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Abstract

The Mississippi River currently delivers approximately 1.82 Tg N year� 1 (1.3� 1011 mol N year� 1) to the northern Gulf of

Mexico. This large input dominates the biological processes of the region. The ‘‘new’’ nitrogen from the river stimulates high

levels of phytoplankton production which in turn support high rates of bacterial production, protozoan and metazoan grazing,

and fisheries production. A portion of the particulate organic matter produced in the pelagic food web sinks out of the euphotic

zone where it contributes to high rates of oxygen consumption in the bottom waters of the inner shelf, resulting in the

development of an extensive zone of hypoxia each summer. In spite of the significance of this river system to the coastal ocean

of the northern gulf, we do not have an adequate understanding of the inputs, processing and ultimate fates of river nitrogen.

Here we review available literature on this important system and propose a conceptual model showing how biological processes

evolve in the river plume between the point of discharge and the point where plume waters are fully diluted by mixing with

oceanic water.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction creased dramatically within the past 50 years, con-
The continental shelf of the northern Gulf of

Mexico is physically and biologically dominated by

the Mississippi River. The large input of fresh water

contains high concentrations of dissolved nitrate

whereas receiving waters of the open Gulf are perma-

nently stratified and depleted of nitrate. In contrast to

the continental shelves on the west and east coasts of

the US, where upwelling and intrusions of slope water

provide the major nutrient inputs, inputs in this system

are primarily from the land via the Mississippi River.

Furthermore, inputs of dissolved nitrogen have in-
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tributing to major changes in this coastal ecosystem.

The purpose of this paper is to review the effects of

this river nitrogen on the biological process of the

northern Gulf of Mexico, particularly the continental

shelf west of the Mississippi delta where the impacts

are the greatest. We then synthesize this information

into a conceptual model representing an idealized

plume, and make some suggestions about future

directions for research in this important system.
2. The Mississippi River

The Mississippi River is one of the world’s 10

largest rivers. It is approximately 6260 km in length,
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its average freshwater discharge into the northern Gulf

of Mexico is 380 km3 year� 1, and its average sedi-

ment discharge is 150� 109 kg year� 1 (Meade et al.,

1990; Meade, 1995). The magnitude of freshwater

discharge is apparent from the distribution of waters

with reduced salinity which can sometimes be ob-

served in coastal waters as far west as Port Aransas,

TX (Dinnel and Wiseman, 1986) and as far east as

Miami, FL (Ortner et al., 1995) (Fig. 1). Additional

riverine contributions are made by the major distrib-

utary of the Mississippi, the Atchafalaya River, which

discharges to the west of the Mississippi River and

carries approximately 34% of the total system flow.

The drainage basin of the Mississippi–Atchafalaya

system includes greater than 40% of the continental

US, an area of 3.34� 106 km2 (Berner and Berner,
Fig. 1. The northern Gulf of Mexico. The delta of the Mississippi Rive
1987). Receiving waters originate from the open Gulf

of Mexico, a permanently stratified, oligotrophic,

subtropical sea (Fig. 1).

Discharge from the Mississippi River delta is from

two main channels and numerous smaller distributar-

ies (Fig. 2). On average, discharge is strongest during

the spring flood; fall discharge is only about 30% of

the springtime high (Fig. 3). Typically, less than 1/3

flows eastward onto the Mississippi/Alabama shelf

and most of the water discharging from the delta flows

westward (Dinnel and Wiseman, 1986). Mississippi

River water is discharged at outer shelf depths be-

cause prograded sedimentation over the past 700 years

has built a large delta over the shelf (Figs. 1 and 2). At

discharge, river water forms a buoyant plume that

typically does not interact with the bottom because
r has built out over much of the shelf during the past 700 years.



Fig. 2. The Mississippi River delta showing the main discharge channels, South Pass and Southwest Pass.
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discharge is in relatively deep water. Mixing of river

water by horizontal or vertical entrainment of surface

or near-surface ocean water begins immediately

downstream of the discharge sites (Garvine, 1982;

Wright and Coleman, 1971). Because the amount of

discharge is highly seasonal, entrainment zones and

plume depths vary seasonally, being nearer the mouth

and shallower during low discharge and farther afield

and deeper during high discharge. Wind forcing,

entrainment, and tidal forces are important in control-

ling the path and structure of the plumes (Rouse and

Coleman, 1976).

