O m s

mediately south of the idand (T,1 and T,2; Figs. 6ab, 7a)
as well asin the free stream well to the east and west of the
wake region (T,3-T,5; Fig. 7a). There was some evidence
that the local maxima on T,1 and T,2 to the west of the
wake region (and less so to the east on T,2) were contiguous
with the decreased central maxima on T,3 and T,4 that be-
came further dissipated during the slackening tide by the
time T,5 was completed. The general pattern of distribution
of light attenuance in the near-surface layer was consistent
with that expected for a V- or Y-shaped plume downstream
of the island.

The horizontal distribution of small zooplankton biomass
was inversely related to the horizontal distribution of light



Entrainment-advection in a tidal wake 289

05 T T T LI T T T
I 1
L a) T,1 1 1 4 03
1 1
[} [}
0. i i 0.1
J 1 =
- . e o
1 1
-0.5T 1 1 b -0.3
1 1
I I
05 T T T T T T T T
b) T,2 ! |
- - 1 1 - 03
1 1
[} }
0. f I 0.1

2 1 1 z

g T y 1 201

2 o . | 2

B 05 1 1 1 =03

k=i 1 1 e

Q 1 1 1 Ll Ll 1

5 1 1 %)

g« 0.5 T T T T E-

S 1 1 o

o

5 ! ! 203

5 1 1 8

§ 1 1 ?

X 1 20.1

i <

<) [sa}

Z -0.1
-0.5 -0.3
0.5

0.3
0. 0.1
-0.1
-0.5 -0.3
AETPRC T, A NS RS b9,'\>
\59 \59 \59 \59 \59 A%
Longitude (E) Longitude (E)

Fig. 5. Longitudinal section scattergrams a—d of u (positive N)
and e—f of v (positive E) among six depth strata (12.4—32.4 m) along
four transects south of Derwent Island during the flood-tide period
beginning the night of 12 February. Each datum represents a current
velocity estimate (m s*) within one of the six depth strata as the
ship steamed along each transect, asillustrated in Fig. 3. The dashed
vertical lines represent the eastern and western edges of Derwent
Island located upstream; the dotted horizontal reference lineis at O
m s

attenuance (Table 3, R = —0.71, P < 0.001; Fig. 7b), with
concentrations generally <100 mg m=2 in those regions
where attenuance was >2,000 mV. In contrast, the biomass
of medium-sized zooplankton was positively associated with
light attenuance, and the former tended to increase from
north to south and reached a maximum of 600 mg m—23 by
T,4 (Fig. 7¢). This local maximum biomass persisted on T,5,
although it was somewhat diminished (400 mg m-3).

Vertical distribution of light attenuance and zooplank-
ton—Temperature varied minimally over all depths and tran-
sects, ranging 27.2-27.6°C. The 5-25-m vertical profiles
from T,3 on 11 February revealed two columns of greater
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Fig. 6. Longitudina section scattergrams of light attenuance (at
11-, 10-15-, or 17-m depth) along five transects south of Derwent
Island during the flood-tide period beginning the night of 11 Feb-
ruary as the ship steamed along each transect (a—€) that increased
in distance from the island (see Fig. 3). The dashed vertical lines
represent the eastern and western edges of Derwent Island, located
upstream.

light attenuance downstream of the western and eastern
promontories of the island (Fig. 8a; the corresponding hor-
izontal expression for the 9—15 m depth range is shown in
Fig. 7), athough the western column was more pronounced
(Figs. 6a,b, 8a). Further downstream, on T,4, only one col-
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Fig. 7. Chart showing the horizontal distribution of (a) light
attenuance (mV), (b) small (318-535-um ESD) zooplankton bio-
mass concentration (mg m-3), and (c) medium-sized (764-1,003-
um ESD) zooplankton biomass concentration (each with corre-
sponding scale bar) in the island wake south of Derwent Island
during the flood-tide period beginning the night of 11 February, as
estimated using the OPC aong the five transects (see Fig. 3). Cur-
rent velocity vectors (as in Fig. 3) are overlain in panel a for ref-
erence, and the location of every tenth OPC datum along transects
is shown in panels b and c. There are fewer estimates on T,3 and
T,4 because the instrument was undul ated throughout the water col-
umn and only the data in the 9-15-m depth stratum are used.
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Table 3. Pearson correlation coefficients among temperature
(Temp.), light attenuance (Atten.), biomass concentration of small-
and medium-size zooplankton from two representative transects.
Transect T,3 on 11 February (n = 1,614) was below the diagonal,
and T,1 on 12 February (n = 1,645) was above the diagonal. Co-
efficients >0.06 are significant.

