




BIOLOGICAL MODEL

We applied an existing food web model for the
Mississippi River plume (Breed et al. 2004) to
determine seasonal and spatial rates of labile
(reactive on time scales of days to weeks) OC
cycling. The model of Breed et al. (2004) charac-
terized OC cycling in four salinity regions but did
not quantify the size or location of the regions,
a requisite to determining plume OC budgets. The
model incorporated all possible carbon flows
between 8 compartments within the planktonic
food web, including 6 living groups of plankton
and 2 nonliving components. The living groups
were divided into small (,8 mm) and large
(.8 mm) phytoplankton, bacteria, and grazers of 3
size classes, including protozoans (,63 mm), micro-
zooplankton (63–200 mm), and mesozooplankton
(.200 mm). The 2 nonliving compartments were
DOC, which supported bacterial growth, and de-
tritus. All compartments were defined for each of

the four salinity subregions (0–18, 18–27, 27–32,
and 32–34.5); within each subregion, there were
various flows in and out of the system to accommo-
date riverine DOC input (in subregion 1 only), in
situ GPP, respiration, advection, sedimentation, and
export to higher trophic levels. A combination of
empirical data, collected primarily since 1990 with
the start of the Nutrient Enhanced Coastal Ocean
Productivity program, and biologically realistic
constraints were used in the inverse method to
calculate a single best solution for carbon flows
between compartments, determined by minimizing
the sum of squares of all flows. Mathematical details
of the inverse procedure for planktonic food webs
can be found in Vézina and Platt (1988) and Vézina
(1989).

We made several modifications to this model to
include new empirical data that have become
available (Table 1). These additions included re-
cent measurements of grazing by microzooplankton
(Jochem 2003; Liu and Dagg 2003) and larvaceans

Fig. 2. Composite AVHRR-derived suspended sediment imagery for the Mississippi River turbidity plume showing an example each for
winter (February), spring (May), summer ( July), and fall (October). The plume is defined as the region between the two straight lines and
the 5 mg l21 suspended sediment contour (in white).
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Variability in labile OC budgets was determined
from uncertainties in physical model parameters.
Standard deviations in budgets were calculated
using methods of error propagation and the
equation

OCbudget(gC) � TotalArea �
� 4

i� 1

OCconc(gC m� 3)

�

� MLD � %Area�
i

� 1�

where the budget is a sum over all four subregions,
and OC concentration is determined from the food
web model. Standard deviations for mixed layer
depth and total area were included in our analysis
(Table 2). Variability in OC concentration caused
by mixed layer depth was assumed minor compared
to variability in volume and was not considered. We
also did not include uncertainties in the percent
area of each salinity subregion because there was
not enough data to assess its variability, and it is not
independent of uncertainties in total area.

APPLICATION OF CARBON BUDGETS

Monthly OC budgets were used to estimate the
contribution of plume processes to hypoxia in
bottom waters along the Louisiana–Texas coast.
This analysis involved two steps: calculating the OC
demand of the hypoxic zone, and quantifying the
OC supply from the turbidity plume to hypoxia.
Step 1 was achieved by first calculating the volume
of the hypoxic zone. We used an average area of
15,000 km2 for 1989–2001 (Rabalais et al. 2002) and
assumed a thickness for bottom waters of 10 m as in
previous models (Bierman et al. 1994; Justić et al.
1997). In reality the thickness of hypoxia varies with
the depth of the water column, the location of the
pycnocline(s), and the position along the shelf.
Based on data for 1990–1994 (Transect C; Rabalais
et al. 1999), a thickness of 10 m is likely to be
towards the upper end of values observed for
hypoxia across the shelf. We also assumed a decrease
in dissolved oxygen in bottom waters of 4 mg l21,
corresponding to a change from 6 mg l21 in winter
to 2 mg l21 under hypoxic conditions (Turner and
Allen 1982). An additional oxygen consumption was
calculated based on estimated rates of oxygen
replenishment from the surface layer to the bottom
layer using eddy diffusivity coefficients (Justić et al.
1997). By applying an O2 to carbon ratio of 0.288 by
weight, we calculated the amount of OC that must
be supplied from the upper water column for the
onset of bottom water hypoxia to occur. Uncertainty
in the OC demand for hypoxia was approximated
using a standard deviation for the volume of the
hypoxic zone (6 6.3 3 1010 m3). This was calculated
from the standard deviation for the area (6 5.1 3

