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Abstract

Bivalve suspension-feeding can produce horizontal gradients of particulate suspended matter, or seston, which
may impair bivalve growth among other impacts to the coastal ecosystem. We proposed a method to assess the
concentration of seston at different locations along a shellfish farm by means of measurements of the depth-aver-
aged diffuse attenuation coefficient of downwelling irradiance at 490 nm, K, from at least two autonomous
buoys equipped with a vertical array of irradiance sensors. Two approaches were compared. First, horizontal gra-
dients of chlorophyll plus phaeopigments (Chl) were calculated from K using an empirical algorithm derived
from water samples. In the second approach, gradients of particulate suspended matter were calculated after cor-
recting K for the attenuation due to water and riverine colored dissolved organic matter (CDOM), estimated
from continuous in situ measurements of salinity. The method was assessed in a mussel farm in Ship Harbour
(Nova Scotia, Canada). The proposed method is relatively insensitive to the angular distribution of downwelling
irradiance, biofouling, frame-shading, and wave focusing; but it cannot be easily applied in places with strong
and sustained sediment resuspension. This method can complement and validate current modeling studies of
seston depletion, and it can assist managerial activities and legislative requirements of shellfish aquaculture. This
method can also be used to assess gradients of other ecologically relevant substances (i.e., CDOM, phytoplank-
ton, and seston) in applications associated with sewage discharges, river runoff, harmful algal blooms, suspen-

sion-feeding invasive bivalves, and other horizontally variable phenomena in the coastal ocean.

Cultured bivalves can produce, via filter-feeding, spatial
gradients of suspended particles or seston (Pilditch et al. 2001;
Grant et al. 2008). The term “seston depletion” (Wildish and
Kristmanson 1997) refers to the process by which these gradi-
ents of seston concentration are formed when the supply of
seston by currents and turbulent mixing cannot offset the
demand by bivalve feeding (Pilditch et al. 2001). Seston deple-
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tion has the potential to impair bivalve growth (Fréchette and
Bourget 1985; Strohmeier et al. 2008) and to alter the ecosys-
tem (Smaal et al. 2001). The economical and ecological conse-
quences associated with seston depletion have instigated
research to measure and predict spatial gradients of seston
concentration (e.g., Incze et al. 1981; Guyondet et al. 2010).

In principle, measuring horizontal gradients of seston
requires simultaneous measurements, at different locations
along a farm (minimum of two), of the concentration of a tracer
that is (1) naturally occurring, (2) conservative, and (3) filtered
with high efficiency by the bivalves. Although the tracer needs
to be a proxy for the nutritional value of seston to predict bivalve
growth, which is a primary goal in carrying capacity studies (e.g.,
Grant and Bacher 1998; Pouvreau et al. 2000; Ferreira et al.
2008), nutritional information is irrelevant for the assessment of
spatial gradients of seston, which is the focus of this study.
Chlorophyll a (Chl a) has been considered the natural tracer in
most previous studies (e.g., Fréchette et al. 1991; Heasman et al.
1998), however other tracers also have been used (total particu-
late matter: Prins et al. 1996; particulate carbon: Cabanas et al.
1979; particulate silicate: Dame et al. 1991, etc.).
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Regardless the tracer, it is difficult to demonstrate statisti-
cally significant differences in the time-averaged concentra-
tion of tracer among tested locations, because all these tracers
are subject to vertical, horizontal, and temporal sources of
variation that can overwhelm the effect of bivalve filter-feed-
ing. The effect of high tracer variability is particularly prob-
lematic in experiments conducted in farms where bivalves are
reared spread out over vast areas, and when using sampling
approaches that are limited in their vertical resolution (e.g.,
moored fluorometer and transmissometer: Pilditch et al.
2001), their temporal resolution (e.g., monthly fluorometer
vertical casts: Ogilvie et al. 2000), or both (water samples:
Rosenberg and Loo 1983; fluorometer horizontal transects:
Fréchette et al. 1991; Grant et al. 2008).

We propose a method to assess horizontal gradients of ses-
ton concentration using semicontinuous measurements that
are water column-integrated. The method uses autonomous
buoys deployed at different locations along a farm. The
buoys are equipped with a vertical array of irradiance sensors
to estimate the depth-averaged diffuse attenuation coeffi-
cient of downwelling irradiance at 490 nm, as a proxy for
tracer concentration. Note that, using irradiance sensors that
integrate over the photosynthetic available radiation spec-
trum (i.e., PAR), produce diffuse attenuation coefficients for
PAR (i.e., K,,,), which vary as a function of depth (Lee et al.
2007). Therefore, monochromatic radiometers are preferred.

In general terms, the diffuse attenuation coefficient of down-
welling irradiance (K; m; see Table 1 for more symbols and
units) represents the rate of decrease of downwelling irradiance
(E; pW cm™ nm™) with increasing depth (z; m), as defined by
Eq. 1 (Kirk 1994). For simplicity, wavelength dependencies are
ignored and the sub-index “d,” commonly used to represent
downwelling radiant flux (e.g., K, and E ), is omitted.

K=-—"= (1)

The attenuation coefficient, K, depends on the inherent
optical properties of the medium (i.e., IOPs) and the distribu-
tion of the light field, as expressed by the following approxi-
mation (Sathyendranath and Platt 1988):

a+b,

K=——
[ (@)

The absorption and backscattering coefficients (a and b,;
m™') define the IOPs and the average cosine for downwelling
irradiance (fi; dimensionless; sub-index “d” is also omitted)
defines the distribution of the light field.

Because of the additive nature of the IOPs, K can be parti-
tioned into partial attenuation coefficients, each correspon-
ding to a different component of the medium (Kirk 1994):
pure ocean water (K ), colored dissolved organic matter
(CDOM) or gelbstoff (Kg), and seston or particles (Kp), which
can be further divided into phytoplankton (K,) and non-algal
particles (i.e., tripton; K)):

Radiometer moorings and bivalve aquaculture

I(:I<¢+K‘+Kg+1<W 3)

In the context of assessing spatial gradients of tracer con-
centration, the goal is to discriminate the portion of K attrib-
utable to the filterable tracer from and the portion of K due
to nonfilterable substances. In the simplest scenario, the val-
ues of K, K, and K are either negligible or constant
throughout the experiment and the only source of variation
of K is the concentration of phytoplankton, which is consid-
ered the filterable tracer. In this case, the offset due to non-
tracer attenuation is considered constant over time and is
determined empirically through a regression between Chl a
plus phaeopigments (i.e., Chl) and the attenuation coeffi-
cient K (i.e., approach based on Chl:K regression). In a com-
plex scenario, where K is constant but Kg, K, and K , are not
negligible and vary over time, an independent dataset will be
required to distinguish between tracer and nonfilterable
components of K. (i.e., approach based on CDOM-correc-
tion) Both, Chl:K regression and CDOM-correction
approaches are described, assessed, and compared in the
present study. The new ecological insights that have resulted
from the application of this method are shown elsewhere
(Ibarra 2003).

Materials and procedures

General approach

The fraction of tracer remaining at location x (m) inside a
bivalve farm with respect to a reference upstream location
(i.e., seston depletion index or D; dimensionless), is estimated
using simultaneous measurements of K at the inside and ref-
erence locations. The measurements of K can be used to esti-
mate the depletion index using two different approaches: (1)
Chl:K regression and (2) CDOM correction. To differentiate
the results from these two approaches, output from the Chl:K
regression approach will be referred to as the Chl-based deple-
tion index (D) and output from the CDOM-correction
approach will be referred to as particle-based depletion index
(D,). The data collected and the post-collection data process-
ing were different for these approaches; therefore details will
be explained in separate sections.
Study site

All assessment experiments were conducted in a mussel
farm (660 x 330 m) in Ship Harbour, Nova Scotia, Canada
(Fig. 1). This estuarine fjord has semidiurnal tides (average
range: 1.4 m) and receives the discharge of CDOM-rich
freshwater from the Ship Harbour River at an annual aver-
age flow rate of 18 m?® s (Gregory et al. 1993). Cultured
mussels (Mytilus edulis and M. trossolus) are reared on long-
lines, which are 120 m ropes kept at approximately 4 m
below surface using buoys and concrete blocks. Cultured
mussels are attached to 4 m ropes that hung vertically from
the long-lines, therefore the bivalve stratum was defined by
an upper boundary (z; = 4 m) and a lower boundary (z, = 8
m; Fig. 2).
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Table 1. Symbols used in this study.

