
organic matter via microbial respiration consumes oxygen
which, together with vertical stratification due to increased
warming of surface waters by solar radiation and reduced
winds during the summer, have been linked to the
formation of bottom hypoxia, a condition where dissolved
oxygen (DO) concentrations in bottom waters are
,2 mg L21 (equivalent to 63 mmol L21 or 1.4 mL L21;
Wiseman et al. 1997; Rabalais et al. 2007; Hetland and
DiMarco 2008).

The close coupling between dissolved organic carbon
and CDOM observed in the coastal environment (Vodacek
et al. 1997; Blough and Del Vecchio 2002) including the
Mississippi River waters (Del Castillo and Miller 2008)
suggest that CDOM could provide additional insights into
biogeochemical processes and hypoxia occurring in the
northern Gulf of Mexico. However, little is known about
the relationship between the DO concentrations and
CDOM absorption of the Louisiana–Texas coast. The
complex physical, biological, and chemical processes in
large river-dominated coastal margins have provided
limited understanding on the sources (e.g., byproduct of
primary production) and sinks (photo-oxidation) contrib-
uting to CDOM distribution and their optical properties
(Chen et al. 2004; D’Sa 2008). In this study, an extensive
suite of seasonal field measurements that include CDOM
optical properties, salinity, DO concentrations and limited
chlorophyll and bacterial abundance data were used to
examine CDOM spatial and seasonal variation and the
effects of photo-oxidation and remineralization of organic
matter on CDOM optical properties and their linkages to
low DO or hypoxic conditions in the study area.

Methods

The study site is located in the northern Gulf of Mexico
on the Texas–Louisiana shelf (Fig. 1a) in waters largely
influenced by the discharge from Mississippi–Atchafalaya
river system, which delivers ,70% of the discharge through
the Mississippi River’s ‘‘bird’s foot delta’’ into the deeper
waters of the Gulf of Mexico. About 30% of the discharge
is directed to the Atchafalaya River and into the
Atchafalaya Bay and onto a broad, shallow shelf located
,250 km west of the bird’s foot delta (Wiseman et al. 1997;
Krug 2007). Coastal waters influenced by the Mississippi
River from Southwest Pass to the Atchafalaya delta were
sampled aboard the R/V Gyre during four cruises in the
spring and summer of 2005 (Fig. 1a). During the March
and May cruises, stations were occupied in regions A (west
of Southwest Pass), B (off Terrebone Bay), and C
(Atchafalaya shelf). In July, sampling was restricted to
regions C and D due to the passage of Hurricane Dennis,
which made landfall on 10 July in the eastern Gulf and
followed Hurricane Cindy, which had passed through
during the previous week. In August, regions B, C, and D
(west of Atchafalaya shelf) were occupied as part of larger
hypoxia study.

Water samples were generally collected from the surface,
middle depths, and bottom depths in amber glass bottles
with Teflon-lined caps (Niskin) during conductivity–
temperature–depth (CTD) casts with a Sea-Bird Electronics

CTD and a General Oceanics rosette system. The samples
were then filtered through pre-rinsed 0.2-mm Nuclepore
membrane filters within 3 h of collection. Spectral CDOM
absorption [acdom(l)] values of the filtered samples were
obtained onboard the ship using a capillary wave-guide
system (WPI, Inc.), a single-beam spectrophotometer (D’Sa
et al. 1999, 2001) using a protocol described in Miller et al.
2002. The optical absorbance spectra A between 250 nm
and 722 nm were determined from two scans: one of a cell
filled with blank solution (Milli-Q) adjusted for the salinity
of the sample, and one of the sample itself. The absorbance
A was used as a baseline corrected by subtracting the
absorbance at each wavelength from the average absor-
bance at the 715–722 nm band. The dimensionless absor-
bance spectra were converted to absorption coefficient
(m21) at each wavelength l, using the equation

acdom(l)~2:303(l)=L ð1Þ

where L is the optical path length in meters (waveguide
path lengths of 0.1 m or 0.5 m were used in the
measurements). CDOM spectra typically fit a wavelength-
dependent exponential function with a single slope
parameter (S; nm21) such that acdom(l) 5 acdom(l0) 3
e2S(l2l0), where l0 was a reference wavelength. S was
calculated using the linear least-squares regression of the
logarithm of the CDOM spectral absorption between
370 nm and 550 nm.