Temp. Atten. Small Medium
Temp. — —0.30 0.50 -0.39
Atten. -0.15 — —0.69 0.45
Small 0.21 -0.71 — -0.29
Medium -0.23 0.53 —0.43 —

-5{0) medium zooplankion biomass 764-1003 pm esd
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Fig. 8. Longitudina section profiles of (a) light attenuance
(mV), (b) small (318-535-um ESD) zooplankton biomass concen-
tration (mg m=3), and (c) medium-sized (764—1,003-um ESD) zoo-
plankton biomass concentration (each with scale bar) on transect
T,3 during the flood-tide period starting the night of 11 February,
where the location of each estimate (datum) from the OPC undu-
lation is provided in panel a. The solid bar at the top of the figure
represents the location of Derwent Island, upstream of the transect.
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tration (mg m~3), and (c) medium-sized (764—-1,003-um ESD) zoo-
plankton biomass concentration (each with scale bar) on transect
T,4 during the flood-tide period starting the night of 11 February,
where the location of each estimate (datum) for the OPC undulation
is provided in panel a. The solid bar at the top of the figure rep-
resents the location of Derwent Island, upstream of the transect.

umn of attenuance was apparent (Fig. 9a), which is consis-
tent with the surface expression described above. Associated
with the greater light attenuance signal, was a decrease in
the biomass of small zooplankton that was >100 mg m—2
outside the wake (Fig. 8b). In contrast, there was a marked
increase in the biomass of medium-sized zooplankton im-
mediately downstream of the island (Fig. 8c). As with the
current, temperature, and light attenuance profiles, there was
little evidence of vertical variation in zooplankton biomass.
A similar pattern was observed on T,4 (Fig. 9), where the
biomass concentrations of medium-sized zooplankton (400
mg m~-3) persisted throughout the water column and were
three- to fourfold greater than that observed in the free
stream (Fig. 9c).

On 12 February, T,1 aso reveded relatively uniform col-
umns of greater light attenuance throughout the water col-
umn (data not shown). These were located downstream of
the idand’s eastern and western limits and, as before, ap-
proximated the location of increased medium-sized zoo-
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Fig. 10. Longitudinal section profiles of medium-sized (764—
1,003-um ESD) zooplankton biomass concentration (mg m-2), with
scale bars, aong transects (a) T,1, (b) T,2, and (c) T,3 south of
Derwent Island during the flood-tide period beginning the night of
12 February, where the location of each estimate (datum) for the
OPC undulation is provided. The solid bar at the top of the figure
represents the location of Derwent Island, upstream of the transect.

plankton biomass—particularly at the western end (Fig.
10a). This pattern was enhanced on T,2 and T,3, because
the >250 mg m~2 contour extended above 10-m depth (Fig.
10b,c). On all transects, the central wake region downstream
of theisland had the lowest measures of light attenuance and
the lowest concentrations of medium-sized zooplankton bio-
mass.

Upstream of Derwent Island during the final stages of the
flood tide (T,5, current <0.2 m s ! southward), the water
column showed some stratification in light attenuance (Fig.
11), with values (<1,900 mV) similar to those observed in
the free stream on earlier transects. The small zooplankton
biomass was more concentrated (>110 mg m-3) in the near-
surface layer, and the medium-sized zooplankton biomass
was more concentrated in deeper water, at >20-m depth
(300-500 mg m~3; Fig. 11b). The biomass concentration of
small zooplankton upstream was similar to that observed in
low light attenuance waters downstream (Figs. 7b, 9b),
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Fig. 11. Vertical profiles of (a) temperature (dashed line), light
attenuance (solid line), and (b) small (318-535-um ESD, dashed
line) and medium-sized (764—1,003-um ESD, solid line) zooplank-
ton biomass concentration (mg m-2) averaged over 1-m depth strata
from transect T,5 (Table 1) located on the northeast side of Derwent
Island (i.e, upstream of the idland), along 20.97°S, 149.81-
149.78°E during the late flood tide.

whereas that of medium-sized zooplankton upstream was
less than half that observed within the wake (Figs. 9c, 10).

