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Effects of a sewage plume on the biology, optical characteristics,
and particle size distributions of coastal waters

A. A. Petrenko,!-2 B. H. Jones,3 T. D. Dickey,4 M. LeHaitre,5 and C. Moore6

Abstract. The effect of a sewage plume on the biology, optical characteristics, and particle size
distributions of coastal waters was evaluated around the Sand Island, Hawaii, outfall diffuser. In
situ physical and biooptical data and Niskin bottle samples were collected during a 1-week cruise
from September 25 to October 1, 1994. One or two layers affected by sewage could be
distinguished in the water column: recently discharged ("new") sewage plume waters and "old"
plume waters. In conditions characterized by high Froude number the distribution of chlorophyll
fluorescence in new plume waters was the same as for ambient waters, while for low Froude
number, chlorophyll fluorescence increased within the plume, demonstrating the importance of
physical forcing on effluent and phytoplankton interactions. New plume waters were associated
with at least 2.7-fold increases in particle load, high concentrations of particles larger than 70 pm,
increases in ammonium, phosphate, and silicate, and high levels of heterotrophic bacteria and
Prochlorococcus compared to surrounding waters. Both new and old plume layers, but not
phytoplankton layers, showed distinct increases in fluorescence for the excitation/emission
(Ex/Em) wavelength pair Ex/Em = 228/340 in nm, interpreted as particulate tryptophan-like
fluorescence. Such fluorescence may be useful as a new in situ real-time indicator of waters

affected by effluent discharges.

1. Introduction

Coastal waters surrounding many major metropolitan areas
receive substantial inputs of nutrients and contaminants from
treated wastewaters discharged by offshore outfall diffusers.
The goal of diffuser design and placement is to minimize the
negative impacts of injected wastewaters on human
populations. These impacts include, but are not limited to,
direct contact (e.g., by swimmers, surfers, beachgoers) with
chemical contaminants or pathogens and indirect effects
through the consumption of contaminated food supplies (e.g.,
fish, shellfish). However, even if the negative impacts on
human populations are minimized, the effects of the plume on
the local ecosystem may still be substantial. The fate of
injected effluent depends upon a variety of physical and
biological processes, some of which are intimately coupled to
the concentration, content, and mixing of wastewater with
surrounding water masses. Coastal physical and biological
processes are highly dynamic and complex and are, in most
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instances, poorly understood. Consequently, how sewage
disperses and how effluent modifies and is modified by coastal
biota remain in many respects unknown and unpredictable.

Sewage treatment is designed to remove most suspended
solids and biological oxygen demand (BOD), leaving nutrient
input as one of the most significant remaining problems. The
high concentrations of nutrients in a sewage plume, as well as
the remaining BOD, cause disruptions that range from
increases in phytoplankton biomass to harmful algal blooms
and eutrophication problems {Laws, 1993]. Additionally,
even after treatment, wastewater still contains some toxic
substances, including metal contaminants and pathogens. The
most traditional and widespread technique to determine the
effects of effluent on the biology of the waters into which it is
discharged is based on bottle or benthic sampling. Samples
are brought back to a land-based laboratory and analyzed for
fecal bacteria, nutrients, algal composition, metal
contamination, etc. Such postcollection sample analysis
provides key information on plume effects, but it lacks high
spatial and temporal resolution and does not permit real-time
detection of the sewage plume.

An important goal of modern plume studies is the
development of in situ real-time detection techniques for
monitoring sewage plumes. Detection of wastewater can be
accomplished using the natural tracers associated with the
effluent Jones et al., 1990, 1991, 1993; Washburn et al.,
1992; Wu et al., 1994], acoustic backscatter measurements
[e.g., Besiktepe et al., 1995, Dammann et al., 1991], or
introduced tracer techniques (among the most recent studies,
Davison et al. [1993), Faisst et al. [1990], Parnell [1992],
and Roberts and Wilson [1990]). Nonetheless, a reliable in
situ real-time technique is still sought [Petrenko, 1997].
Newly developed multiwavelength instruments, such as
absorption-attenuation sensors (e.g., ac-9), backscatter
sensors, and fluorometers (e.g., SAFire) are now able to
measure spectral inherent optical properties or fluorescence in
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situ. Such measurements may exhibit specific optical
characteristics associated with sewage plumes, which could
be used as optical tracers of sewage. To take advantage of this
new generation of instruments, the optical characteristics of
wastewater must be known.

Only a few studies on the absorption and fluorescence of
both raw and treated sewage have appeared in the peer-
reviewed literature [Adhmad et al, 1993; Ahmad and
Reynolds, 1995; Reynolds and Ahmad, 1995]. Absorption
spectra of raw sewage exhibit a local maximum at 280 nm,
which is absent in absorption of secondary-treated
wastewater [Ahmad et al., 1993]. Raw sewage fluorescence
varies in magnitude from sample to sample but exhibits an
approximately constant spectral shape [Ahmad et al., 1993].
Ahmad et al [1993] found that two chromophoric groups are
excited at 248 nm in raw sewage (one with an emission
maximum around 340 nm, the other around 370 nm). Ahmad
and Reynolds [1995] attributed such peaks to biodegradable
aromatic hydrocarbon constituents, present in both raw and
secondary-treated sewage samples. They asserted that since
the peak positions were highly reproducible in samples from
different locations and times, such a technique could
potentially be used for estimating concentrations of
biodegradable constituents and suspended solids in
wastewaters.