Discrete DO concentrations were determined using the
Winkler titration method and a SBE-43 DO probe (Sea-
Bird). A fluorometer attached to the CTD rosette system
provided fluorescence profiles that were converted to
chlorophyll using chlorophyll estimates determined from
discrete water samples using a calibrated fluorometer
(Turner Designs). Bacterial abundances were determined
after preparing and storing slides onboard at 220uC and
then counting cells using epifluorescence microscopy on an
Axioplan Imaging 2 universal microscope (Zeiss; Anitsakis
2006). River discharge data (Fig. 1b) were obtained from
the U.S. Army Corps of Engineers monitoring stations
located at Tarbert Landing, Mississippi, for the Mississippi
River and at Simmesport, Louisiana, for the Atchafalaya
River.

Results

Physical influences and CDOM optical properties—Al-
though usual discharge from the Mississippi and Atchafa-
laya rivers peak in April–May (Fig. 1b), discharge was
atypical in 2005; peak flow occurred in January, followed
by a decreasing discharge for the remainder of the year
(Fig. 1b). The March and May sampling periods followed
the unusually early peak river discharge and the annual
cycle of cold-air outbreaks that occur with characteristic
time scales of 3 d to 10 d over the region during winter and
spring, which results in cooling and mixing of the water
column (Wiseman et al. 1997). Low levels of discharge from
the Mississippi and Atchafalaya rivers characterized the
cruises in July and August (Fig. 1b). Salinity of surface
waters reflected the river discharge with lowest average
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surface-water salinity in March (25.57 6 1.64) that
increased to 26.95 6 0.46, 28.98 6 0.31, and 28.48 6
0.30, respectively during May, July, and August. Average
salinity of bottom waters varied over a smaller range (34.68
6 0.68, 34.51 6 61, 31.98 6 0.41, and 34.02 6 0.36) during
the same period. An anomalous increase in surface salinity
(compared to August salinity) and a drop in bottom
salinity in July 2005 could be attributed to the passage of
Hurricane Cindy that made landfall on 05 July near region
A (Grande Isle, Barataria Bay). Winds of up to 110 km h21

before the hurricane made landfall mixed the water column
(decreased bottom salinity) and probably elevated surface
salinity and disrupted DO distribution in the study area.

CDOM optical properties plotted as a function of
salinity reveal an inverse linear relationship between
CDOM absorption at 412 nm, acdom(412), and salinity (y

5 1.37 – 0.036x, r2 5 0.93, n 5 51), indicating conservative
mixing between the low-salinity river end members and the
high-salinity ocean end member during March and May
(Fig. 2a). The dependence of acdom(412) on salinity appears
to be conservative for the sampling regions A, B, and C
influenced by both the Atchafalaya and Mississippi rivers.
A previous study in region A (Del Castillo and Miller 2008)
also documented a conservative CDOM–salinity relation-
ship with slightly elevated slope (y 5 1.60 – 0.04x, r2 5
0.84, n 5 223), indicating similar trends in the relationship.
Large salinity differences (,9) between the surface and
bottom waters in March 2005 (Fig. 3a) were associated
with large acdom(412) differences (surface: 0.54 6 0.21 m21

and bottom: 0.17 6 0.13 m21). Although the CDOM–
salinity relationship during early summer (July) appeared
similar to that in the spring (Fig. 2c), there was greater