109 m2) and thickness of hypoxia (6 2.5 m), the
latter determined from a transect south of Terre-
bone Bay for 1990–1994 (Transect C; Rabalais et al.
1999). Step 2 involved quantifying the plume’s OC
contribution to bottom waters prior to the last week
in July, when the areal size of hypoxia is usually
mapped (Rabalais et al. 1999). OC sedimentation
from the plume was calculated using our budgets
for spring and early summer (March–June). We
considered July plume contributions to hypoxia to
be zero because river discharge generally flows
offshore during this period (Cochrane and Kelly
1986; Salisbury et al. 2004; Walker et al. 2005). The
sum contribution of March–June OC sedimentation
was then compared to the OC demand for the
hypoxic zone.

We also used our monthly OC budgets to
calculate the CO2 flux between plume surface
waters and the atmosphere. The surface water
concentrations of CO2 include both an abiotic
(solubility) component, determined by the carbon
chemistry of the river and marine end members,
and a biotic component determined by net ecosys-
tem metabolism. Total dissolved inorganic carbon
(DIC) in the plume was determined as:

DIC � DICabiotic � DCO2,biotic � 2�

where DCO2,biotic is calculated from our budget for
net ecosystem metabolism and residence time. This
calculation for DIC assumes minimal flux of CO2

between surface and bottom waters, an assumption
supported by high riverine freshwater flux and the
resulting buoyancy and shear that contribute to
vertical separation. Surface water pCO2 values were
calculated from total alkalinity (TAlk) and DIC
values using the CO2SYS software package (Lewis
and Wallace 1998), with apparent dissociation
constants of Mehrbach et al. (1973) refitted by
Dickson and Millero (1987), the CO2 solubility
coefficient of Weiss (1974), and the sulfate dissoci-
ation constant of Dickson (1990). Seasonal silicate
and phosphate data were included in the calcula-
tions (Lohrenz et al. 1999). Abiotic contributions to
pCO2 in each salinity subregion were calculated
using TAlk and DIC values for the plume calculated
along a conservative mixing curve. Monthly riverine
values of TAlk and pH (on the National Bureau of
Standards (NBS) scale) were determined from U.S.
Geological Survey data for St. Francisville (Raymond
unpublished data), and riverine DIC was calculated
using the CO2SYS program (Table 2). The marine
end member values for TAlk and DIC were assumed
equal to the surface water values for the Atlantic
Ocean presented in Millero (1996), and the same
values were used in all seasons (TAlk and DIC of
2.40 and 2.00 mmol kg21, respectively; Cai 2003);
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(55–64%), followed by sedimentation (19–26%),
advection out (12–16%), and transport to higher
trophic levels (4–5%; Fig. 4). In winter the majority
of OC loss was via respiration (96%), with 3% loss
to higher trophic levels and negligible losses to
sedimentation and advection out (1%). The percent
of GPP exported vertically in the nonwinter seasons
ranged from 4% to 67%, depending on salinity, with
an average of 27%; the percent was ,5% in winter.
In the nonwinter seasons, the percentage generally
increased with salinity due to the advection of OC
from highly productive to less productive subre-
gions (Breed et al. 2004).

Total plume GPP was greater than respiration in
all seasons except winter. The general seasonal
trends in plume metabolism were similar to those
presented in Breed et al. (2004), except that there
was more net autotrophy in our results (Fig. 5), with
only 4 (of 16) subregions showing net heterotrophy
versus 7 subregions in the original model. This
difference was caused by the smaller mixed layer
depths used in our model, which resulted in higher
ratios of GPP : R. Significant spatial variability was
observed in net ecosystem metabolism, with near

balance in subregions 1 and 4 in all seasons and
large variations in subregions 2 and 3. Annually, the
plume was net autotrophic, with average GPP : R
ratios of 1.6 and net ecosystem metabolism amount-
ing to +5.1 3 1011 g C yr21, most of which was
contributed by subregion 2.