Radiometer moorings and bivalve aquaculture

Symbol Units Definition

u dimensionless Average cosine for downwelling irradiance

§ dimensionless Fraction of irradiance reduced by biofouling, frame-shading, and/or calibration errors
a m-’! Absorption coefficient

a, m-’! Absorption coefficient for gelbstoff or CDOM

a, m-’! Absorption coefficient for particles

a, m-’! Absorption coefficient for water

a m? mg Chl! Specific absorption coefficient of phytoplankton

b m-’! Scattering coefficient

b, m-’! Scattering coefficient for particles

b, m-’! Backscattering coefficient

by, m-’! Backscattering coefficient for particles

b;d) m? mg Chl! Specific backscattering coefficient of phytoplankton

Chl mg m-3 Concentration of Chl a plus phaeopigments

D, dimensionless Chl-based depletion index measured using the constant offset approach
D, dimensionless Particle-based depletion index measured using the time-varying offset approach
E uW cm2 nm-™! Downwelling irradiance

K m-’! Diffuse attenuation coefficient of downwelling irradiance
K, m-’! Partial attenuation coefficient for phytoplankton

K, m-’! Partial attenuation coefficient for tripton

K, m-’! Partial attenuation coefficient for particles

K, m-’! Partial attenuation coefficient for gelbstoff

K, m™! Partial attenuation coefficient for water

K m-’! Depth-averaged (z, — z,) diffuse attenuation coefficient of downwelling irradiance at 490 nm
mg, m?2 mg™' Slope of the regression between Chl and K

m, m-’! Slope of the regression between salinity and a,

n counts Sample number

N counts Number of particles in a solution of volume V

Nepy m-’! Intercept of the regression between Chl and K

n, m-’! Intercept of the regression between salinity and a_

Q, m part™’ Absorption efficiency factor

0, m part™’ Backscattering efficiency factor

ry m Equivalent radius of a phytoplankter

r m Equivalent radius of a faecal-pellet

s dimensionless In situ salinity at 4.5 m from sea bottom

s m? Cross-sectional area of a particle

t s Local time, GMT -3

% m3 Volume of a solution with N seston particles

X m Distance along the main current axis of the farm

z m Depth

Z, m Upper boundary of the mussel layer (i.e., 4 m)

4 m Lower boundary of the mussel layer (i.e., 8 m)

Water sampling

Mussel filtration was expected to cause persistent gradients
of phytoplankton, with the minimum concentration located
at the mid-stratum depth [i.e., (z, + z,)/2]. Therefore, for the
development of calibration and correction algorithms, we
needed to collect water samples representative of the entire
bivalve stratum. There are techniques to obtain water-column
integrated samples (e.g., Sutherland et al. 1992; Huang et al.
2003). However, here we collected multiple samples at three

discrete depths: 20% of the samples were collected at z;, 20%
at z, and 60% at the mid-stratum depth. Sample average is
analog to a weighed average, where most of the weight lays at
mid-stratum depth. Water samples were collected weekly. On
each sampling day, the boat was anchored approximately 10
m away from the optical instruments (to avoid sensor shad-
ing, see section below). A 5-L Niskin bottle was used to collect
five samples: One sample at z; (i.e., 4 m), one at z_(i.e., 8 m),
and three at mid-stratum depth (i.e., 6 m); each sample (8 L)
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Fig. 1. a) Ship Harbour, Nova Scotia, Canada (44°48'36.18"N, 62°50'58.32"W). Mussel leases are shown as black polygons. The square encompasses
the study lease, which is shown in detail in panel b. b) The gray polygon represents the area occupied by mussel long-lines. The two tested locations
(triangles) were compared against the reference (square). The arrow represents the direction of the dominant currents. Depth contours and distances
are expressed in meters.

requiring the content of two Niskin bottle casts deployed con- samples were immediately placed in dark, thermo-insulated,
secutively. The time required to collect all five samples was 8-L containers. From each sample, aliquots were sub-sampled
approximately 10 minutes. Both stations (inside and outside to measure the concentration of Chl a and phaeopigments
the farm) were sampled and the elapsed time between sam- (for the Chl:K regression approach), salinity, and absorption
pling the two stations was approximately 1 h. After collection, spectra of CDOM (for the CDOM-correction approach) and
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Fig. 2. Schematic of a Tethered Attenuation Coefficient Chain Sensor (TACCS; Satlantic). The instrument consists of a floating buoy (a) with a chain of
radiometers (b) that is kept vertical by a 1 kg weight at the end of the chain (c). The data-logger (d) stores data from 7 sensors of upwelling radiance
(e) and 5 sensors of downwelling irradiance at 490 nm, one above surface (f) and four on the chain (g). Three elastic tensors (h) hold TACCS in place
within a frame made with PVC pipe (i). The frame was kept afloat helped by surface buoys (j), and it was anchored with three 40 kg concrete blocks (k).
A combination of weights (L) and floats (m) on the anchoring lines (n) prevented the lines to becoming too slack during low tide. The gray region (o)
represents the bivalve stratum and is defined by the upper boundary z;, = 4 m (p) and the lower boundary z = 8 m (q).

organic and inorganic particulate matter (i.e., POM and PIM;
for the section of sediment resuspension). All samples were fil-
tered and preserved or extracted within 2 h of collection.
Optical instruments and measurements

The optical instruments used in this study were two Teth-
ered Attenuation Coefficient Chain Sensors (TACCS; Sat-
lantic). These autonomous buoys, originally designed to
groundtruth SeaWIFS satellite images, were adapted for long-
term deployments using a floating black frame constructed
with PVC pipe. Details of TACCS, the frame, and the anchor-
ing system are shown in Fig. 2. The radiometers on the verti-
cal array measured downwelling irradiance at 490 nm (spec-
tral bandwidth = 10 nm), using a 13 mm? silicon photodiode
with an 86 mm? cosine collector and a low fluorescence inter-
ference filter. Although TACCS measured downwelling irradi-
ance at 4 depths, only measurements at the upper (z,; m) and
lower (z;; m) boundaries of the stratum where bivalves were
concentrated were used in this study. The TACCS were pro-
grammed to turn on at 0500 hour and sample until 2100
hour. Measurements were taken continuously for 3 s every

minute at sampling rate of 3 Hz. The TACCS were also pro-
grammed to turn on at 0200 hour and sample for 5 min to
estimate instrument noise and dark currents (i.e., mean irra-
diance in the absence of signal). Sensor cleaning, data down-
load, and battery replacement (two alkaline 9 V), were con-
ducted weekly.

The diffuse attenuation coefficient of downwelling irradi-
ance at 490 nm, measured at distance x (m) along the farm, at
local time t (s; GMT-3) and averaged over the bivalve stratum
[i.e., K(490, z, — z, x, t); m™], was calculated from each of the
buoys using the integration of Eq. 1 between the upper and
lower boundary depths of the bivalve stratum:

E(zL,x,t))

—ln(

— E(z,.x01

K1) = K(490,2, — 7,3, 1) = — LG 2D
2L -2y

(4)

For simplicity, an overbar (i.e., K) will be used to express
diffuse attenuation depth-averaged over the bivalve stratum
and at 490 nm. The data points of E(z,x,t) and E(z,,x,t) are the
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time-series of downwelling irradiance at upper and lower
boundary depths, respectively.

The mean dark current for each E sensor was estimated by
averaging all the data points measured at night between 0200
and 0205 h. The mean dark current for each sensor was sub-
tracted from their respective E time-series. Regardless of this dark
current correction, the data points of E(x,t) recorded in early
morning and late evening were distorted as the magnitude of the
signal approached the magnitude of the noise. Therefore, we dis-
carded E data points smaller than 100 times the noise magni-
tude. The noise for each sensor was defined as the mean differ-
ence between the highest and lowest values measured each
night, after outliers were removed. We deemed as outliers a few
data points where E was greater than 5 pW c¢cm™ nm™!, which
likely occurred as a result of lights onboard boats navigating
close to our instrument buoys. For this study, the average noise
from all the sensors of the two TACCS was 0.021 + 0.004 pyW
cm~ nm}; thus data below 2 pW cm™ nm™ was discarded.
Approach based on Chl:K regression

In the simplest scenario, K,, K,, and K, are negligible,
constant, or covarying with K, and K, is the main source of
variability of K . Phytoplankton is conceived as the natural fil-
terable tracer and the approach to estimate tracer concentra-
tion consists in regressing the instrument measurements (i.e.,
K (x,1)) against a proxy for phytoplankton biomass. In this
study, we used the concentration of Chl a plus phaeopigments
(Chl; mg m=) as the proxy for phytoplankton biomass.