Fig. 1. (a) Study site in the northern Gulf of Mexico showing locations (regions A, B, C, and D) of CDOM sampling stations that
were occupied during cruises in 23–29 March, 20–25 May, 08–13 July, and 18–22 August of 2005. (b) The Mississippi and Atchafalaya
river discharge in 2005, with symbols indicating periods corresponding to four cruises. Dark gray lines indicate the mean discharge from
the two rivers.
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scatter (r2 5 0.45, n 5 88) in the data with surface
acdom(412) in the ,27–32 salinity range lying below the
conservative mixing line and a trend for higher values in
their spectral slope (Figs. 2c,d, 3d). The acdom(412) of
bottom waters in the 32–35 salinity range, in contrast,
tended to lie above the mixing line (Fig. 2c). With large
deviations in CDOM between the surface and bottom
waters in the mid-salinity range in August 2005 (Fig. 2e),
low-salinity waters (,24) and high-salinity (.35) waters
were used to define the end-member line (y 5 1.46 – 0.038x;
Rochelle-Newall and Fisher 2002; Yamashita and Tanoue

2004). This end-member line was similar to the spring
CDOM–salinity conservative mixing line (Fig. 2a), sug-
gesting insignificant seasonal changes in the end-member
optical properties of CDOM during spring and summer of
2005.

The average S values of surface and bottom waters
during March were 0.0160 6 0.0002 and 0.0170 6
0.0003 nm21, respectively (Figs. 2b, 3d). The lower S in
surface waters reflects the terrestrial influences associated
with high river discharge. The higher S in the higher-
salinity bottom waters probably reflects oceanic influences

Fig. 2. CDOM absorption at 412 nm (m21) and the spectral slope (S; nm21) plotted as a function of salinity for samples (surface,
middle depths, and bottom depths) obtained in (a, b) March and May, (c, d) July, and (e, f) August 2005. Solid lines denote the best-fit
linear regression to the data for (a) and (c) and for the end-member line in (e) given by the relation y 5 1.46 – 0.038x. Dashed lines in (c)
and (e) denote the linear regression obtained in (a) and are shown for comparison.

2236 D’Sa and DiMarco



and their compounded exposure to sunlight (Twardowski
and Donaghay 2002). Average S gradually increased in
surface waters to its highest value of 0.0185 6 0.0002 nm21

in August (Figs. 2d,f, 3d), indicating the increasing effects
of photo-oxidation on CDOM. In contrast, a drop in the
spectral slope of bottom waters to ,0.0156 6 0.0002 nm21

in May and July probably reflects contribution to CDOM
from organic material fluxed to the bottom from the spring
phytoplankton bloom. A slight increase in S to 0.0161 6
0.0001 nm21 in August (Figs. 2f, 3d) may be related to
enhanced penetration of solar radiation in the summer
(Lehrter et al. 2009). Some scatter in the absorption
properties of bottom waters and surface waters could be
due to the passage of Hurricane Cindy in July a few days
prior to sampling, to the presence of different source waters
(Chen and Gardner 2004), or to organic matter from the
extensive coastal wetlands (Dagg et al. 2007). However, the
conservative CDOM mixing in the shelf waters during
spring cruises (March and May) followed by trends of
increasing S values and deviation of the surface and bottom
acdom(412) values about the conservative end-member
mixing line through the summer suggests potential seasonal
loss and gain in CDOM in this river-dominated coastal
margin.

CDOM absorption and dissolved oxygen—An examina-
tion of acdom(412)–salinity relationship (Fig. 2) and trends
during March, May, July, and August 2005 in the sali-
nity, DO concentrations, and CDOM optical properties
[acdom(412); S; Fig. 3] reveal different linkages between DO
concentrations and CDOM of surface and bottom waters

that deviated from the conservative end-member mixing
line. In surface waters, elevated CDOM absorption was
associated with higher levels of DO and phytoplankton
biomass; in bottom waters, relatively high CDOM levels
were associated with locations of low concentration of DO
or hypoxia; a DO concentration of 2.0 mg L21 is the
accepted cutoff for hypoxia where most marine life is
adversely affected.