Mamala Bay, the southern bay of Oahu, Hawaii, displays a
complex oceanographic environment into which
anthropogenic particle fields are introduced. Municipal
wastewater is discharged, after primary treatment, through the
Sand Island Treatment Plant (SITP) sewage outfall located 4
km offshore at the top of the continental slope, where flushing
with offshore waters is expected. Pollution problems
occurring throughout the year on the eastern beaches of
Mamala Bay prompted a general study of all potential point
and nonpoint sources of pollution in the bay [Colwell et al.,
1995]. Data for the present study were collected as part of the
component of the Mamala Bay project focusing on the SITP
sewage plume.
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Figure 1. Map of the eastern part of Mamala Bay. Casts 9, 13,
and 19 were collected at station A; cast 12 at station B; and
cast 15 at station C. Towyo 30 was collected along T1, and
towyo 32 along T2. Isobaths correspond to depths of 15, 25,
50, 100, 200, 300, 400, and 500 m.

Table 1. Subset of Data Selected for the Study

PETRENKO ET AL.: EFFECTS OF SEWAGE PLUME ON COASTAL WATERS

Location
Casts/Towyo in Figure 1 Date Time (UT)
Cast 9 station A Sept. 29 1700
Cast 12 station B Sept. 29 1900
Cast 13 station A Sept. 30 0930
Cast 15 station C Sept. 30 1330
Towyo 30 Tl Oct. 01 1010-1025
Towyo 32 T2 Oct. 01 1115-1130
Cast 19 station A Oct. 01 1300

The primary goal of this study was to determine the effects
of the SITP sewage plume on the biology, optical
characteristics, and particle size distributions using a natural
tracer technique, state-of-the-art in situ instruments (ac-9,
SAFire, and particle size analyzer), and bottle sample
analyses. The secondary goal was to evaluate the potential of
new in situ real-time techniques for detecting effluent-affected
waters.

2. Methods

The present field study took place aboard the R/V Kila from
September 25 to October 1, 1994. The sampling region was
approximately 6 km along-shore and 3 km cross-shelf centered
on the Sand Island outfall diffuser (Figure 1). In situ
measurements were obtained from an instrumented towyo
platform executing either vertical profiles (referred to as casts)
or towyos. Details on the casts and towyos corresponding to
the subset of data used in this study are given in Table 1. Data
were time-stamped (for postcruise merging of the data) and
recorded simultaneously via the modular ocean data
acquisition power system (MODAPS, WETLabs, Inc.).
Following vertical profiling with the towyo instrument
package, discrete water samples were obtained with 5-L
Niskin bottles at selected depths based on features apparent
in the vertical profiles. Undiluted, treated sewage samples
were directly collected at the SITP, in the open basin leading
to the underwater outfall, on three occasions (September 29,
0745 UT; September 30, 1640 UT; and October 5, 0930 UT).
The various parameters derived from data, measured either in
situ or in the laboratory, are described below.

2.1. Physical Data

Conductivity, temperature (°C), and pressure (dbar), were
measured with a conductivity-temperature-depth (CTD)
instrument (Sea-Bird Electronics model SBE 9/11+), and were
used to derive salinity (practical salinity units, psu).

2.2. Inherent Optical Properties

Some inherent optical properties (IOPs) were measured in
situ as continuous profiles or at discrete depths from bottle
samples.

2.2.1. In situ IOPs. The in situ instruments included a
0.25 m path length transmissometer at 660 nm wavelength
(Sea Tech, Inc.), providing the beam attenuation coefficient at
660 nm (c660 in m™!; which includes pure water attenuation),
and a nine-wavelength absorption-attenuation meter (ac-9,
WETLabs, Inc.), providing absorption and beam attenuation
coefficients (ayess and c; pure water subtracted). The ac-9
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wavelengths were 412, 440, 488, 510, 560, 630, 650, 676, and
715 nm (all bandwidths were 10 nm full width at half maximum
(FWHM)) [Moore et al., 1992]. The 560 nm data were
omitted, since ac-9 postcruise calibration showed a deficient
filter at that wavelength. Absorption at 715 nm was corrected
for temperature variations, according to

A 715) = Appeas(715)-0.0025(T-T¢p)

where T is the in situ measured temperature and T, the ac-9
calibration temperature {Pegau, 1996]. Salinity corrections
had a negligible effect on the data. Absorption coefficient (a)
was obtained after correction for scattering:

cM-aM)*
c(715)-a(715)

where a(A)* = ape. (M) for A < 715 nm and a(715)* = a(715)
[Zaneveld et al., 1994]. This scattering correction for the
absorption coefficient assumed no absorption at 715 nm.
Scattering coefficient (b) was calculated by difference between
cand a (b=c-a).