For the determination of Chl, discrete water samples were
collected as previously described and 100 mL triplicate
aliquots were filtered onto Whatman GF/F glass fiber filters
(nominal pore size 0.7 um). Filters were placed in 10 mL pre-
chilled 90% acetone and then transported to the laboratory in
a dark container with dry ice (-78.5°C). Concentrations of Chl
a and phaeopigments were determined fluorometrically
according to the method of Strickland and Parsons (1972)
after a 24-h extraction period. Reported Chl concentrations
are the average of the five samples (i.e., average of fifteen
aliquots) collected throughout the bivalve stratum.

The averaged Chl concentrations were regressed against the
values of K (x,t) measured at the same time as the water sam-
ples were collected. The calculated linear regression was used
to convert the time-series of K (x,t) into a time-series of Chl
concentration (Chl(x,t), mg m3). The algorithm, expressed in
terms of Chl, is described by the following equation:

_ K(x,0)- -

Mey

Chi(x,1) (5)
where the coefficient m, (m* mg™) is the slope of the linear
regression between Chlorophyll and K (x,1), and n.,, (m™) is
the value of K when Chl is zero (i.e., intercept). The value of
ng, is the attenuation offset due to nontracer substances and
is considered to remain constant over the experiment.

The ratio between the K -estimated pigments inside the
farm, Chl(x,t), and outside the farm, Chl(0,t), was used to cal-
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culate the instantaneous Chl-based depletion index [D,,(x,1);
dimensionless], which approximates the fraction of pigments
remaining after mussel feeding at time t and at location x
along the farm:

Chi(x,t) _ K(x,0)=ng,

D (x,t)= =
S Chl(0,t) K(0,t)-ng,

(6)

We assumed that the slope m_, inside the farm is the same
as outside the farm. Due to the close proximity of the two sta-
tions (<300 m; see Fig. 1), this assumption seems reasonable
for this study. However, in cases where the m_, slopes inside
and outside the farm are different, then Eq. 6 will not hold
true. The m, and n, coefficients used in this study are
shown in Fig. 3a.

Chl

0.45
L a)
04 r
<035 ¢
é L
I 03 f B
i K =0.052Chl +0.167
0.25 1 n=4;r>=0.99
0.2 —_—
2.0 3.0 4.0 5.0
Chlorophyll + Phaeopigments (mg m's)
0.14
0.12
0.1 |
% 0.08 -
g L
& 0.06 | .
0.04 ay=-0.0455 +1.44
0.02 n=13:r>=092
O 1 1 1 1 1 1 1
29.0 29.5 30.0 30.5 31.0

Salinity

Fig. 3. a) Linear regression between chlorophyll plus phaeopigments
(Chl) and the depth-averaged diffuse attenuation coefficient at 490 nm
('K ). Error bars signify 1 standard error. b) Linear regression between salin-
ity (5) and the absorption coefficient of color dissolved organic matter at
490 nm (a,). Times of sample collection are shown in Fig. 4c and Fig. 5c.
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The average Chl-based depletion index (ch(x) ; dimen-
sionless) at location x inside the farm was calculated as the
average Chl(x,t) divided by the average Chl(0,t):

EChl(x,t) ~ E[?(x’t)_ncm]

Deu(x) = =
() EChl(O,l‘) E[K((),t) = ey

@)

Because both instruments (i.e., at locations x and 0) were
programmed with the same schedule, they turned on/off at
the same time, thus producing time-series with the same time-
stamps and of the same length (i.e., same sample size). There-
fore, for simplification, sample size was removed from the Eq.
7. Also note that each data point in the time-series of Eq. 7
represents a 3-s average.

Approach based on CDOM-correction

In a complex scenario, only the value of K, is constant
and Eg, K,, and K, are not negligible and vary over time.
In this case, it is necessary to obtain an independent time-
series to separate the tracer and nonfilterable portions of K
(x,t). For this study, the bivalves were assumed to filter all
suspended particles whether they were phytoplanktonic or
non-algal. Therefore, the attenuation coefficients, K, and
K,, were merged together into the attenuation coefficient
for particles, EP, which was conceived as a proxy for the fil-
terable tracer.

The values of Ep (x,t) were estimated by correcting K (x,t)
for the attenuation due to CDOM and water (i.e., Eg (t) and
K, ). The value of K, was considered constant, but the value
of Eg (t) was variable and dependent on the amount of
CDOM-rich freshwater that was mixed in the mussel stratum,
which was measured using in situ salinity from a conductivity
sensor (2D-ACM; Falmouth Scientific), moored at mid-culture
depth (4.5 m from the bottom) and approximately 15 m away
from the TACCS inside the farm.

From the water samples, duplicate aliquots were sub-sam-
pled to measure CDOM absorption and salinity. Samples were
filtered through 0.2 pm membrane filters (Supore®-200, Gel-
man Scientific Laboratory) into 250 mL amber glass bottles
with Teflon-lined caps and were transported on ice to the lab-
oratory. Salinity was measured with a laboratory salinometer
(AutoSal 8400B; Guildline Instruments).

The CDOM absorbance spectra from 275 to 850 nm were
determined using a CARY 3 spectrophotometer (Varian) with
a spectral resolution of 1 nm. Samples were scanned in 10 cm
quartz cells using Nano-pure water as a reference. All glass-
ware was acid-washed (24 h in a solution of 10% hydrochlo-
ric acid) and copiously rinsed with Nano-pure water. Approx-
imately 5 min before sample scanning, sample bottles were
transferred from the ice to a water bath to match the temper-
ature inside the spectrophotometer (~27°C). The absorbance
spectra were converted to absorptivity and corrected for scat-
tering, index of refraction and blank drift following Johan-
nessen and Miller (2001). The absorption coefficient at 490

Radiometer moorings and bivalve aquaculture

nm, a, was estimated by averaging the coefficients between
488 to 492 nm.

An empirical linear algorithm was used to convert the time-
series of in situ salinity [S(¢); dimensionless] into a time-series
of absorption of CDOM [ag(t); m-]:

a, (1) =m,S()+n, 8)

where the coefficients m, (m™) and n, (m™) are the slope and
intercept of the linear regression between salinity and a, from
the discrete water samples (Fig. 3b).

The estimated time-series of ag(t) was converted into a time-
series of partial attenuation for CDOM, K, (t), using the fol-
lowing modification of Eq. 2:

a,()

K (n=-% ©

The involved simplifying assumptions were as follows: (1)
The magnitude of the backscattering coefficient of CDOM
(e, b, m™') was assumed negligible in comparison with the
magnitude of a, (Kirk 1994; Laanen et al. 2011). (2) The mag-
nitude of @ was assumed constant and equal to 0.7 (following
Ciotti et al. 1999). (3) Salinity was assumed to be constant
within the bivalve stratum and over the farm domain (after
verification of CTD casts, data not shown).

The value of K, was estimated using the absorption coeffi-
cient of pure water from Pope and Fry (1997; 0.015 m for 490
nm): K, =a, g~ =0.0214 m™. The values of Eg (tyand K, were
removed from the total attenuation measured with both TACCS
to estimate the partial attenuation for particles, EP (x,0):

K, (x.)=K(x,n-[K (D+K,] (10)

The ratio between the attenuation of particles inside the
farm, Ep (x,t), and outside the farm, EP (0,t), was used to cal-
culate the instantaneous particle-based depletion index
[Dp(x,t); dimensionless], which approximates the fraction of
particles remaining after mussel feeding at time t and at loca-
tion x along the farm:

Dp(x,t)=M (11)
K, (0,1
Similarly to the Chil-based depletion index, the average par-
ticle-based depletion index (Dp(x); dimensionless) for loca-
tion x along the current axis of the farm was calculated by
dividing the average of the D (x,t) data points by the average
of the Dp(O,t) data points:

(12)

Similarly to Eq. 7, the sample size of the two time-series was
identical. Therefore, for simplification, it was removed from Eq. 12.
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Assessment

General assessment (field application)

The proposed method (both approaches) was tested on two
locations along the main current axis of the study farm (Fig.
1). To determine the main current axis of the farm, we used
multiple deployments of a 2D-ACM current meter (Falmouth
Scientific) over a period of approximately 1 month (data not
shown). The main current axis approximated the 10 m isobath
(see Fig. 1). The first location was close to edge of the farm (35
m into the farm) whereas the second location was approxi-
mately in the middle of the farm (300 m into the farm).
Because we only had two TACCS instruments, we had to con-
duct our experiment in two phases. One TACCS was deployed
outside the farm as a reference (see Fig. 1) during the two
phases of the experiment. The second TACCS was deployed at
the “edge” location from 19 to 21 Sep 2001 (i.e., phase 1), and
then it was moved to the “mid-farm” location from 3 to 8 Oct
2001 (i.e., phase 2). The 12-day offset in the sampling events
ensured that both locations were sampled during spring-tides
(data not shown). Water samples used to calculate the empiri-
cal algorithm for the Chl: K —regression approach (see Eq. 5;
Fig. 3a) and the regression between absorption of CDOM and
salinity for the CDOM-correction approach (Eq. 8; Fig. 3b)

Radiometer moorings and bivalve aquaculture

were collected at times shown in Fig. 4c and Fig. 5c. Water
samples were collected at the same time as the TACCS were
collecting optical data (see water sampling section above).