Surface ichthyoplankton—The 22 neuston net collections
aong T,1, T,2, and T,3 on the night of 12 February pro-
duced 7,031 larvae representing 38 families (Table 4). The
concentrations of total larval fish averaged 350 (SE = 25)
per standardized haul, and the Shannon-Weiner diversity in-
dex averaged 1.09 (SE = 0.03) across the wake. The samples
were dominated by 11 families that occurred in at least 11
of the 22 samples (Table 4). The PCA of these families pro-
duced two groupings, one composed of bregmacerotids, go-
bies, carangids, leiognathids, platycephalids, and priacan-
thids in factor 1, and the other composed of gerreids,
bothids, and nemipterids in factor 2 (Table 5). Over all three
transects, factor 1 was significantly correlated with the av-
erage biomass of medium-sized zooplankton (R = 0.43, P
< 0.001; Fig. 12a) and average light attenuance (R = 0.48,
P < 0.001) estimated using the OPC data collected coinci-
dently with each neuston net collection. Factor 2 was neg-
atively correlated with medium-sized zooplankton (R =
—0.47, P < 0.001; Fig. 12b) and attenuance (R = —0.33, P
< 0.001).

The zooplankton composition in the neuston net was com-
pared between T,1 (samples T,1a—d) and T,2, T,3 (samples

Table 4. Percentage composition (n = 7,031) of the 38 taxo-
nomic families of larval fish identified among the 22 5-min neuston
net samples collected across the flood-tide wake of Derwent Island
during the night of 12 February.

Family %
Gobiidae 68.13
Bregmacerotidae 7.28
Apogonidae 311
Gerreidae 2.19
Carangidae 1.83
L eiognathidae 1.56
Priacanthidae 1.34
Nemipteridae 1.24
Platycephalidae 0.87
Synodontidae 0.64
Pseudochromidae 0.47
Bothidae 0.44
Plesiopidae 0.30
Clupeidae 0.28
Cdlionymidae 0.23
Labridae 0.21
Terapontidae 0.18
Scorpaenidae 0.17
Pomacentridae 0.16
Microdesmidae 0.16
Atherinidae 0.10
Exocetidae 0.10
Antennariidae 0.09
Dactylopteridae 0.09
Cynoglossidae 0.07
Sillaginidae 0.07
Blenniidae 0.06
Acanthuridae 0.04
Monacanthidae 0.04
Tetradontidae 0.03
Belonidae 0.03
Lutjanidae 0.03
Scombridae 0.03
Centriscidae 0.01
Trichiuridae 0.01
Notosudidae 0.01
Hemiramphidae 0.01
Pempheridae 0.01

Table 5. Rotated component loadings of a PCA of the number
of larval fish in each of 11 families present in >11 of the 22 5-min
neuston net samples when collected across the flood-tide wake of
Derwent Island during the night of 12 February, when Factor 1
explained 29% of the total variance and Factor 2 explained 17%.

Family Factor 1 Factor 2
Bregmacerotidae 0.87 0.01
Gobiidae 0.75 0.28
Carangidae 0.68 -0.19
Platycephalidae 0.64 —0.06
Leiognathidae 0.63 0.04
Gerreidae 0.12 0.88
Bothidae -0.38 0.71
Nemipteridae 0.11 0.61
Priacanthidae 0.49 0.36
Synodontidae -0.23 -0.12
Apogonidae 0.32 -0.01
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Fig. 12. Scattergram of the relationship between (@) larval fish
PCA factor 1 and (b) factor 2 and medium-sized (764—1,003-um
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identified by transect number and neuston net, as in Table 1.

T,2b, T,3a, and T,3e), which corresponded to samples of
low or high medium-sized zooplankton biomass, respective-
ly. Particles that we classified as **small”” were composed of
detritus, invertebrate eggs, the cyclopoid copepod Oithona
(1% of particles examined), and calanoids Acartia (3%),
Calanopia (3%), Tortanus (2%), Undinula (20%), and the
smaller developmental stages of other copepods (Table 2).
Detritus (17%) was usualy composed of agal slime and
fibrous material and was <1,500-um ESD on T,1 and
<4,005-um ESD on T,2 and T,3. Medium-sized particles
were composed of larger detritus (including grains of sedi-
ment), Sagitta (8%), the calanoids Eucalanus (10%) and La-
bidocera (2%), a euphausid (3%, Nyctiphanes sp.), a carid
shrimp (6%, Pasiphaeidae), and decapods (3%) (Table 2).
Rarer crustaceans included the epipelagic synopiid amphi-
pod Synopia ultramarina Dana 1853 (Barnard and Karaman

1991) and those more typically associated with the benthos
such as an ostracod and a carid shrimp, which were found
more frequently in the neuston samples collected along T,3,
when light attenuance was higher.