Total DOC inputs to the Mississippi River
turbidity plume were larger than POC inputs. Total
POC inputs, from the river and autochthonous
GPP, amounted to 2.1 3 1012 g C yr21 (Fig. 6). This
was less than the total riverine DOC input of 3.1 3
1012 g C yr21 but recall that only 3% of this is labile.
Biological processing of DOC in the plume was
balanced, such that release by phytoplankton,
zooplankton, and detritus (490 3 109 g C yr21) was
the same as uptake by bacteria (490 3 109 g C yr21).
There was significant spatial and seasonal variation
in net biological processing of DOC. Surplus DOC
from biological excretion was generally present in
subregions 2 and 3 in the nonwinter seasons, while
more DOC was consumed than excreted in all
subregions in winter. A net biological input of DOC

Fig. 5. Plume metabolic balances and budgets as a function of
salinity for each season. The budget in each salinity subregion is
a sum over the entire subregion plotted at its mean salinity. Total
net ecosystem metabolism (NEM) budgets, as a sum over the
entire plume, are 25.7 3 1010 g C in winter, 1.1 3 1011 g C in
spring, 3.4 3 1011 g C in summer, and 1.3 3 1011 g C in fall, such
that all seasons except winter are net autotrophic.

Fig. 4. Monthly budgets for labile OC inputs and outputs
associated with the food web model, as a sum over all four salinity
subregions. Inputs are from in situ GPP and riverine DOC, and
outputs are to total microbial respiration (R), sedimentation,
advection, and higher trophic levels. Riverine POC is not
represented as an input in panel A, because it is assumed to
sediment near the river mouth and to have little effect on food
web processes in the surface plume.
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at mid salinities in nonwinter months has previously
been documented (Benner and Opsahl 2001).
Model results show that phytoplankton, zooplank-
ton, and detritus contributed approximately equally
to DOC release in the nonwinter seasons, while
zooplankton and detritus were most important in
the winter. A small loss of DOC via flocculation was
estimated at low salinities (2.0 3 1011 g C yr21),
though this process needs to be better quantified.

In our budget, the majority of POC is lost to
sedimentation and respiration, regardless of its
source. The assumption that most riverine POC
quickly sediments out of the plume is supported by
sediment d13C measurements, which showed terres-
trial OC was restricted to near the river mouth
(Turner and Rabalais 1991; Eadie et al. 1994). More
recent analyses of lignin-phenol biomarkers have
shown that fine-grained, terrestrial organic matter is
often transported further to the shelf-break and
slope (Bianchi et al. 1997; Goñi et al. 1998), but this

offshore transport likely occurs via lateral move-
ment in the bottom boundary layer, after the
material has sedimented. Large terrestrially-derived
woody materials typically sediment very quickly near
the mouth of the Mississippi River (Bianchi et al.
2002). Our total sedimentation of 1.0 3
1012 g C yr21 is generally consistent with 7Be-based
sedimentation rates that range from 1 3 1012 to 4 3
1012 g C yr21, as calculated from Corbett et al.
(2004). Our budgets indicate advection of POC
out of the plume in surface waters is minor in
comparison to sedimentation which is 8 times
greater. The partitioning of this POC in bottom
waters between respiration and sediment remobili-
zation is particularly important to resolve given the
large amount of OC these processes affect (7.3 3
1011 g C yr21). Fluidized and mobile muds on the
Louisiana shelf may play an important role in the
transport of terrestrially and marine-derived OC to
sediments in deeper waters offshore (McKee et al.
2004). Because the role of this mobile mud layer is
unquantified, we can not make any determination
of the net metabolic balance of the entire ecosystem
(surface plus bottom waters).