In the edge location, the measured K (mean +SD = 0.33 +
0.04 m™!) and estimated Chl (3.2 + 0.7 mg m~3) were very sim-
ilar (although differences were statistically significant; P <
0.001; n = 1199) to the values at the reference location (K =
0.35 £ 0.04 m™; Chl = 3.4 + 0.9 mg m=3; Fig. 4a and 4b). Con-
sequently, the average depletion indices calculated using both,
Chl: K -regression (0.94) and CDOM-correction (0.95)
approaches, showed weak seston gradients at the edge loca-
tion (Fig. 4c and 4d).

In the mid-farm location, the measured K (0.35 + 0.03 m™)
and estimated Chl (3.4 + 0.6 mg m~3) were significantly lower (P
< 0.001; n = 1007) than the values at the reference location (K
=0.45 £ 0.05 m}; Chl = 5.4 + 1.0 mg m3; Fig. 5a and Sb). As a
consequence, the average depletion indices calculated using
both Chl: K -regression (0.63) and CDOM-correction (0.65)
approaches showed that depletion at the mid-farm location was
a lot stronger than at the edge-location (Fig. 5c and 5d).

Both K and depletion time-series showed high variability
that appeared to be related to interactions between tidal cur-
rents and bivalve suspension-feeding. The frequency distribu-
tion histograms of K showed a bimodal distribution, proba-
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Depletion index

Day of the year (2001)

Fig. 4. Edge location (n = 1199). a) Time-series of the depth-averaged diffuse attenuation coefficient at 490 nm ('K ) at the edge and reference loca-
tions (see Fig. 1). The estimated chlorophyll plus phaeopigments concentration (using Eq. 5) is shown in the right axis. b) Same data of a) represented
as frequency distribution histograms. c) Time-series of the depletion index calculated with the Chl: K -regression and CDOM-correction approaches. The
dotted line represents no depletion. The time-series of salinity, used in the CDOM-correction approach (Eq. 8), is shown with respect to the right axis.
Major ticks mark local midnight (GMT-3), and the arrow shows the time where water samples were collected. d) Same depletion data of c) represented
as frequency distribution histograms. The dotted line represents no depletion.
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Fig. 5. Mid-farm location (n = 1007). Legend same as in Fig. 4.

bly associated with flood and ebb tides. However, the distri-
bution histograms of depletion indices resembled a normal
distribution. The observed high variability of K is consistent
with high tracer variability observed in other bivalve aquacul-
ture sites (e.g., Heasman et al. 1998; Grant et al. 2008).

In conclusion, the presented method was tested in a real-
word scenario and was successful at detecting statically signif-
icant time-averaged horizontal gradients of seston concentra-
tion. However, limitations that may prevent the application of
this method under other conditions and in other environ-
ments are described below. The high variability of K observed
in this study supports the idea that previous studies were not
able to find statistically significant gradients of seston because
of limitations in the temporal and/or vertical resolution of
their employed methods.

Offset estimation (approach comparison)

To achieve a robust estimation of the depletion index, it is
critical to accurately estimate the offset due to the concentra-
tion of nonfilterable light-attenuating substances, or in other
words, to accurately estimate the true (and unknown) value of
K at zero tracer concentration. In this study, attenuation by
nonfilterable substances was estimated empirically (n,;
Chl: K —regression approach) and semi-analytically (K, + K ;
CDOM-correction approach). Both approaches were inde-
pendent attempts to estimate the true value of K in the
absence of tracer. Discrepancies between the estimated offset
(i.e., n, or Eg + K ) and the true offset will result in spurious
estimations of the depletion index. The mathematical reason

for this effect can be inferred from Eqgs. 5 and 6. If the coeffi-
cients from Eq. 5 are assumed to be the same inside and out-
side the farm, then the slope m,, for inside and outside the
farm will cancel each other out in Eq. 6, making evident that
depletion index depends solely on n,, the value of K when
Chl is zero.

The effect that incorrect estimations of the true offset has on
the measured depletion index (i.e., D’) was modeled by chang-
ing n.,, in Eq. 6 by know percentages ranging from 90% under-
estimation to 90% overestimation of the true n., . The model
was initialized with the average K (x,t) measured in this study
and with the empirical n,, estimated for this study. The mod-
eled results (Fig. 6) show that the measured depletion index is
not very sensitive to spurious estimations of the true offset at
levels of depletion between 0.5 and 1.5. For example, a 10%
overestimation of the true offset will lead only 2% underestima-
tion of the measured depletion index at an average D of 0.8.

For this study, we first verified that the offset calculated
with the Chl: K -regression approach (i.e., n.,) was approxi-
mately constant over the study period by comparing the
depletion indices calculated with the approach that assumed a
constant offset (D), against the indices estimated with the
approach that allowed a variable offset (D,). Once the assump-
tion of a constant offset was confirmed, the accuracy of the
estimated offset was assessed by comparing the empirical algo-
rithm determined statistically with the Chl:K -regression
approach, against an expected theoretical relationship.

In Fig. 6, the particle-based depletion index (D,) was com-
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Fig. 6. Black lines and axis: Modeled measured depletion indices (i.e.,
D’) against known true depletion indices (i.e., D) for several percentages
of overestimation (positive values) and underestimation (negative values)
of the true offset due to nonfilterable substances (i.e., n ). Blue crosses
and axis: Measured depletion indices calculated with the Chl: K -regres-
sion approach (i.e., D) against depletion indices calculated with the
CDOM-correction approach (i.e., D).

pared with the Chl-based depletion index (D). The values of
D, exhibited approximately a 1-to-1 relationship with respect
to the values of Dp (Fig. 6, slope = 0.9, R = 0.99, n = 2206). The
small average difference between D ,, and D, (3 £ 3%) suggest
that, for this study, the assumption of a constant offset was
valid. However, the application of the Chl: K -regression
approach may not be valid in environments where CDOM is
more variable and has a stronger contribution to X .

The algorithm determined empirically using the
Chl: K —regression approach (K = 0.052 Chl + 0.167; R?> = 0.99;
n = 4; Fig. 3a), was compared with the following expected the-
oretical relationship (from Eq. 2 and 3):

— a,+b,, - = =
K=T’Chl+(KW+Kg+K[) (13)

where g (m* mg™) and b,, (m?> mg') are the specific
absorption and backscattering coefficients of phytoplankton,
respectively. The value of b;¢ is usually a lot smaller than the
value of a,, which can vary from 0.01 m* mg™' for microplank-
ton to 0.04 m? mg!' for picoplankton (Ciotti et al. 2002).
Assuming negligible b,, and an average value of a , of 0.03 m?
mg, the theoretical slope, a,'g™', would be 0.043 m? mg™,
which is similar to the value of the statistically determined
slope (i.e., m_,, = 0.052 m*> mg™). Moreover, if we compare the
theoretical intercept accounting only for the attenuation of
water and CDOM (i.e., fw + Eg =0.144 m™) against the inter-

cept determined statistically (n., = 0.167 m™), we can infer

Radiometer moorings and bivalve aquaculture

that the attenuation due to non-algal particles was relatively
small (i.e., E( = 0.023 m™). As mentioned before, the differ-
ence between the calculated and the theoretical slopes has no
influence in the estimated depletion index. Moreover, the
16% overestimation of the statistically determined intercept,
ng,, lead to only 3% underestimation of the calculated deple-
tion index when compared against the depletion calculated
with the theoretical intercept, K, + K, = 0.144 m"".