2.2.2. Absorption from bottle samples. Particulate,
detrital, and dissolved organic matter (DOM) absorptions
were obtained at discrete depths from seawater samples.
Samples were filtered through Whatman GF/F glass-fiber
filters, and filters were frozen in liquid nitrogen. Frozen filters
were kept at -20°C for up to 7 days, and filtrates were
refrigerated not more than 13 days before laboratory
spectrophotometer analysis. In the laboratory, particulate,
detrital, and filtrate absorption spectra were run on an HP
8452A diode array spectrophotometer (a Labsphere RSA-HP-
84 integrating sphere was used for filtrate absorption).

Particulate absorption spectra were determined using the
filter pad technique [e.g., Mitchell and Kiefer, 1984] from 350
to 750 nm with 2 nm resolution. The absorption coefficient of
particulate matter, a,, (in units of m1), was calculated as

a(\) = Gpmeas(M) - a(715)

2.3034,(A)S
ap()\.)=_L
Ve
where A, is the absorbance measured by the

spectrophotometer, 2.303 is the factor converting base 10 to a
natural logarithm, S is the clearance area of the filter, V' is the
volume of seawater filtered, and B is the spectral amplification
factor correcting for scattering within the glass-fiber filter
[Bricaud and Stramski, 1990; Mitchell and Kiefer, 1988].
Filters were then soaked in 20 mL of hot methanol for 45 min
and rinsed with distilled water [Kishino et al., 1985]. Hot
methanol extracts pigments and leaves on the filter not only
the unpigmented particles but also bleached cells and
nonextractable pigments; it also extracts detrital carotenoids
and extractable pheopigments that belong to the detrital phase
retained on the filter. Absorption spectra, after methanol
extraction, are referred to as detrital absorption spectra,
despite the addition or absence of the constituents mentioned
above. Detrital absorption was calculated in the same way as
a

For filtrate samples, scans were made from 280 to 800 nm
with 2 nm resolution using a 10-cm path length quartz
cuvette. Filtration with GF/F glass-fiber filters allows
particles smaller than approximately 0.7 pm to pass through.
Nonetheless, filtrate absorption spectra will be referred to
hereafter as DOM spectra, although filtrates contained the
small particles that passed through. The DOM absorption
coefficient was calculated as
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2.3034pom)
apo MO")=+M(

where Apgy is the absorbance measured by the
spectrophotometer and / is the cuvette path length (0.1 m
here).

For all three methods, baselines were scanned at regular
intervals with blanks, which were either unused filters soaked
in distilled water (DH,0) for a, and detrital absorption (a,),
or DH,O in the sample cuvette for apgy.  Baseline
uncertainties in DOM measurements prevented absolute DOM
determinations. Hence relative DOM measurements were used
when possible. For example, two depths (10 and 55 m) at cast
9 had DOM specira with identical baselines, so relative DOM
absorption between 55 and 10 m was calculated. Relative
total absorption, a, was calculated as the sum of relative a,
and relative apgy between depths where relative apoy data
were available.

2.3. Fluorescence

Fluorescence was measured in situ with two instruments,
the Sea Tech, Inc. chlorophyll-sensitive fluorometer [Bartz et
al., 1988] and the spectral absorption and fluorescence
instrument (SAFire, WETLabs, Inc.).

The Sea Tech fluorometer has an excitation range centered at
425 nm, 200 nm FWHM, and emission at 685 nm, 30 nm
FWHM. Chlorophyll fluorescence (in arbitrary units (a.u.))
was compared with the fluorescence emitted by chlorophyll
and pheopigments (assuming that chlorophyll fluoresces 2.2
times more than pheopigments [Holm-Hansen et al., 1965]).
The conversion factor was found to vary both with depth and
time, so no systematic calibration of the chlorophyll
fluorescence could be done and results are presented in
arbitrary units.

The SAFire was mounted on the towyo package from
September 29 to October 1, 1994. The SAFire has six
excitation (Ex) wavelengths (228, 265, 375, 435, 485, and
520 nm) and 16 emission (Em) wavelengths (228, 245, 265,
313, 340, 365, 400, 430, 470, 510, 540, 590, 630, 700, 810,
and 900 nm), all with 20 nm FWHM. SAFire fluorescence data
were used only qualitatively, since the instrument was not
calibrated.

2.4. Nutrient and Particle Analyses

Nutrient concentrations in seawater samples were measured
with an Alpkem RFA-300 autoanalyzer in batch mode
[Sakamoto et al., 1990].

Flow cytometry analysis was performed on a Coulter
Electronics, EPICS 753 flow cytometer [Campbell et al.,
1997]. Flow cytometry provided concentration estimates of
Synechococcus cyanobacteria, Prochlorococcus procaryotes,
and heterotrophic bacteria from seawater samples collected in
situ, and concentrations of heterotrophic bacteria in undiluted
sewage samples.