Discussion

The flood tide wake in the lee of Derwent Island revealed
a pattern of flow disturbance that is typically observed in
the lee of other islands in shallow seas (Pattiiaratchi et al.
1986). Flood tide flows were typically 0.5-1.0 m s, with
some evidence of a pair of lee eddies centered near
149.775°W, 21.00°S and at 149.795°W, 21.01°S. There was
evidence of high light attenuance (evidence of upwelling of
fine sediments) at some locations, accompanied by variation
in the zooplankton particle-size field. The processes of EU
and EA can be assessed with our data, acknowledging that
there are other complicating effects of small reefs on the
horizontal turbulence (Middleton et al. 1993) and stochastic
variation in the upstream flow (Aiken et a. 2002). The os-
cillatory nature of the incident tidal current provides a strong
constraint on the wake development (Black and Gay 1986).
This precludes any comparison with the traditional wake
structures caused by steady incident flows such as the von
Karman vortex street or the formation of steady recirculating
eddies (Denniss and Middleton 1994; Chen and Jirka 1995).

EU—Boundary-layer fluid is driven along the seabed be-
low an eddy toward the rotation axis and then toward the
surface (Greenspan 1968; Schlicting 1968). The process in-
volves a coupling between flow in the frictional bottom-
boundary layer and inviscid flow above. In the inviscid re-
gion, the centripetal acceleration in a rotating flow tends to
be balanced by the pressure-gradient forces. The latter arise
from deformations of the sea surface, with sea level being
lower at the eddy center. This pressure gradient extends to
the bottom boundary layer, where circumferential velocities
decrease and shears increase and where frictional forces con-
tribute to alocally steady balance. As a consequence, bound-
ary-layer flow is driven by the pressure gradient toward the
axis of rotation. The resultant convergence yields upward
flow that may transport sediments and bottom-preferential
species toward the surface. For a pair of steady lee eddies,
we would predict two local maxima in the near-surface con-
centration of such substances (Fig. 1a).

The upwelling velocity scale, W,, can be estimated (Gar-
rett and Loucks 1976) by noting that the boundary layer
balance between the pressure-gradient force and frictional
stress yields V2/R, ~ C,U.V,/h, where V, is the azimuthal
component of eddy velocity above the boundary layer, R, is
the eddy radius, C, is the drag coefficient for a quadratic
drag law, and U, is the inward velocity within a bottom
boundary layer of height h, assumed to be less than H, the
water depth. Thus, a scale for the inward radial transport in
the bottom boundary layer is 27R,Uh. Balancing this trans-
port by upwelling through the plan area 7R? thus yields an
upwelling velocity W, ~ 2U_h/R.. It follows that

W, = 2V h?/(CoRY) 1)
is a scale for the upwelling speed within eddies. For the
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present application, we chose scales of V, = 0.5 m s, R,
= 10°m, and C, = 3 X 102 (Sleath 1984). The boundary
layer has not been measured but was not evident in the
ADCP data and was therefore smaller than the unresolved
bottom current thickness. We chose h = 1 m as a suitable
scale, which yielded an upwelling velocity of 3 X 1074 m
s71, consistent with the still water (Stokes) sinking rate of
quartz sediment particles of diameter 20 um (Sleath 1984).
Particle Reynolds numbers computed from Stokes settling
formula were <1, thus, the Stokes settling law was valid for
these small particles. Our findings are compared with EA in
the next section.

EA—Flow diverted around an island is intensified at the
island flanks, increasing the erosion of sediments in that re-
gion and the rate of vertical mixing, including the entrain-
ment of demersal and benthic species toward the surface.
The horseshoe vortex generated initialy in the boundary lay-
er at the seabed becomes part of the turbulent horizontal
shear layer almost immediately on separation from theisland
(Thwaites 1960). The combination of strong shear and vor-
ticity mixes particles throughout the entire water column im-
mediately downstream of the island, which is why we denote
this as the EA process.