During the March cruise, average DO concentration in
surface waters was .9 mg L21 (Fig. 3c) and was associated
with higher chlorophyll fluorescence levels (not shown)
compared with those measured in the summer cruises. At
some stations with DO .10 mg L21, CDOM absorption
deviated considerably from the conservative mixing line,
indicating excess CDOM (Fig. 2a,c; circles marked with +
sign). DO concentrations in surface waters decreased on
average to 7.43 6 0.66, 6.88 6 1.07, and 6.70 6
0.53 mg L21, respectively, in May, July, and August, and
they were similarly accompanied by a decline in surface
chlorophyll fluorescence observed during CTD casts (not
shown). However, during the July cruise, at a few stations
with supersaturated DO concentrations of ,12 mg L21

(Fig. 2c; enclosed ellipse), large deviations from the
conservative mixing line were associated with an elevated
chlorophyll band observed in satellite imagery (D’Sa 2008).
Similarly, during August, elevated surface CDOM was
present at only one station with DO of 9.02 mg L21

(Fig. 2e). Average S at stations with elevated DO
concentrations were higher during March (0.0165 6
0.0007 nm21, n 5 9) and July (0.0186 6 0.0013 nm21, n
5 4) than the overall mean slopes for the two cruises.

Fig. 3. Variation during March, May, July, and August 2005 for surface and bottom waters of (a) salinity, (b) acdom(412), (c)
dissolved oxygen (DO), and (d) spectral slope (S) for regions B, C, and D shown in Fig. 1. The error bars represent the SE of the mean.
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It is most pronounced in August (Fig. 2e), indicating
increasingly larger deficits in CDOM in the 27–32 salinity
range as the sampling proceeded from spring into late
summer. The conservative mixing of CDOM absorption
in the surface waters (salinity ,27) suggests a riverine
signature that masks photobleaching effects. The expo-
sure of these waters to solar radiation was insufficient to
cause noticeable photobleaching. The average salinity of
surface waters increased from March into May and July,
which indicates the decreasing river discharge onto the
shelf (Fig. 1b) followed by a slight decrease in August
(Fig. 3a). As expected, the average surface CDOM
absorption decreased from March to May to July to
August (Fig. 3b). A decrease in salinity in August was
expected to increase CDOM absorption; however, the
large deficit in CDOM absorption observed in August in
the 27–32 salinity range showed that the average CDOM
absorption level was lower than that found in July. S in
the ,27–32 salinity range of surface waters increased
during the four cruises. Average S of the surface waters
was the lowest in March (0.0160 6 0.0008 nm–1), increas-
ed gradually in May and July (0.0170 6 0.0014 nm–1),
and showed the largest increase in August (0.0185 6
0.0015 nm–1; Fig. 3d), indicating the increasing effects of
photo-oxidation on surface waters.

As the season progressed, the effects of reduced winds
(Sharma and D’Sa 2008) and generally stronger summer
stratification coupled with increase in solar radiation in
both the UV wavelength (Fig. 4a) and the visible wave-
length (Lehrter et al. 2009) appear to be the most likely
factors leading to the amplification of the photo-oxidation
effects during late summer. The variable deviations of
surface acdom(412) from the mixing line, the middle depth
(between 5 and 10 m) acdom(412) generally lying between
the surface and the mixing line, and the increasing S
(Fig. 2) suggest variable effects of photobleaching on the
water samples that were probably dependent on the depth
of solar penetration and the surface mixed layer. Thus,
while the available data do not permit a quantitative
assessment of the magnitude of losses due to photobleach-
ing, a comparison of downward irradiance TUV model
outputs (Troposphere Ultraviolet and Visible radiation
model, National Center for Atmospheric Research, Color-
ado) in the 320–420 nm wavelength range (Fig. 4a) by
month indicates an approximate two-order increase in
irradiance in UV-A (320–400 nm) during May, July, and
August 2005 when compared with March irradiance. A
further increase into the UV-B waveband (280–320 nm)
during August, a waveband that has been indicated to be
most effective in DOM photolysis (Zepp et al. 1998), may