A particle size analyzer (CILAS, France [Gentien et al.,
1995]) was added to the platform for two casts on September
29,1994, and was otherwise used as a bench-top instrument
with Niskin bottle samples or sewage samples from the
treatment plant. The instrument analysis program derives an
estimate in a.u. of the total volume occupied by particles,
called particle load, from the transmission of a laser beam (820
nm) through a 3-cm path length cell. After crossing the
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Figure 2. Profiles of salinity, beam attenuation coefficient at
660 nm (c660), and fluorescence, in arbitrary units, for Ex’Em =
228/340 nm and Ex/Em = 435/540 nm. Data are from the
second downcast of towyo 32. Three layers were observed:
shallow phytoplankton, new and old sewage plumes.

particle suspension, the laser beam provides a diffraction
pattern, whose intensity is measured by silicon
photodetectors at 17 angles between 0° and 23°. Diffraction
intensities are used to determine volume distribution (in
percentages) for 30 size classes with upper size limits from 0.7
to 400 um, using an algorithm based on Fraunhofer diffraction
equations for spherical particles [Gentien et al., 1995]. Full
Mie theory could be used to refine the results for particles
smaller than 2.56 pm but was not applied here, since interest
focused on larger particles. The size distribution in a.u., that
is, the relative numerical concentration of particles as a
function of particle diameter, is calculated from the volume
distribution by dividing each volume percentage by the mean
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volume of that size class, defined as the spherical volume of a
particle, with diameter equal to the midpoint between the
extremes of the size class. The density function of size
distribution, F(D), is obtained by dividing the size
distribution by the width of each size class which increased
logarithmically with size.

3. Results

Before describing the biology, optical characteristics, and
particle size distributions at the site, it is useful to subdivide
the water column vertically into layers affected or not affected
by discharged effluent.

3.1. Effect of Discharged Effluent

Up to four layers could be distinguished in the water
column, two affected by sewage (recently discharged ("new")
sewage plume waters and "old" plume waters) and two
unaffected by effluent (shallow and deep phytoplankton
layers). Recently discharged or new sewage plume waters
were recognized by strong decreases in salinity and increases
in ¢660 (Figure 2). Old sewage plume waters were observed
on October 1, 1994, and were characterized by the same
signals as new sewage plume waters (low salinity signal,
high c660) but smaller in magnitude (Figure 2). This particle
field was considered to be older than the sewage plume layer
above, since (1) it was deeper and more diluted than new
sewage plume; and (2) isopycnal surfaces were rising during
the few hours prior to data collection [Jones et al., 1995], so
that the old plume would be expected to be deeper than
recently discharged effluent. Phytoplankton fields were
characterized by increased absorption and beam attenuation
coefficients and increased chlorophyll fluorescence compared
to clearer waters. One phytoplankton component was located
close to the surface; the other one was deeper in the water
column near the base of the euphotic zone (Figures 2 and 3).
The ¢660 versus salinity plots have previously provided clear
partitioning of the various particle components (Washburn et
al. [1992]; in conjunction with chlorophyll fluorescence
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Figure 3. (a) Chlorophyll fluorescence, (b) beam attenuation coefficient at 660 nm (¢660), (c) salinity, (d)
temperature, and (€) density anomaly. Data are shown for cast 9 (thick line) and cast 12 (thin line).
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Figure 4. Beam attenuation at 660 nm (c660) versus salinity
for towyo 30 (+). The circled crosses indicate the different
layers observed in the water column: surface waters, shallow
phytoplankton layer, new sewage plume waters, old sewage
plume waters, and deep phytoplankton layer.

observations [Wu et al., 1994)) (Figure 4). Surface data were
included for comparison. The highest c660 values were
associated with new sewage. The magnitude of these
parameters varied from day to day, but the relations between
the different particle fields were maintained. These types of
plots provided greater contrast and allowed better
discrimination among the different particle fields than profile
plots.
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3.2. Inherent Optical Properties

The consistency between the two beam attenuation
measurements, ¢660 and ac-9 data, was checked and showed
that the ¢ values from the ac-9 (interpolated between 650 and
676 nm) were 80% higher than (¢-¢,,)(660) (¢660 with pure
water subtracted). Only the absolute values of c660 from the
Sea Tech instrument and relative values for a, b, and ¢ from ac-
9 measurements were used in our analysis.

3.2.1. Absorption spectra. Sewage plume particulate and
detrital absorptions at 55 m in cast 9 were larger than
corresponding absorptions in the shallow (10 m)
phytoplankton layer (Figures 5a and 6a). The DOM signal
was stronger in the sewage waters than in the shallow
phytoplankton layer for the near ultraviolet (UV), and of the
same magnitude for the 450-800 nm range (Figure 5b). Total
absorption was stronger at 55 m than at 10 m throughout the
UV and visible spectra. Total absorption difference spectra
from bench-top spectrophotometric measurements were
compared with ac-9 measurements and excellent agreement was
obtained, especially at short wavelengths (Figure 5b).