In conclusion, if the coefficients of the linear regression
between K and tracer concentration outside the farm (i.e.,
m,, and n. ) are equal to the coefficients inside the farm (a
reasonable assumption when the outside and inside locations
are within a few hundred meters of each other), the value of
the slope (m,) has no influence on the measured depletion
index (D) and the value of the offset (1., ) has little influence
on D for indices between 0.5 and 1.5. However, for depletion
indices < 0.5 or > 1.5, errors larger than 40% on the estimated
ng, can lead to unacceptable (i.e., > 20%) errors in the mea-
sured depletion index. For this study, the assumption of a con-
stant offset was a reasonable approximation and the error in D
due to offset estimation was negligible.

Effect of the average cosine

As expressed in Eq. 2, the value of K depends on the aver-
age cosine for downwelling irradiance, @, which is a param-
eter that represents the angular distribution of downwelling
photons at a given point in the underwater field (Kirk 1994).
The value of @ at the sea surface depends primarily on sun
angle and cloud coverage (e.g., Zheng et al. 2002). In the
water column however, scattering of photons cause @ to
decrease exponentially with depth up to an asymptotic value
(Berwald et al. 1995; Piening and McCormick 2003). Both,
the rate of decrease and the asymptotic value of @, depend
on the b/a ratio (Kirk 1994). The effect of g on the measured
depletion index, D’, was assessed by substituting K from Eq. 2
into Eq. 11:

~ [a,(0)+b, ()]u(0)

D'(x) —
[a,(0)+ b, (0)]u(x)

(14)

It is evident from the above equation that the calculated
depletion index is not affected by the light field distribution
as long as the average cosine outside the farm, @ (0), is equal
to the average cosine inside the farm, & (x). Because K inside
and outside the farm were measured at the same depth and
under almost identical surface illumination conditions; depth,
sun angle, and cloud cover were likely to cause negligible
changes between @ (0) and @ (x). However, bivalve suspen-
sion-feeding can cause changes in the b/a ratio of the medium
by selectively removing scattering particles (i.e., phytoplank-
ton, detrital, and mineral particles). If the b/a ratio decreases,
the value of [ (x) could increase [with respect to K (0)] and
the measured depletion index could spuriously decrease.

We conducted a sensitivity analysis to assess the effect of
variations in the b/a ratio due to suspension-feeding on the
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measured depletion index, D’ (Fig. 7). Four scenarios were
tested where seston was composed exclusively by phytoplank-
ton or mineral particles in waters with high or low CDOM.
The parameters used to define boundary conditions at the ref-
erence site are shown in Table 2 . For each scenario, the IOPs
of particles at the reference site [i.e., ap(O), bp(O) and bbp(O)]
were used to calculate the I0Ps of particles at the location
inside the farm [i.e., ap(x), bp(x) and bbp(x)] for a range of true
depletion indices varying from O to 2 [e.g., ap(x) = ap(O) x D(x)].
Suspension-feeding by bivalves was assumed to affect only
particles, hence the IOPs of water and CDOM at the inside-
farm location [i.e., a_ and ag(x)] were equal to the IOPs at the
reference location. Once the matrix of IOPs were completed
for all the given true depletion indices, the total absorption,
scattering and backscattering coefficients (i.e., a, b and b,,
respectively) were calculated as the sum of all partial absorp-
tion, scattering and backscattering coefficients of the medium,

2

—— low CDOM, mineral particles
- —-— low CDOM, phytoplankton
+ High CDOM, mineral partides
1.5 o HighcpOM, phytoplankion
1:1 reference line

Fig. 7. Relationship between true depletion indices (i.e., D) and deple-
tion indices modeled under varying average cosine for downwelling irra-
diance (i.e., D’), according to four contrasting scenarios (see details in
text).

Radiometer moorings and bivalve aquaculture

respectively. The value of # (x) for all the given true depletion
indices was calculated from the b/a ratio using Fig. 6.16 in Kirk
(1994) and the measured depletion indices were calculated
using Eq. 14.

The values for the IOPs chosen for the different scenarios of
the analysis resulted in b/a ratios in the range of 0 to 3, which
is the range where @ is most sensitive to changes in the b/a
ratio (i.e., @ rapidly changes from 1 to 0.83). Therefore, the
results of our sensitivity analysis are representative of the
worst case scenario.

The results of the sensitivity analysis (Fig. 7) show that the
measured depletion index, D’, is not sensitive to changes in @
due to variations in the b/a ratio caused by bivalve suspen-
sion-feeding. The maximum average error in D (3%) occurred
in the scenario where seston was composed exclusively of
mineral particles with high backscattering coefficient, on
water with low CDOM. Although measurements of K can be
strongly influenced by m (e.g., Zheng et al. 2002), mea-
surements of depletion index are not.

In conclusion, a negligible effect of the angular distribution
of the underwater light field may be assumed while assessing
horizontal gradients of seston using multiple moorings with
sensors at the same depth and under approximately equal sur-
face illumination conditions.

Effect of spurious irradiances (biofouling and frame-
shading)

The film of biofouling that accumulates over the irradiance
sensors, the shade created by the frame around TACCS and
errors in sensor calibration, can artificially modify the mea-
sured E on the vertical sensor array, which could result in
errors in the calculated K and D.

Effect on K

If we define K' as the value of attenuation measured with
sensors that were subject to some degree of biofouling, frame-
shading, and/or calibration error, then:

—In E(ZL) _[E(ZL)Xﬁ(ZL)]
E(Zu) _[E(Zu)x ﬁ(zu)]

7 -2y

(15)

K-

where $(z) is the proportion of change in irradiance on a sen-
sor at depth z, associated with biofouling, frame-shading,
and/or calibration errors (i.e., p(z) = [E(z) — E'(2)] E(2)!; dimen-

Table 2. I0Ps used in the sensitivity analysis to assess the effect of on D.

(490 nm) m™’

a b b, Reference

Phytoplankton 0.1 0.3 0.00001 Green and Sosik 2004
Mineral particles 0.025 0.1 0.004 Green and Sosik 2004
Low CDOM 0.001 0 0 Blough et al. 1993
High CDOM 0.5 0 0 Blough et al. 1993
Water 0.015 0 0 Pope and Fry 1997
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sionless). If we consider K as the true value of attenuation cal-
culated (from Eq. 4) in the absence of biofouling, shading, or
any other artificial modifier of E, then:

—ln(l_ﬁ(ZL))
po— A

7, -2y

K-k (16)

K
where k (m™) is the attenuation coefficient spuriously
increased (or decreased) due to biofouling, frame-shading, or
calibration errors. It is evident from this equation that if f(z)
= B(z,), then ¥ = 0 and the measured attenuation is equal to
the true attenuation (i.e., X' = K). It is also important to
emphasize that increasing the distance between the two irra-
diance sensors of the vertical array (i.e., z, - z,) will tend to
decrease the magnitude of x, making the estimation of K
more robust.

The fraction of irradiance reduced due to one-week accu-
mulated biofouling was assessed on 17 Aug 2001. Sensors from
the vertical array at 4 and 8 m were held together pointing the
zenith and were allowed to record continuously for approxi-
mately 10 s. The thin layer of biofouling that was accumulated
throughout the week was cleaned using a moist microscope-
grade tissue paper. Care was taken to clean sensors without
changing their orientation to minimize changes in the mea-
sured irradiances that were not due to biofouling. The propor-
tion of change in E associated with biofouling was f(z,) = 0.03
and f(z,) = 0.05 and the corresponding value of K (calculated
with Eq. 16) was 0.005 m!, which only represents a 1% reduc-
tion of the average K' measured in this study.