A criterion for sediment erosion is provided by focusing
on the Shields parameter 6 = 7/(gdAp), where 7isthe bottom
stress, Ap is the density contrast between the sediment and
the fluid, g is the acceleration due to gravity, and d is the
diameter of the sediment particles (Raudkivi 1976; Sleath
1984). Measurements suggest that sediment erosion occurs
only if 6 exceeds a critical value, 6, of order 1.0. Thus, we
can predict that sediment will be eroded from the bottom
near the island only if its particle diameter d < d., where d,
is a critical diameter defined by

d. < CoUZ(96:Ap/po) 2

where U, is the near-island water speed and p, is the water
density. For sediments sinking at a rate w, the downstream
length scale for the surface layer manifestation of a sediment
plume is

L, = UAzZ/w, 3

where Az is the thickness of the surface layer under consid-
eration (e.g., that visible from an airplane). This scale as-
sumes steady flow and will thus be superceded by the tidal
elipse, if that is smaller. As for the plume geometry, it may
take the form of two isolated plumes or it may form a full,
or partial, V-shape pattern or even a Y-shape pattern, ac-
cording to whether particles leave the surface zone before
the particles in the streamlines converge (Fig. 1b). In the
present application, assuming that the bottom sediments
have a relative density contrast Ap/p, = 1.6, as is the case
for quartz (Sleath 1984), and with velocities U, = 1 m s,
we estimate the diameter of eroding sediments to be d. <
200 £ 65 um (Eg. 2). With Az = 15 m and under the
assumption of 200-um quartz particles with turbulent sink-
ing rates 40 = 20% of the still-water sinking rates (Murray
1970; Nielson 1993), we estimate the downstream scale of
the EA plume to be 0.8 km (to within a factor of 2). This
is roughly comparable to the geometric mean island diam-

eter, which implies that sediments will remain suspended
within an island scale distance downstream, as observed in
Fig. 7.

EU and EA of epibenthic material—At maximal upwell-
ing velocities of 0.3 mm s for the EU process, the finer
sediments would take >1 d to reach the surface at local
depths. Because this period exceeds the tidal period, we can
conclude that the EU process will not yield observable
patches of surface concentration (Fig. 1a). By contrast, we
have severa types of evidence consistent with the EA pro-
cess. There is a V-shaped plume of increased light attenu-
ance that contains a region of low attenuance immediately
downstream (at least during T,1 and T,2). The V-shaped
plume begins <1 km downstream and <1 km beyond the
eastern and western flanks of the island on T,1. By the time
transect T,2 was completed, time and distance had permitted
vertical mixing to increase light attenuance (at the western
end of T,2), and the plume appeared to be closer to the wake
center. On transects T,3 and T,4, the apex of the V-shape
was apparent. The downstream extent of sinking sedimen-
tary particles 135-265 um in diameter is estimated to be
between 0.4 to 2 km, consistent with the observed pattern
(Figs. 6, 7a, 8a).

Our interpretation of the three-dimensional flow of silt and
zooplankton is consistent with the observed upstream con-
ditions at Derwent (Fig. 11), where light attenuance was
<1,850 overall and was highest near the bottom along with
the medium-sized zooplankton biomass. Downstream, we
observed the ascending column of elevated light attenuance
in the vertical profiles over the three transects on the second
night, despite flow being slower than it had been on the
previous night. Increased mixing could overcome the swim-
ming speed of small zooplankton and deplete their surface
abundance while increasing light attenuance (Fig. 13). We
did not sample water of high attenuance for sediment size,
but we did observe grains in the neuston net collection of
the second night, along with taxa known to be epibenthic,
including a carid shrimp, an ostracod, and some larval fish
(see below). Indeed, nearly 20% of the particles we exam-
ined in the neuston net collections were detritus—mostly
plant debris—which increased from 500-um ESD (the av-
erage ESD of the largest particlesin T,1 samples) to >2,000-
um ESD by T,2 and T,3. During T,2 and T,3, we observed
similar species, along with amphipods (Synopia), larval
decapods, small gastropods, and bivalves indicative of an
epibenthic origin.

Sediments in the vicinity of Rattray Island (20°S,
149.5°E), which is also within the Whitsunday 1sland group,
were reported to be 61-75% silt (3—62 um; Wolanski et al.
1984a). Settling rates of 3—62-um diameter quartz particles,
as indicated by Stokes Law, are 2-3 m h~* and are of suf-
ficient magnitude to explain the observed decline in light
attenuance. Deep scour holes are reported in the region
where island flanks are aligned normal to the incident flow
(Wolanski et al. 1984a; Furakawa and Wolanski 1998) and
where coarse shell fragments are found on the seabed. Sim-
ilar scour holes would be expected near the flanks of Der-
went Island.
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Fig. 13. Definition sketch explaining how vertical mixing might
lead to adecrease in the surface concentration of small zooplankton,
which would otherwise be concentrated near the surface, while at
the same time leading to an increase in the surface concentration
of sediments and larger demersal zooplankton. The diagonal lines
represent the initial concentration profiles, and the dashed vertical
lines represent the result of homogenization caused by mixing.