3.2.2. Scattering and spectral slopes. Both scattering and
beam attenuation coefficients were higher in the plume than in
the phytoplankton fields (Figure 6). The contribution of
scattering to beam attenuation increased in plume waters
compared with the phytoplankton layers. For cast 9, c412
was 207% higher in the plume than in the shallow
phytoplankton layer (10 m), while a412 increased by only
71%. The larger increase in c412 is therefore accounted for by
a larger (296%) increase in b412 due to the presence of
wastewater. Scattering spectra features, which usually cancel
out absorption features, were quite flat, since ac-9 absorption
spectra were flatter than traditional phytoplankton, DOM, or
detrital absorption spectra (Figures 6a and 6b). Effluent
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Figure 5. (a) Particulate and detrital absorption spectra at 10 m and 55 m. (b) Relative dissolved organic
matter (DOM), particulate, and total (DOM + particulate) and ac-9 (asterisks) absorption spectra between 55 m

and 10 m. All data are from cast 9.
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A) absorption, scattering, and beam attenuation

550

600 650 700 750

Wavelength [nm]

B) absorption

Depth [m]

Figure 6.

(a) Absorption (thin), scattering (dashed), and beam attenuation (thick) coefficients for eight

wavelengths (412, 440, 488, 510, 630, 650, 676, and 715 nm) at 10 m (circles) and 50 m (asterisks) depths. (b)

Absorption coefficient (same wavelengths as Figure 6a) versus depth.

attenuation coefficient. All data shown are for cast 9.

scattering and beam attenuation spectra did not contain any
peculiar peaks and had steep slopes (with a break in the shape
around 500 nm), decreasing with increasing wavelength
(Figures 6a and 6¢). Between 412 and 715 nm, scattering
spectra were fit by A1 0 (»2 = 0.99) in the sewage plume
compared to A-9-3(»2 = 0.77) at 10 m, and attenuation spectra
by A-14 (2 = 0.99) in the sewage plume compared to A0-8 (2 =
0.97) at 10 m. In the plume the relative contributions of
scattering to attenuation increased from 80% at 412 nm to
92% at 650 nm.

3.3. Fluorescence

Throughout the plume, the chlorophyll fluorescence either
increased with depth as if the plume was not present (e.g., cast
13; Figure 7), or increased noticeably, peaking at the maximum
concentration of the sewage plume (e.g., cast 9; Figure 3).

SAFire fluorescence data were analyzed to determine which
Ex/Em wavelength pairs had the strongest and most reliable

(c) Same as Figure 6b for beam

signals in the presence of sewage plume waters. Ex/Em =
228/340 nm was the best indicator of both new and old
sewage plumes, since it increased in the presence of sewage
waters but not phytoplankton (Figure 2). Ex/Em = 435/540
nm detected new plume but also the shallow phytoplankton
layer when its signature was very strong (Figure 2). Ex/Em =
435/540 nm showed a slight increase in fluorescence in the
old sewage plume.

3.4. Nutrient and Particle Characterization

3.4.1. Nutrients. Outside of the sewage plume, nutrient
concentrations were typical of oligotrophic waters (Figure 8).
Ammonium, silicate, and phosphate concentrations in the
sewage plume were at least 2 times greater than in background
waters. SITP wastewater was shown to contain high
concentrations of phosphate (57 pm), nitrate (2.7 pm), and
silicate (556 pm) [Fujioka and Loh, 1995]. Dilutions,
calculated from wastewater concentrations and nutrient
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Figure 7. (a) Chlorophyll fluorescence, (b) beam attenuation coefficient at 660 nm (c660), (c) salinity, (d)
temperature, and (¢) density anomaly. Data are shown for cast 13 (thick line) and cast 15 (thin line). Sewage
plume was present at cast 13 but not at cast 15; nonetheless, chlorophyll fluorescence signals were similar for

both casts.

anomalies found in the plume, ranged between 1:170 and
1:260 for silicate and phosphate concentrations. This is in
agreement with other dilution calculations [Petrenko et al.,
1997a] and shows that the plume was much less dilute
compared to surfacing plumes (dilution > 1:1000) [Roberts,

3.4.2. Pigments. Chlorophyll » (chl 4) and 19-
hexanoyloxyfucoxanthin (hex) were the dominant carotenoids,
followed either by fucoxanthin (fu) in the upper part of the
water column (top 30 m) or by 19'-butanoyloxyfucoxanthin
(bu) deeper than 35 m [Petrenko, 1997]. Offshore of the
diffuser (station B), these carotenoids peaked in the deep
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Figure 8. (a) Beam attenuation coefficient at 660 nm (c660) for cast 12 (thick line) and cast 19 (thin line). (b)
Same as Figure 8a for salinity. (c-f) Same as Figure 8a for silicate, phosphate, nitrate, and ammonium