Seasonal, volume-integrated budgets of labile OC
inputs and losses from the physical-biological model
did not balance. In winter and spring, OC losses
were greater than inputs; in summer and fall, the
reverse was the case and inputs were greater than
losses. For the annual budget, losses were 10%
higher than inputs. One factor likely to contribute
to budget imbalance is a lack of data on physical
factors, such as residence time, which we assumed
was constant among seasons (Table 2). Previous
studies have estimated a transit time of 1–2 d from
the river mouth through intermediate salinities in
nonwinter seasons (Lohrenz et al. 1990; Hitchcock
et al. 1997, and references therein), and we have
assumed longer residence times at higher salinities
outside this fast moving core of the plume. Breed et
al. (2004) stated that modeled carbon flows are
sensitive to errors in physical mixing parameters.
Uncertainty in the plume physical model is an
important avenue for future research.

VARIABILITY IN OC BUDGETS

Variability in mixed layer depth and plume area
were both important contributors to uncertainty in
carbon budgets. A standard deviation was deter-
mined for annual labile OC inputs from the food
web model of 1.3 3 1012 6 0.73 3 1012 g C yr21 (or
6 56%). Considering all seasons, uncertainties in
mixed layer depth averaged 6 44% of the mean
value used in the model (Table 2). This variability is
likely caused by differences in wind mixing,
occurring temporally throughout a season and
spatially throughout a salinity subregion (Fig. 3).

Fig. 6. Annual plume budgets for major fluxes of POC and
DOC, including physical forcing via riverine input, sedimentation,
and advection out, and biotic processes associated with GPP,
respiration, and DOC cycling (exudation and uptake). Aspects of
the budget were calculated from literature values, including
riverine DOC and POC, burial of POC in sediments, and
flocculation of DOC (as discussed in the Methods). The value
for OC loss in bottom waters due to respiration and physical
sediment remobilization was calculated by difference.

588 R. E. Green et al.



An analysis of wind data from the river mouth
(NOAA station BURL1) for 1996 showed a similar
degree of seasonal variability in wind speed as was
observed in mixed layer depth. Monthly uncertainty
in satellite-derived plume area averaged 6 34% of
the mean (Table 2). Walker (1996) found that the
main factors causing day-to-day variability in plume
area were wind speed and direction, whereas river
discharge mainly determined seasonal and interan-
nual variability. This author showed that the largest
winter plumes were observed during strong north
winds associated with frontal passages, occurring
every 3–10 d. The largest plumes in summer were
associated with west winds at low wind speeds. Our
criteria for quantifying the extent of the turbidity
plume allows for contributions from other passes,
located to the north and east of Southwest Pass
(e.g., South Pass and Pass a Loutre; Fig. 1). Some of
our largest plume measurements show significant

contributions from South Pass sediments advecting
to the west around the delta and contributing to the
apparent size of the Southwest Pass turbidity plume.
During northeast winds, Walker et al. (2005)
estimated that 75% of Mississippi River discharge
through the bird-foot delta flows onto the Louisiana
shelf, due to large contributions from passes on the
eastern side of the delta. Variability in our plume
area calculations are also contributed to by variabil-
ity in contributions from surrounding passes on the
delta. Our estimates of variability in plume mixed
layer depth and area are generally not minimized by
considering only a single year from the several years
of data that we analyzed; river plume processes are
inherently highly dynamic even on short temporal
scales. Future assessments of variability in plume
carbon budgets should additionally account for
uncertainty in biological processes and in percent
area in each salinity subregion, uncertainties which
we currently do not have the data to constrain.

O2 FLUXES IN BOTTOM WATERS

Plume contributions to mid summer hypoxia
were calculated using spring and early summer
budgets for OC sedimentation from all 4 subre-
gions. Total sedimentation from March to May and
June was 8.7 3 1010 and 3.3 3 1010 g C, respectively,
for a sum contribution of 1.2 3 1011 g C (6 7.3 3
1010 g C). In both spring and summer, .90% of
labile OC sediments originated from mid salinity
waters, with subregions 2 and 3 contributing an
average of 63% and 28% of total plume sedimen-
tation, respectively (Fig. 7). The Mississippi River
turbidity plume is spatially offset from most of the
region of hypoxic bottom water but currents in
March-June will advect sedimenting material or
subpycnocline waters depleted in oxygen (following
respiration of sedimenting OC) into the hypoxic
zone. The OC demand for the entire hypoxic zone
was calculated as a sum of 1.7 3 1011 g C due to
a 4 mg l21 change in oxygen concentration and 3.5
3 1011 g C due to the vertical diffusion of oxygen
(as described in Methods), for a total demand of
5.2 3 1011 g C (6 2.2 3 1011 g C). The turbidity
plume’s direct contribution is equivalent to 23%
(6 17%) of this OC demand for the hypoxic zone.
Although the spring-summer volume of the plume
is only 7% the hypoxic region’s volume, it can
potentially supply 23% of the OC demand for
hypoxia because it contains some of the highest
values of primary productivity in the northwest Gulf
of Mexico.