Fig. 4. (a) Noontime spectral down-welling irradiance Ed (W m22 nm21) obtained from the TUV model (National Center for
Atmospheric Research (NCAR), Colorado, USA) for a location off the Atchafalaya bay during 23 March, 21 May, 07 July, and 20
August 2005, (b) CDOM spectral absorption for surface samples at stations 14C, 2C, 1D, and 33D located in regions C and D (Fig. 1)
during March, May, July, and August 2005, (c) log-linearized absorption spectra for stations in (b), and (d) comparison of fractional
differences in (a) normalized at 250 nm and fractional loss for representative stations during July–March and August–March 2005.
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the water column below the pycnocline, and the respiratory
processes associated with this material, have been indicated
to contribute to the hypoxic conditions observed seasonally
along the Louisiana coast (Rabalais et al. 2001). During
spring, low DO or hypoxic waters were observed west of
the Mississippi delta, and they were consistent with
previous studies that have been attributed to strong river
influence and eutrophic conditions that result mainly in
water-column respiration contributing to the hypoxia
(Hetland and DiMarco 2008). Elevated bacterial abun-
dance associated with low DO concentrations and elevated
CDOM levels at these stations suggest rapid bacterial
remineralization of the organic matter contributing to the
CDOM (Nelson et al. 2004).

During the summer, surface chlorophyll concentrations
were lower in surface waters than in bottom waters
(Anitsakis 2006; Tables 1, 2), mainly due to surface waters
being nutrient limited. Nutrient concentrations were, how-
ever, slightly elevated in bottom waters (not shown). Loss of
surface and subsurface CDOM due to photo-oxidation
combined with reduced phytoplankton production during
the summer could be a factor in recently reported studies
showing increased light level in bottom waters and associated
subsurface chlorophyll maxima (Lehrter et al. 2009). Low or
hypoxic conditions were also observed over a larger area of
the Louisiana Shelf during the summer (regions B, C, D).
Most of the hypoxic bottom waters were associated with
elevated CDOM that also had elevated chlorophyll concen-
trations and bacterial abundance (Table 2). Such increased
levels of algal cells and detritus in subsurface waters were
observed that were associated with enhanced bacterial
growth and respiration and rapidly diminishing DO concen-
trations with depth (Amon and Benner 1998). In this study,
bacterial abundance was relatively high in hypoxic waters
during summer, with one of the highest bacterial counts (7 3
106 cells mL21) observed at a station with the lowest DO
concentrations (0.65 mg L21), supporting the view that
microbial remineralization (respiration) of both phytoplank-
ton and its detrital component may have contributed to
hypoxia and to the excess CDOM (,45%) at stations
associated with hypoxia. However, in comparison to spring
hypoxia observed west of the Mississippi delta, the hypoxia
over a larger region of the Louisiana shelf may have been
additionally stimulated by a combination of subsurface
organic matter produced during the summer due to enhanced
light availability in bottom waters and bacterial remineral-
ization of this organic matter. Thus seasonal CDOM
dynamics and the associated loss and gain in surface waters
and bottom waters could provide additional pathways to
hypoxia formation in the region through increased hetero-
trophic activity associated with increased and more labile
organic biomass (both particulate and dissolved). The non-
conservative behavior of CDOM at some salinity ranges due
to its photo-oxidation or production suggest that its use as a
water mass or salinity tracer needs to be used with caution. A
large and variable increase in S during the summer also
suggests that semi-analytic ocean-color algorithms may need
to account for seasonal changes in the spectral slope to obtain
more accurate estimates of optical parameters from satellite
data.
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