concentrations in mM.
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phytoplankton layer, exhibiting pigment vertical profiles
typical of the open ocean. Chl b is usually indicative of
prochlorophytes and/or green algae [Lewin, 1976]. Since
violaxanthin, which is indicative of eukaryotic green algae
effrey, 1961], was not present accompanying chl b,
prochlorophytes probably contributed to most of the chl b.
Hex, fu, and bu contribute to chrysophytes, prymnesiophytes,
and diatoms in different proportions. To a first-order
approximation, one can consider that hex is indicative of
prymnesiophytes, fu of diatoms, and bu of chrysophytes [Laws
and Ziemann, 1995]. Hence the microalgal communitics were
composed of prochlorophytes, prymnesiophytes, and cither
diatoms above 35 m or chrysophytes in the lower part of the
water column. No significant changes in the phytoplankton
pigment composition were observed in sewage-affected
waters. Given the high levels of silicate (up to 3.5 pM)
present in the plume, it was expected that the relative
proportion of diatoms would increase, but this was not the
case since fucoxanthin was low relative to other pigments in
the plume [Jeffrey, 1961; Letelier et al., 1993]. In effluent
enrichment studies (i.e., adding 24-hour composite of
wastewater from the treatment plant to water collected in
Mamala Bay), Laws and Ziemann [1995] found that the
dominant carotenoid of sewage-enriched waters was

fucoxanthin, and that 19-hexanoyloxyfucoxanthin relative
concentration was small. They did not find such results in

pigment analyses performed on in situ samples collected in or
around the plume. This corroborates the present study,
confirming the lack of significant phytoplankton pigment
changes in sewage-affected waters.

3.43. Flow cytometry. Prochlorococcus median count
was 134x103 mL-! (range 89.2 - 143.5x10% mL-!) in the upper
25 m. Prochlorococcus concentration peaked to a median
count of 174x10% mL-! (range 151.5 - 255x103 mL"!) between
55 and 70 m, whether effluent was present (cast 9 and cast 13)
or not (cast 12). Offshore (cast 12) Prochlorococcus
concentration dropped from 255x103 mL! at 55 m to a
minimum of 43x103 mL-! at the deeper sampled depth (115 m).

Counts of Synechococcus cyanobacteria were high at the
surface with a median count of 15.4x10® mL-! (range 12.3 -
26.2x10° mL'1) and decreased with depth steadily below 25
m, down to 0.4x103 mL-! at 115 m offshore. Between 55 and
70 m, Synechococcus median count was 7.6x10> mL-l.
Profiles of Synechococcus did not contain any features
associated with the presence of effluent.

Between 55 and 70 m, heterotrophic bacteria median count
was 9.7x10® mL-!, while in the rest of the water column it was
6.6x103> mL! (same median count in the surface layer).
Heterotrophic bacteria reached their highest concentration
(11.5x103 mL-1) in the sewage plume at 55 m (cast 9). The
offshore cast showed a maximum of 9.5x10° mL"! heterotrophic
bacteria at 55 m.

Undiluted sewage samples, collected directly from the
sewage treatment plant basin, had a median count of 165x103
mL-! heterotrophic bacteria for the three collected samples,
with an average of 151x103 mL-! heterotrophic bacteria for the
two morning samples and a peak at 235x103 mL-! for the
afternoon sample. Sewage samples also exhibited high
concentrations of particles with similar size (around 1.2 pm),
and fluorescence (Ex’Em = 228/450 nm, 488/575 nm, and
488/680 nm) as Synechococcus.

3.4.4. Particle loads, volume, and size distributions.
These data corroborated the presence of different horizontal
layers and provided additional information.
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Table 2. Loads and Percentages, in Volume Distribution, of
Three Size Classes: Diameter Smaller Than 45 pm, 45 - 70 pm,
and 70 - 260 pm at Each Sampled Depth of Cast 19 and for an
Undiluted Sewage Sample (Average of Results of Three
Samples Collected at the Treatment Plant)

Size

Depth Load <45 pm >45t0 <70 pm >70 pm
10 m 27 34 6 60
32m 34 38 28 34
45m 16 51 39 10
60m 90 22 1 7
T0m 33 52 5 43
Sewage 6920 87 2 1

3.4.4.1. Particle loads: On September 29, the particle

loads, measured in situ with the CILAS analyzer, were in the
range 8.5 - 23 a.u. in the water column from 5 to 50 m. The
particle loads, measured in the laboratory from Niskin bottle
samples collected during cast 19 on October 1, were between
16.5 and 33.5 a.u. in the upper water column (5 - 50 m), 90 a.u.
in the sewage plume at 60 m, and 33 a.u. below it at 70 m
(Table 2). These data showed that there was a 2.7- to 5.5-fold
increase in particle load in the plume compared with
surrounding waters. The very low particle loads (especially
relative to loads measured in European coastal waters
[Gentien et al., 1995]) indicate that the Mamala Bay
background waters were relatively oligotrophic during the
cruise.

3.4.4.2. Particle volume distributions: On October 1 the
volume distributions exhibited weaker bimodal distributions
at depths of 32 and 45 m than in the rest of the water column
(Table 2). The two modes of particles were the "small
particles” (diameter < 45 pm) and the "large particles” (diameter
> 70 pm). Compared to the rest of the water column, sewage
had a small volume (1%) of "medium particles" (45 < diameter <
70 pm) (Table 2). A comparable small volume of medium
particles (2%) was found in treated sewage samples.