Distribution of larval fish—The first two principal com-
ponents of the 11 abundant taxa of neustonic larval fish were
in one case negatively, and the other positively, correlated
with the biomass of medium-sized zooplankton. Larval breg-
macerotids (or ““codlets’), gobies, carangids, |eiognathids,
platycephalids, and priacanthids that grouped in factor 1
were significantly correlated with the biomass of bottom-
associated medium-sized zooplankton. Overall, the abun-
dance of the first group of larvae increased from transect T,1
to T,3, whereas the second group decreased during the pas-
sage of the flood tide. Larval gerreids, bothids, and nemip-
terids in factor 2 were negatively correlated with medium-
sized zooplankton; thus, the uplifting of bottom water could
also displace this larval community, along with the small
zooplankton biomass.

There have been few studies on the vertical distribution
of larval tropical fish to help interpret these data (e.g., Leis
1991). Synodontids (lizardfishes) are the one taxon reported
to persist in deeper water (13—20 m) both day and night (Leis
1991), yet we found no relationship of this taxon with any
other, nor with any OPC data. The larval bregmacerotids
found in our study may be considered to be typical of deeper
water (Matsuura et al. 1993) and, after being stirred to the
surface, would be concentrated downstream, as shown in
Fig. 7c. Bregmacerotids, which as adults are small, <120-
mm maximum length tropical gadiforms, are a common
component of tropical oceanic ichthyoplankton. Bregmacer -
os mcclellandi, Bregmaceros nectabanus, and Bregmaceros
rarisguamosus are recorded from Queensland coastal waters
(M. McGrouther, Australian Museum, pers. comm.). Two
species of larval bregmacerotids on the shelf off Brazil
(Bregmaceros cantori and Bregmaceros atlanticus), between

23°S and 30°S were found in deeper water >40 m and rarely
penetrated the upper 30 m at night (Matsuura et al. 1993).

We tested the OPC'’s estimates of size and abundance with
the neustonic abundance of larval fish: that is, does the size
and concentration of larval fish approximate that estimated
by extrapolating the OPC's abundance-at-size distribution?
Most larval fish we observed ranged in length between 5
and 10 mm, with a body depth of 1-2 mm, which is ap-
proximately equivalent to a maximum possible ESD between
2,500-5,000 um. The OPC's estimate of the mean abun-
dance of particles in only two size categories corresponding
to the smallest fish larvae (geometric mean size of 2,429-
and 2,566-um ESD), at OPC depths shallower than 10 m
during all the neuston tows, was 0.61 m~3, compared with
the average neuston catch of 1.40 m=3. A difference of
~50% is relatively small, considering our use of only two
OPC size categories for larval fish, the possible gear avoid-
ance of the OPC by larvae, and the depth and volume dif-
ferences between the neuston net and the OPC.

In conclusion, we met the challenges of examining the
small-scale dynamics of an island wake by frequent sam-
pling with a neuston net and with high-frequency sampling
of the OPC and ADCP Nevertheless, our study was aliased
in time and space and much of our analysis of wake dynam-
icsis inferred. Despite this shortcoming, our study indicates
there are dynamic physical and biological processes that can
explain much of the structure of flow disturbance, patterns
of light attenuance, zooplankton size structure and abun-
dance, and the abundance and species composition of ich-
thyoplankton.

We examined two physical processesin the study. EU had
limited influence, whereas EA dominated the wake, produc-
ing a V-shaped plume and a patch of distinctive zooplankton
downstream (Fig. 1). In shallow and tidally energetic re-
gions, EA may generaly be more common than EU. We
found that, at the end of the nighttime flood tide, high con-
centrations of medium-sized zooplankton and larval fish
were observed 1-2 island diameters downstream. The fate
of this patch is unknown, but it would presumably be ad-
vected in a manner consistent with the tidal ellipse. If the
tragjectory of this ellipse intersects with locally suitable hab-
itats (e.g., areef), then the EA associated with island wakes
could provide another explanation for generating locally en-
hanced larval settlement or *‘recruitment hotspots”’ (Sam-
marco and Andrews 1988, 1989; Kingsford et al. 1991;
McNiell et a. 1992). Our study has wider implications for
predicting recruitment hotspots in general, by locating the
regionally appropriate tidal excursion onto the observed sed-
iment plumes, such as those seen in the Great Barrier Reef
(e.g., Wolanski et al. 1984a,b). The intersection of the tidal
excursion and suitable habitat could then be sampled and
compared with other sites to test this prediction.
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