Several factors could modify our calculated
contribution of the plume to the OC demand of
the hypoxic zone. Our estimated contribution could
be high if sedimenting particles from plume waters
settle to the bottom before reaching the hypoxic

Fig. 7. Maps showing the location of the 1996 hypoxic region
(hatched; Rabalais et al. 1999) relative to plume regions of
variable sedimentation in the spring and summer. The Atchafa-
laya River and Bay are located in the upper left-hand corner of
each plot. The highest plume sedimentation occurs in salinity
subregion 2, accounting for 63% of total plume sedimentation in
the spring and summer. On average, lower sedimentation in
salinity subregions 1, 3, and 4 in both seasons accounted for 1%,
28%, and 8% of total sedimentation, respectively. The hypoxic
zone continues west to about 93.0uW.
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loading of total OC and DIN are 14 times higher in
the Mississippi plume (3.9 3 1012 g C yr21 and 9.4 3
1011 g N yr21, respectively; Dagg et al. 2004) than in
Chesapeake Bay (2.9 3 1011 g C yr21 and 6.1 3
1010 g N yr21, respectively; Kemp et al. 1997). In
contrast to nutrients, residence times are higher in
Chesapeake Bay, on the order of months (Boynton
et al. 1995), versus several days in the Mississippi
plume. Short residence times and a single point
source of nutrients in the plume restrict high GPP
to a narrow band of intermediate salinities, as
phytoplankton growth is limited by light at low
salinities and nutrients at high salinities. Longer
residence times and multiple nutrient sources in the
Chesapeake Bay result in nonlimiting DIN concen-
trations in surface waters throughout the bay and
high summer GPP in both the mid and lower Bays
(91% of the total pelagic area). These two different
scenarios result in the dominance of physical total
OC fluxes (i.e., fluxes associated with water trans-
port) in the Mississippi plume (Fig. 6), versus the
dominance of biological fluxes in Chesapeake Bay,
such that the ratio of physical to biological total OC
inputs was 3 in the Mississippi plume and only 0.07
in Chesapeake Bay.

Net metabolic autotrophy in the Mississippi
plume is well explained by the predominance of
high inorganic nutrient loading relative to total OC
loading. For various coastal regions, Kemp et al.
(1997) proposed that net ecosystem metabolism is
related to the source of nutrient inputs, such that:
ecosystems receiving most of their nutrients from
terrestrial organic matter are generally heterotro-
phic and demonstrate an inverse relationship
between metabolism and GPP (Smith and Holli-
baugh 1993; Caffrey 2004), and ecosystems under
high inorganic nutrient loading tend to be autotro-
phic and demonstrate a positive relationship be-
tween metabolism and GPP (e.g., Kemp et al. 1997).
The Mississippi River turbidity plume distinctly falls
into the latter category, with the river delivering very
high dissolved inorganic nutrients (.100 mmol l21

dissolved nitrate; Dagg and Whitledge 1991),
associated with high population development and
agricultural activity in the drainage basin. The
DIN : total OC loading ratio for the plume is ca.
0.2, which is the same as the ratio for the highly net
autotrophic Chesapeake Bay, though net ecosystem
metabolism for the Mississippi plume is much
higher (240 versus ,100 g C m22 yr21). When just
the labile fraction of total OC is considered for the
Mississippi plume, then the DIN : total OC loading
ratio is higher (8); a consideration which is certainly
relevant to the comparison of loading ratios and net
ecosystem metabolism across ecosystems. The re-
lationship between nutrient loading and metabo-
lism suggests that other temperate river plumes with

high riverine DIN concentrations, such as the
Changjiang and the Huange, may also be net
autotrophic.