We also assessed the effect of frame-shading on K by com-
paring measurements of TACCS (with frame) against K mea-
sured with a free-falling profiling radiometer (SPMR; Satlantic).
The use of profiling radiometers is the traditional and most
widely used method to calculate K (see reviews by Morel 1998
and Morel and Maritorena 2001). On seven occasions between
21 Sep and 16 Oct 2001, the SPMR profiler was deployed at
approximately 15 m away from TACCS. The attenuation coef-
ficient, K, was calculated by fitting the vertical irradiance pro-
files measured with the profiler to the following equation:

E(z,x,1) = E(z,,x,t)e 0 17)

The value of E(z,x,t) is the irradiance at the upper bound-
ary of the bivalve stratum (4 m from the surface) and the val-
ues of E(z,x,t) are the irradiances at increasing depths up to the
lower boundary of the bivalve stratum (8 m). A surface irradi-
ance reference was not used because the entire water column
was typically profiled in < 10 s. Therefore, surface irradiance
was assumed constant throughout each profiling exercise. Pro-
files had 71 + 8 data points within the bivalve stratum and fits
to Eq. 17 were always with R> > 0.99. The values of K mea-
sured with TACCS were, on average, 4% higher that the K
measured with the profiling radiometer (R =0.98, n=7, P <
0.01, Fig. 8).

Radiometer moorings and bivalve aquaculture
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Fig. 8. Black circles and axis: Values of the diffuse attenuation coefficient
at 490 nm (i.e., K) measured with TACCS against measurements of K
measured with the SPMR profiling radiometer. Blue line and axis: Rela-
tionship between the measured (i.e., K') and true (i.e.,, K) attenuation
coefficients modeled with parameters chosen to simulate frame-shading
estimated for this study (i.e., f(z,) = 0.12 and p(z,) = 0.08).

This small yet spurious increase in K was also modeled
using Eq. 16 and estimations of p(z,) and p(z,) from mea-
surements of K from 23 Aug 2001. One TACCS was kept
inside the frame while the other TACCS was positioned 15 m
away with no frame. Both instruments logged continuously
from 1205 to 1239 hours and 1-min averages were calculated.
During the experiment, the sky was free of clouds and the sea
surface had small ripples. The measured reductions in E, p(z,)
=0.12 and B(z,) = 0.08 (for both P < 0.001, n = 35), were used
in Eq. 16 to compute K' over the range measured with the
SPMR profiler (Fig. 8, blue line). The average modeled K' was
3% higher than the true K, and was consistent with the spu-
rious increase in K measured with the SPMR profiler.

In conclusion, spurious reductions in the measured irradi-
ance due to 1 week of biofouling and frame-shading were
likely to cause only minor errors in the K calculated in the
present study. However, biofouling may cause larger errors
during longer deployments or in regions subject to heavier
biofouling. Moreover, frame-shading may have a larger effect
if the E sensors are closer to the frame or if a bigger frame is
used. It is recommended to routinely estimate the § and x
coefficients during sensor cleaning to verify the magnitude of
the errors due to biofouling. If biofouling is not negligible,
time-series of B(z,t) can be used (in Eq. 16) to correct the time-
series of for the effect of biofouling. Methods to reduced bio-
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fouling on sensors, such as the use of shutters and copper,
should be considered to increase the length of deployments
and to reduce the effect of biofouling (see Manov et al. 2004).
It is also recommended to estimate the  and K coefficients
associated with frame-shading, under different surface illumi-
nation conditions, every time that a new instrument configu-
ration is employed. The effect of instrument shading on
upwelling radiance and irradiance (for the calculation of
remote sensing reflectance) has been studied in field experi-
ments and using Monte Carlo simulations (Aas and Korsbo
1997; Piskozub 2004), but the effect of shading on down-
welling irradiance (for the calculation of diffuse attenuation
coefficients) has not been studied extensively.

Effect on D

We assessed the effect of spurious changes in irradiance on
the depletion index calculated with the Chl: K -regression
approach, D_,. However, the following reasoning also applies
for the D .

If the frue depletion index is defined as in Eq. 6, and the
depletion index measured under the effect of biofouling,
frame-shading, and/or calibration errors is D'(x) = [K'(x) —
N [K'(0) - ne, ™, then the true depletion index can be
expressed in terms of the measured K' (from Egs. 6 and 16) as:

[K'(x) = g, ] =K(x) _ D'(XOIK '(0) - ng, ] - K(x)

D(x) = — il St X
[K'(0)-ng,]1-x(0) [K'(0) - ng,]1-x(0)

(18)

We used the above equation to assess the sensitivity of D’
to spurious changes in irradiance due to biofouling, frame-
shading, and calibration errors (Fig. 9). Three scenarios were
tested and the f(z, x) parameters for each scenario are shown
in the table in Fig. 9. The first scenario simulated the effect of
the frame used in this study; hence irradiance was reduced by
12% in the upper sensors and by 8% in the lower sensors (fol-
lowing the results shown above). This algorithm was also
applied to the K'(x) and K'(0) measured in this study to
obtain an estimate of the true depletion (see Fig. 9, blue
crosses). The second scenario was designed to assess the effect
of vertical changes of p (i.e., upper sensors with respect to
lower sensors), hence the reduction of irradiance in the upper
sensors was increased by a factor of 3, simulating either the
effect of bigger frames, or the effect of frame-shading plus
homogeneous biofouling (i.e., equal outside and inside the
farm). The third scenario was designed to assess the effect of
horizontal changes of p (i.e., inside sensors with respect to
outside sensors), therefore the reduction of irradiance in the
inside sensors was increased by a factor of 3, simulating the
effect of different frames and/or heterogeneous biofouling
(i.e., different inside and outside the farm). The average K
and the estimated n,, for this study were used in all three sce-
narios. For each of the three scenarios, Eq. 18 was used to esti-
mate the measured depletion, D’, for a range of true depletion
indices varying from O to 2 (Fig. 8).
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Fig. 9. Relationship between depletion indices measured under the
effect of biofouling, frame-shading, and/or calibration errors (i.e., D) and
the true depletion indices (i.e., D) modeled for three scenarios. Parame-
ters used in the three scenarios are shown in the table.

The results from the sensitivity analysis (Fig. 9) show that
the measured depletion is not very sensitive to errors in the
measured irradiance due to biofouling, frame-shading, and
sensor calibration. For the range of depletion measured in this
study, the measured depletion underestimated the true deple-
tion by 1.2 + 1.3% according to parameters used in scenario 1.
Moreover, a vertical increase of f§ by a factor of 3 resulted in a
decrease of the measured depletion by a factor of 0.97 and a
horizontal increase of § by a factor of 3 resulted in a decrease
of the measured depletion by a factor of 0.94.

Vertical changes of § (i.e., upper sensors with respect to the
lower sensors) modify the slope of the D:D’ regression; while
horizontal changes of p (i.e., inside sensors with respect to
outside sensors) modify the intercept of the D:D’ regression.
Therefore, vertical changes of § have a greater effect on mea-
sured depletion indices << 1 and >> 1 and little effect on mea-
sured depletion indices of ~1, whereas horizontal changes of §
have the same effect on all measured depletion indices. Verti-
cal changes of § have the same effect as spurious estimations
of n, the offset due to non-tracer substances (described
before).

In conclusion, spurious reductions in the measured irradi-
ance due to biofouling and frame-shading, and/or sensor cali-
bration errors had little effect on the depletion indices calcu-
lated in the present study. However, cases with larger errors in
the measured irradiance at sites with strong seston gradients
(e.g., D << 1) may prevent accurate estimation of the depletion
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index. As mention before, it is important to estimate the § and
K coefficients associated with biofouling and frame-shading.
Effect of wave focusing

Surface waves refract sunlight causing focusing and defo-
cusing of direct sunlight that can cause strong fluctuations in
the measured E (Zaneveld et al. 2001). The effect of wave-
focusing on the variability of the measured K was assessed
between 1 Aug and 5 Sep 2001. Although TACCS were pro-
grammed to sample for 3 s every minute, TACCS were also
programmed to extend the sampling period to 20 s on the first
minute of every hour. The coefficient of variation of K calcu-
lated for those extended 20 s sampling periods (n = 25,308)
were 30.5% for K (z, = z,), 7.3% for K (z, = z,), and 1.1% for
the bivalve stratum [i.e., K (z, = z,)]. Wave focusing causes an
increase of variability in the measured K . However, such vari-
ability decreased with depth.

To obtain robust estimations of K, it is recommended to
obtain continuous measurements of K, over a period of sev-
eral seconds, to record several cycles of sunlight focusing and
defocusing caused by waves of different periods. This will be
particularly important when the assessed bivalve stratum is
close to the surface. The irradiance distribution may depart
from normality depending on cloud cover, sun angle, and
depth. Therefore, we recommend calculating medians as a
descriptor of central tendency of irradiance. In this study,
the E sensors at the bivalve stratum were sufficiently distant
from the surface to result in relatively low coefficient of vari-
ation of K.