3.4.4.3. Size distributions: The density functions of size
distribution, F(D), were flatter at 32 and 45 m than at 10, 60,
and 70 m (data not shown), reflecting the degree of bimodality
observed in the volume distributions. The slopes of the log-
log plots varied from -3.2 for particles smaller than 10 umto
-13 for particles larger than about 100 pm. The sewage plume
(60 m) F(D) had more particles smaller than 40 pm and larger
than 70 pm than background waters (Figure 9). The 70 m F(D)
was similar to the 60 m F(D) with slightly fewer large
particles but still more than background concentration (data
not shown).

4. Discussion
4.1. Impacts of Sewage on Microorganisms

The impacts of the Sand Island sewage outfall on biology,
optical characteristics, and particle size distributions were
examined around the end of the outfall diffuser. Chlorophyll
fluorescence within the plume exceeded that in surrounding
waters in conditions characterized by low Froude numbers (Fr
about 0.1), while chlorophyll fluorescence within the plume
was equivalent to that outside the plume when the Froude
number was high (Fr about 6) [Petrenko et al., 1997a], Froude
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Figure 9. Size distribution versus diameter for seawater
samples collected above the sewage plume (45 m) and in the
sewage plume (60 m) at cast 19.

number is defined as Fr = #3/B, where u is the horizontal
velocity and B is the specific wastewater buoyancy flux per
diffuser length [e.g., Roberts, 1977]. If the change in
chlorophyll fluorescence is assumed to reflect a change in
phytoplankton concentration and growth, these observations
are consistent with previous findings that sewage stimulates
the growth of phytoplankton when the timescale of plume
dilution is longer than phytoplankton growth response
[Thompson and Ho, 1981]. This highlights the importance of
the physical forcing on the plume and phytoplankton
interactions. In sewage-enriched waters, Laws and Ziemann
[1995] found an increase of 60% in phytoplankton
photosynthetic rates after 24 hours at dilution of 1:1000.
Pigment analysis demonstrated no significant change in the
phytoplankton community in the presence of effluent
compared with what would be expected for sewage-enriched
waters. Flow cytometry analysis showed increases of 30% in
heterotrophic bacteria concentration and high concentrations
of Prochlorococcus (also observed in pigment analysis), not
only in the plume but also at plume depths offshore. It is not
clear whether the high counts of heterotrophic bacteria and
Prochlorococcus at 55 m offshore were due to natural
distributions of these populations in the water columns or
were remnants of past plume influence at that depth.
Horizontal currents, at the depths of the sewage plume and
below, were southward earlier that day (during two periods,
0000 - 0200 and 1300 - 1400 UT) and could have advected
the plume offshore [Jones et al, 1995]. No variations in
concentration associated with the presence of effluent were
observed for Synechococcus cyanobacteria. Those
measurements differed from those made at White's Point,
California, where high concentrations of Synechococcus were
associated with the sewage plume [larriaga et al., 1990].
Around sewage outfalls, flocculation and coagulation
result in deposition of metals and dense particles, while
flotables and grease rise to the surface. The sample taken in
the plume had the volume proportion of medium size (45 - 70
pm) particles that was most similar to that of sewage samples
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from the treatment plant (1% versus 2%). In the plume there
were more large particles (> 70 pm) than in background
waters. Some large particles were present in sewage, while
others probably originated from flocculation and coagulation
of smaller effluent particles once the wastewater was injected
into the water column [e.g., Johnson et al., 1994; Newman et
al., 1990; Schulz et al., 1994]. These large particles appeared
to sink close to the diffuser, since they were also detected
below the plume at the western end of the diffuser. This
observation suggests deposition of effluent particles and
potential accumulation of metals and other contaminants in
sediments close to the diffuser [e.g., Klein and Goldberg,
1970]. During the cruise, no flotables or changes in surface
appearance (grease slicks) were detected, probably because
the stratification acted to trap the lighter effluent components
at depth.

The effects of the plume listed above were observed mainly
at the western end of the diffuser for initial dilutions of about
1:250. Since these dilutions are small compared to the initial
dilutions generally predicted at the Sand Island diffuser
[Roberts, 1995], the impacts described above are likely to
represent the upper limits of effluent impacts in our study area.
Internal tides were shown to displace the plume vertically
[Petrenko et al., 1997b] and could move the deeply trapped
(hence relatively low dilution) sewage plume to a shallower
depth, potentially bringing contaminants into swimming
waters. In this latter case or in the case of surfacing plumes,
biological and optical impacts different than those observed
in this study are expected.

4.2. Potential Techniques to Monitor Sewage

During the cruise, the plume was trapped at depth, with
smaller dilutions (about 1:250) than if it had been surfacing,
and hence was detectable in real-time by its characteristic
signatures of low salinity and high ¢660. However, in many
cases, such signatures may be undetectable. For example, large
gradients in background salinity or ¢660 could obscure the
signature of the plume. A surfacing plume, which could be 5
times as dilute as a submerged plume, would be surrounded
with low-salinity surface waters having potentially high
c¢660 values associated with a shallow phytoplankton layer.
In this case the salinity and c660 signatures may not be
readily distinguishable from the surface signature. In
summary, salinity and ¢660 were good in situ and real-time
detectors of the main body of the plume during this cruise but
may not always serve as reliable plume tracers.