The percentage of primary production that is
vertically exported from surface waters of the
Mississippi River turbidity plume, as in other regions
of the northwest Gulf of Mexico, is highly variable.
Our calculated values ranged from 0% to 67%,
depending on season and salinity. Using primary
productivity and sediment trap measurements,
Redalje et al. (1994) showed that 4–140% of
production was lost to POC vertical flux in the
immediate plume. We compared our spring and
summer ratios with those of Redalje et al. for the
unique locations where their measurements were
made, salinity subregion 3 in spring and subregion 2
in summer. Our value in the spring for subregion 3
of 64% compared well with Redalje et al.’s value of
50% in the same salinity subregion. Our summer
value for subregion 2 of 11% was consistent with
Redalje et al.’s measured values of 3–9%. At least
two factors contributed to higher spring compared
to summer ratios, including higher grazing in the
summer by both microzooplankton and mesozoo-
plankton and higher advection of OC through the
surface plume in spring than in summer. We
calculated that 590 mg C m23 d21 was advected into
subregion 3 in the spring, whereas only
70 mg C m23 d21 was advected into subregion 2 in
the summer, substantially affecting the amount of
OC available for sedimentation. Several previous
studies of hypoxia on the Louisiana shelf have
assumed that 50% of primary production is ex-
ported below the pycnocline, independent of
season (Rabalais et al. 1991; Justić et al. 1997; Scavia
et al. 2003). For a station in the core of the hypoxic
zone (where several of these models are based)
a rough estimate of the fraction of production
exported from surface waters was highly variable
and ranged from 10% to 200% (references in
Rabalais et al. 1996). More data are required on
this important ratio and the factors that control it in
different parts of the river plume and across the
Louisiana shelf, if we are to accurately predict the
contributions of pelagic OC production to bottom
water hypoxia.

DISTINCT SOURCES OF OC TO BOTTOM WATERS OF THE

HYPOXIC ZONE

Due to the large extent of the hypoxic zone
(,15,000 km2) and dynamic shelf currents, sedi-
menting organic matter to bottom waters will
originate from a diversity of overlying surface
waters. These various overlying waters have different
biological and physical controlling factors, indicat-
ing the need for regionally-specific OC budgets that
can incorporate the particular dynamics of each

592 R. E. Green et al.





wind formulations (e.g., Wanninkhof and McGillis
1999). Despite these uncertainties, our findings
contribute to an understanding of variability in air-
sea CO2 fluxes in a river-dominated ocean margin
that is highly affected by anthropogenic distur-
bance. We have shown that the Mississippi plume is
a net sink of CO2 due to a combination of abiotic
and biotic factors resulting in net autotrophy. Air-
sea flux budgets resulted in a total sink for the
turbidity plume of 2.0 3 109 mol CO2 yr21, of which
90% of the total drawdown was from biotic factors.
Our results are based on a detailed model of plume
chemistry, physical structure, and trophic interac-
tions and match empirical pCO2 measurements
collected in the fall (Cai 2003).

Evidence from previous studies shows that river
plumes significantly affect CO2 cycling at larger
scales by the spreading of fresher waters by the
prevailing surface circulation (Frankignoulle et al.
1996b; Kumar et al. 1996; Ternon et al. 2000).
Using Coastal Zone Color Scanner climatologies,
Ternon et al (2000) showed that the Amazon River
plume was a net sink of CO2 more than 2,000 km
from shore, making the western equatorial Atlantic
Ocean a net sink of CO2, in contrast to the central
and eastern parts of the equatorial belt. For the
Mississippi plume, we showed that high salinity
plume waters were a net sink of CO2 in all seasons
(pCO2 5 240–310 matm; Fig. 8). Given that Mis-
sissippi River plume waters advect much farther
than we have considered here (Müller-Karger et al.
1991; Walker et al. 2005), future studies using
advances in remote sensing will likely show the
importance of the extended plume as a larger sink
of CO2 than we have calculated in the current study.
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