Sediment resuspension

The proposed method assumes that the filterable tracer has
a conservative nature (i.e., negligible production or loss of
tracer particles within the farm due to processes other than
bivalve feeding). This assumption can be violated during sed-
iment-resuspension events, which are common in high wind
situations in coastal regions (see Pilditch et al. 2001). If sedi-
ments are resuspended high enough from the sea floor, they
could enter the bivalve stratum (from underneath) increasing
both, K (0,t) and K (x,), and causing spurious estimations of
both, D, and D, depletion indices. If resuspension of sedi-
ments occurs with the same intensity at the inside and refer-
ence locations, the effect of sediment resuspension on the
measured depletion index will be equivalent to an underesti-
mation of the true offset, as explained in the previous section
(Fig. 6). If there is more resuspension of sediments at one of
the two locations (i.e., heterogeneous resuspension), the effect
on the measured D will be equivalent to the effect of horizon-
tal changes of § due to different frame sizes and/or heteroge-
neous biofouling.

Continuous measurements that are water-column inte-
grated and that are a proxy for nonalgal particles are required
to correct for the effect of sediment resuspension. Mea-
surements of diffuse attenuation at multiple wavelengths may
be a suitable mean to resolve for non-algal particle concentra-
tion (Dickey 2003). However, if a significant proportion of the
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resuspended material is algal in nature (e.g., benthic diatoms),
then multi-spectral attenuation (or any other chlorophyll-
sensing instrument) cannot be used to correct for resuspen-
sion. However, continuous measurements of turbidity from
transmissometers and backscatter meters can help to flag
times when resuspension occurred if deployed beside the
lower sensors of the E vertical array.

In this study, continuous measurements of turbidity were
not available. Therefore, the presence of resuspended sedi-
ments was only assessed seven times between 21 Sep and 16
Oct 2001. Three 400 mL aliquots were filtered onto pre-ashed
and pre-weighed Whatman GF/F glass fiber filters. Filters were
rinsed with 10 mL of an isotonic solution of ammonium for-
mate to remove salts. Filters were transported on dry ice to the
laboratory, dried 24 h at 65°C and combusted 5 h at 450°C (see
details in Cranford and Hargrave 1994). The POM/PIM ratio of
the water samples was compared with wind speed data from a
weather station (Weather Wizard III, Davis Instruments)
mounted 500 m away from the study farm. The POM/PIM
ratios suggested that sediment resuspension (i.e., POM/PIM <
2) occurred at wind speeds of 24 km h-! but not at wind speeds
< 19 km h'. Only 8% of the in situ wind speed data points
occurred at wind speeds > 19 km h-! suggesting that, given the
site, depth, and weather conditions of this study, sediment
resuspension did not play an important role during this exper-
iment. However, studies conducted in shallower environ-
ments, or in conditions where sediments resuspension events
play a more important role, would need to employ independ-
ent measurements of turbidity to correct for sediment resus-
pension.

Production of faeces and pseudo-faeces

Underestimation of the depletion index could occur if a sig-
nificant part of K is attributed to bivalve biodeposits (faeces
and pseudofaeces). On average however, the contribution of
biodeposits to K is believed to be at least 100 times smaller
(see calculations below) than the contribution of prefiltered
seston because (1) seston reworked by bivalves is repacked into
pellets, (2) seston ingested by bivalves is subjected to diges-
tion, which degrades pigments and reduces their ability to
absorb light, and (3) the amount of seston in the form of
biodeposits is limited by the amount of prefiltered seston.

Seston pelletization

Seston exposed to bivalve suspension-feeding is repacked
into pellets (Bayne et al. 1993). Pellets can be discarded before
ingestion (i.e., pseudofaeces) or after ingestion/digestion (i.e.,
faeces). In either case, the surface:volume ratio of the pellets is
reduced with respect to seston before filtration. Seston weight
is proportional to its volume, and seston light attenuation is
proportional to its surface. Therefore, seston pelletization
should reduce its efficiency to attenuate light. The effect of
particle size and geometry on the bulk optical properties has
been studied experimentally, and predicted using Mie theory,
for a variety of phytoplankton taxa (Morel and Bricaud 1986).
However, there are no studies regarding the optical properties
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of bivalve biodeposits. A first order approximation of the
effect of seston pelletization on K can be inferred from the
relationship between the I0Ps and particle geometry (follow-
ing Morel and Bricaud 1986):

N
a=sQ, (7) (19)

and
N
b, =50, (7) (20)

where N is the number of particles in a solution of volume V,
the parameter s is the cross-sectional area and the parameters
Q, and Q, are the efficiency factors for absorption and
backscattering, respectively.

The ratio of diffuse attenuation of particles in a solution of
volume V (i.e., fp) to the diffuse attenuation of the same
material packed into one seston pellet (i.e., K,) can be
assessed rearranging Egs. 2, 19, and 20:

elalt
e

Assuming that (1) the efficiency factors are the same for ses-
ton in particles and seston in a pellet, (2) all seston particles
have the same size, (3) seston particles and the pellet have a
spherical shape, and (4) differences between n and m, are
negligible compared with the differences between s, and Sy
Eq. 21 can be expressed as:

NIL?:I

(22)

WILNI
U
~ |:\:
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where, the value of r, is the equivalent radius of a phyto-
plankter typical of coastal ecosystems (i.e., 5 x 10-° m; Morel
and Bricaud 1986), and r is the equivalent radius of a faecal-
pellet (approximately 5 x 10 m). Therefore, K,, will be at
least 100 times smaller than Ep. It is important to emphasize
that these are the most conservative estimates and that viola-
tions of the involved assumptions will increase the Ep:?n
ratio, making our argument stronger. Biodeposit-pellets are
“invisible” to TACCS with respect to seston before bivalve fil-
tration.

Seston digestion

After ingestion, the digestion process removes (or degrades)
most of the photosynthetic primary pigments that give phyto-
plankton its characteristic color. Kotta and Mghlenberg (2002)
observed that approximately 64% (by weight) of Chl a and
phaeophorbide a are lost in the guts of the mussel M. edulis.
Although there have not been any studies describing the
absorption spectra of bivalve biodeposits, it is expected that the
absorption spectra of bivalve faeces resemble more the spectra
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of detritus than the spectra of phytoplankton. Seston subject to
bivalve filtration and digestion is not likely to be as efficient at
absorbing light at 490 nm as predigested seston.

Biodeposit abundance

Regardless the probable low light attenuation efficiency of
biodeposits, if faeces concentration is a lot greater than the
concentration of prefiltered seston, spurious estimations of D
could occur. However, once seston is filtered from the water
column by bivalves, a fraction is retained in the form of tissue
or shell, a fraction is excreted or respired in the form of dis-
solved nutrients, and the rest returns to the seston pool in the
form of faeces and pseudofaeces (e.g., Pouvreau et al. 2000).
Therefore, the average concentration of biodeposits should be
less than the average concentration of prefiltered seston. How-
ever, faeces and pseudofaeces may not return to the water col-
umn immediately after production; instead they can be accu-
mulated in the interstitial spaces of the conglomerate of
bivalves along the ropes. The accumulated biodeposits may
not return to the water column until the ropes are disturbed
by currents induced by high winds. Therefore, the instanta-
neous concentration of biodeposits may be greater that the
instantaneous concentration of prefiltered seston during high
wind events. In this case, the assumption of a conservative
tracer will be violated causing spurious estimations of the
depletion index as explained in the section of sediment resus-
pension. The suggested means to detect and to correct for sed-
iment resuspension also apply for the detection and correc-
tion of resuspension of biodeposits from the mussel ropes.
Changes in seston size-distribution

As mentioned before, light attenuation depends on the sur-
face:volume ratio of the particles in the medium (Morel and
Bricaud 1986). Therefore, the magnitude of K is dependent
on the seston size-distribution. Processes such as seston aggre-
gation (i.e., production of flocs) or seston disaggregation will
result in changes of K that are not related to seston depletion
by bivalve suspension-feeding. The implicit assumption of the
proposed method is that the seston size-distribution remaines
constant throughout the farm domain. If seston in the outside
location is organized in aggregates and these flocs break up
while being transported to the inside location, the calculated
depletion index will be underestimated. On the contrary, if
seston is aggregated in flocs before arriving to the inside loca-
tion, the calculated depletion index will be overestimated.
Floc dynamics within bivalve farms have not been studied,
and whether seston aggregates or disaggregates as a conse-
quence of interactions with cultured organisms and gear, is
not clear.
Production of CDOM

CDOM can be produced in sediments (e.g., Shank et al.
2005). Because sediments (mainly faeces and pseudo-faeces)
often accumulate in the interstitial spaces among the bivalves,
there is the possibility that CDOM can be produced from these
sediments on the bivalve lines. This production of CDOM
would covary with the depletion of phytoplankton and could
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lead to an underestimation of the Depletion index. The instru-
ments used in this study operate at 490 nm: a wavelength
where CDOM has a relatively small influence. However, to
improve the accuracy of this method, it is recommended to
use additional data (e.g., multi-spectral K or a CDOM fluo-
rometer) to correct for the covarying production of CDOM. To
our knowledge, the production of CDOM by bivalve farms has
not been studied.