Fluorescence at EXEm = 228/340 nm may provide another
unique signature for the sewage plume, since it did not
correlate with phytoplankton fields. Plumes can be either
trapped or surfacing. In contrast with ¢660, fluorescence at
Ex/Em = 228/340 nm has the advantage that it does not
increase in phytoplankton layers and, in contrast with
salinity, that it does not decrease with shallower depths.
Hence fluorescence at EX’Em = 228/340 nm may be a more
promising technique than the traditional natural tracers c660
and salinity for detection of both trapped and surfacing
plumes.

In laboratory experiments, fluorescence at Ex’Em = 228/340
nm was associated with the presence of aromatic amino acids,
either free or as protein constituents, so this EX/Em signal is
referred to as protein-like fluorescence [Wolbeis, 1985]. For
example, E. coli's tryptophan has been shown to exhibit
strong signals at such a wavelength pair [Bronk and
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Reinisch, 1993]. Wastewaters can contain numerous types of
chromophores, including humic substances, phenols, steroids,
oils, nonvolatile acids, and detergents, so that their
absorption and fluorescence spectra are likely to contain
broad features rather than specific peaks. However, as
mentioned earlier, Ahmad et al. [1993] found one
chromophoric group excited at 248 nm in raw sewage with an
emission maximum around 340 nm. The maximum emission of
secondary-treated wastewater, for excitation at 248 nm,
occurred around 450 nm [dhmad and Reynolds, 1995]. In the
present study, EX’Em = 228/340 nm was a better detector of
sewage plume than Ex/Em = 228/430, 228/470, 265/340,
265/430, and 265/470 nm. Additional laboratory experiments
on sewage samples from other locations should be pursued,
and field work with a calibrated SAFire should be done in
order to define the wavelength pairs most appropriate for
particular sewage water detection. Fluorescence at Ex’Em =
228/340 nm has been observed in sediments or marine waters
by others (among the most recent works are Coble [1996],
Cowles et al. [1996), Desiderio et al. [1996], Determan et al.
[1996]), and has been interpreted as particulate tryptophan-
like fluorescence [Determan et al., 1996]. Any living material
containing tryptophan, especially bacteria [Determan et al.,
1996], is likely to fluoresce at this wavelength pair, but the
amplitude of the signal and/or signals at other wavelengths
could probably be used to differentiate between fluorescing
compounds.

Up to now, in situ and real-time detection of old plume
waters has only been done by adding tracers [Faisst et al.,
1990] or using acoustic methods [Dammann et al., 1991].
But tracer techniques are intrusive and costly methods, which
involve intensive preparation (adjustment of tracer buoyancy
and coagulation efficiency, dilution of tracer, coordination
with cruise time), and acoustic methods can be imprecise due
to background signals. In this study the detection of old
plume waters provided the opportunity to check whether
instruments such as the SAFire, never used before in sewage
plume studies, could detect the old sewage plume. Ex/Em =
228/340 nm was a good indicator of the old plume; it showed
detection comparable to the c660 signal during our
measurements (Figure 2). Once calibrated, fluorescence at
Ex/Em = 228/340 nm may prove to be a good tracer of old
sewage plumes.

Scattering and beam attenuation coefficients and their
respective spectral slopes were greater in the sewage plume
than in the rest of the water column. Increase in scattering,
due to the presence of effluent, is responsible for
nonnegligible decreases in downwelling radiant flux
[Petrenko et al., 1994] and could generate increases in water-
leaving reflectance for shallow water outfalls. Absolute
values of a, b and ¢ would permit the development of spectral
algorithms for in situ detection of effluent and remote
detection of surfacing sewage plumes.

5. Conclusion

Inputs of primary-treated sewage resulted in significant
effects on the biology, optical characteristics, and particle size
distributions close to the diffuser. Increases of (1)
chlorophyll fluorescence for low Froude number, (2) nutrients,
(3) particulate tryptophan-like fluorescence, (4) scattering
coefficients in the visible range, and (5) particle loads are
expected to be observed at other outfall diffusers and can be
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used to interpret sewage plume dispersion in coastal waters.
These effects are expected to be qualitatively similar at other
sewage diffusers but quantitatively different, depending on
the wastewater composition and ambient oceanographic
conditions. Since the plume was trapped at depth with initial
dilution around 1:250 during our measurements, it is expected
that reduced effects would be observed if the plume were
surfacing, since its dilution would then be much higher.

Effluents differ, depending on the type of treatment used
and, once in the water, on their dilution and the type of
background waters with which they mix. Further effort should
be directed toward characterizing the optical variability
associated with such factors in order to test the potential of
SAFire fluorescence measurements as a noninvasive real-time
in situ technique to detect sewage fields in coastal
environments.
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