Other advantages and disadvantages of the method

The main advantages of using moored radiometers to mea-
sure diffuse attenuation as a means to assess horizontal gradi-
ents of seston depletion are as follows: (1) The measurements
are water-column integrated (see Cullen et al. 1997) thus elim-
inating the effect of a heterogeneous tracer distribution
throughout the bivalve stratum. (2) Measurements can be
made with a high temporal resolution, thus minimizing prob-
lems associated with infrequent sampling such as aliasing (see
Taggart and Frank 1990). (3) Measurements of K are in
absolute units (m; see Cullen et al. 1997); consequently, the
output from multiple moorings can be compared without the
need of conversion factors or instrument intercalibration that
could potentially introduce large errors in the calculated
depletion index. (4) These passive optical instruments have
low battery requirements, thus they are appropriate for long-
term deployments, and (5) the values of K are independent
of the chlorophyll fluorescence quantum yield; therefore K
can complement measurements from conventional field fluo-
rometers that may spuriously estimate chlorophyll concentra-
tion under high solar irradiance conditions (Falkowski and
Kolber 1995; Cullen and Lewis 1995).

Apart from the already mentioned disadvantages of the
method regarding the determination of non-tracer attenuat-
ing substances, biofouling, frame-shading, wave focusing,
resuspension of sediments, and production of biodeposits,
other limitations of the method are that (1) measurements
cannot be made at night. Therefore, the data are not continu-
ous, hence complicating signal analysis and interpretation,
and (2) the cost of the instruments limits the amount of moor-
ings that can be simultaneously deployed, restricting the spa-
tial resolution of the method. Underwater monochromatic
radiometers are still approximately three times more expen-
sive than underwater fluorometers (even though radiometers
are fundamentally simpler instruments). However, it is
expected that underwater radiometers will be produced at
more competitive prices as they become more popular.

Discussion

This study demonstrated that the technology and support-
ing theory is sufficiently developed and ready to use in real-
world problems regarding the assessment of horizontal seston
gradients produced by bivalve suspension-feeding on regions
where there is a naturally occurring tracer that behaves con-
servatively. However, in sites where the tracer is nonconserva-
tive due to strong and continuous sediment resuspension
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(from the bottom and/or from the aquaculture ropes), the pro-
posed method cannot be applied without independent mea-
surements to correct for non-tracer particles. Although, we
suggested possible solutions to resolve for the resuspended
non-tracer particles (i.e., use of transmissometers, optical
backscatters, or multi-spectral radiometers), more research is
required to demonstrate the efficacy of these suggestions.

This study also demonstrated that K from multiple moor-
ings and frequent water samples (analogous to a simple instru-
ment calibration) are enough to assess horizontal gradients of
seston caused by bivalve-feeding in environments where non-
filterable light attenuating substances (i.e., CDOM) are negli-
gible or remain relatively constant throughout the experi-
ment. For environments where nonfilterable substances are
significant and variable, the method is still applicable, but
independent measurements are required to correct for the
time-varying offset.

The application of this method will be of particular benefit
to the field of shellfish aquaculture. Results produced with this
method can complement existing seston depletion models
(e.g., Bacher et al. 2003; Dowd 2003; Grangeré et al. 2010)
applied to the assessment of carrying capacity, which is the
major focus of current scientific studies in this field (Bacher et
al. 2003; Guyondet et al. 2010; Byron et al. 2011).

In operational aquaculture, the ability to measure bivalve-
induced seston gradients will help farmers to make managerial
decisions and will help legislative agencies to design and
enforce guidelines regarding the usage of the available seston,
which may be an issue of growing importance as the available
space is occupied and seston supply becomes limiting.

In the field of benthic ecology, the application of the pro-
posed method can result in new insight regarding interactions
between natural populations of benthic suspension-feeders
and their environment. For example, Huang et al. (2003)
assessed tidal and seasonal variations of seston in a saltmarsh
inhabited by suspension-feeding ribbed mussels. Seston was
assessed approximately every 3 months using column-inte-
grated water samples at hourly intervals for several tide cycles.
Huang et al. (2003) showed general patterns in the variability
of seston including significant differences between the ebb
and flood tides. However, they concluded that seston supply
(composition and concentration) was unpredictable and
highly variable in time-scales of hours to days. The high tem-
poral resolution measurements of the proposed method could
be used in these types of studies to produce years-long time-
series that could help in the development of predictive mod-
els of seston concentration and quality.

The proposed method can be applied to the study of sus-
pension-feeding invasive bivalves. The method may lead to
new insight regarding the invasion ecology of filter-feeders
and may be a useful tool to monitor the progress of current
invasions. Considering the invasion of the zebra mussel (Dreis-
sena spp.) on the Great Lakes as an example, Ackerman et al.
(2001) were able to determine significant vertical gradients of
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seston, however there was a lack of statistical significance in
horizontal gradients. Repeating the experiment using the pro-
posed method could lead to a detailed characterization of the
impact of zebra mussel reefs in horizontal scales.

The proposed method can be also used to assess horizontal
phytoplankton gradients associated with phenomena other
than bivalve filter-feeding, such as sewage discharge or advec-
tion of harmful algal blooms. The method can also be applied
using other wavelengths to enable measurements of gradients
of CDOM or suspended particles associated with other hori-
zontally variable phenomena in the coastal ocean.

Comments and recommendations

Approach design

The most critical aspect to the design of an experiment
using the proposed method is to understand the spatial and
temporal sources of variation of the different, tracer and non-
tracer, light-attenuating substances. These sources of variation
will determine the sampling locations, sampling rate, experi-
mental wavelength(s), required ancillary data, etc. In most
cases, a trial experiment will be required before the design of
the main critical experiment.
Instrument setup

The vertical array of irradiance sensors and the frame
should be designed to minimize sensor-shading. If security
structures (e.g., radar reflectors) are used, place them poleward
from the sensors to minimize shading.
Instrument schedule

Program instruments to measure continuously for approxi-
mately 15 s to account for high frequency variability in irradi-
ance associated with wave focusing. During post-collection
processing, calculate medians instead of means and measure
data at night to assess instrument noise and dark currents
(Cullen et al. 1994).
Biofouling considerations

If possible, install shutters and place copper strips around
sensors to minimize biofouling (see Manov et al. 2004). In any
case, always perform a biofouling assessment (as previously
described) before cleaning the sensors.
Alternative means for offset estimation

One particularly critical aspect of the time-varying offset
approach is the characterization, using independent data, of
the value of non-tracer light-attenuating substances. In this
study, we calculated such non-tracer substances using in situ
salinity as a proxy for attenuation of CDOM. However, other
more direct approaches, such as the use of CDOM fluorome-
ters (WET Labs), in situ spectrophotometers (AC9; WET Labs,
Inc.) or multispectral diffuse attenuation meters (multispectral
TACCS; Satlantic), can also be used.
Future work

Effort should also be allocated in the assessment of multi-
spectral attenuation, since it may be feasible to use ratios of
attenuation coefficients at multiple wavelengths to resolve the
concentration of CDOM, tripton, and other attenuating sub-

Radiometer moorings and bivalve aquaculture

stances relevant to coastal zone monitoring (see Cullen et al.
1997; Dickey 2003).

It is also important to assess seston aggregation and disag-
gregation in bivalve farms and the effect that it may cause to
the determination of seston depletion using measurements of
K (i.e., TACCS), beam c attenuation (i.e., transmissometers)
and backscattering, which are dependent on the seston size-
distribution.
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