There are significant short-term horizontal move-

ments of surface plumes in response to local winds.
Winds are typically from the south or southeast from

April to October because the Bermuda High tends to

block continental air masses from impacting the

northern gulf. From October to April, the regional

effect of the Bermuda High is more limited and

continental weather systems impact the northern gulf

from the northwest (maritime Polar) or from the north

(continental Polar or continental Arctic) on time scales

of 3–10 days (Henry, 1979). On average, the steady

wind regimes ahead and behind the winter cold fronts

change from 3.2 m s� 1 (southerly component) ahead

of the front to 5.5 m s� 1 (northerly component)

behind the front (Fernandez-Partagas and Mooers,

1975). The major change occurs over a distance of



Fig. 3. Mississippi River discharge at Tarbert Landing, MS. This station is below the Mississippi–Atchafalaya branch point. Mean flow is

derived from daily averages between 1967 and 2002 data (data from USACE).
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about 140 km perpendicular to the front, which

corresponds to a time-scale of about 4.5 h. Thus,

during the summer, winds favor westward movement

of plumes along the shelf whereas during winter,

winds periodically tend to push plumes away from

the coast. However, prevailing currents have the

opposite seasonal effect (Cochrane and Kelly, 1986;

Li et al., 1997). During the winter, currents favor a

coastally trapped, westward moving plume while

summer currents are lax or eastward, tending to detach

the plume from the coast and stall westward flow. The

combined effects of these opposing forces result in a

highly dynamic and unpredictable physical steering

regime though rarely is overall flow eastward.

In contrast to the Mississippi, the Atchafalaya

River empties into the broad and shallow (f 1 m

deep) Atchafalaya Bay (Fig. 1) where there is minimal

horizontal mixing with higher salinity gulf water. Bay

salinities are generally < 0.5 (all salinities in this

paper are expressed on the practical salinity scale

and thus are unitless). Atchafalaya River waters dis-

charge at the inner continental shelf some 200 km

from the shelf break, isolated from waters of the open

gulf. The Atchafalaya plume does not separate from

the bottom until it leaves the bay and inner shelf.
Because of vertical mixing in shallow waters, strati-

fication and frontal boundaries offshore of Atchafa-

laya Bay are generally weaker than offshore of the

Mississippi River delta. At the point of discharge,

Atchafalaya River water is biogeochemically similar

to Mississippi River water but coastal processes

affecting Atchafalaya water differ from those of the

Mississippi and are not considered further in this

paper.
3. Nitrogen inputs

Five large rivers account for 45% of the total river-

nitrogen flux into the entire Atlantic Ocean (Nixon et

al., 1996). Approximately 85% of this nitrogen flux is

from two rivers, the Amazon (54%) and the Missis-

sippi (31%).

The Mississippi River delivers some 1.82 Tg N

year� 1 (1.3� 1011 mol year� 1) to the northern Gulf

of Mexico (Howarth et al., 1996). On a yearly

average, Mississippi River dissolved nitrogen is com-

prised of 53% nitrate, 43% organic nitrogen and 4%

ammonium (Turner and Rabalais, 1991). Riverine

concentrations of nitrate at Southwest Pass in the
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Mississippi delta (Fig. 1) are typically >100 AM
(Dagg and Whitledge, 1991; Goolsby et al., 1999;

Lohrenz et al., 1999). On average, nitrate concentra-

tion in the river is positively correlated with freshwa-

ter discharge so the flux of nitrate into the gulf follows

the seasonal pattern of freshwater discharge (Bratko-

vitch et al., 1994). This is not the case on shorter time

scales.

A major portion of this nitrogen is anthropogenic.

The large drainage basin of the Mississippi River

encompasses an intensive agricultural region of mod-

erate population density. Recently, the net input of

dissolved nitrogen to the land within the drainage

basin has been estimated to be 2220 kg N km� 2

year� 1 (Howarth et al., 1996; Goolsby et al., 1999).

This nitrogen comes from fertilizer application (1840

kg N km� 2 year� 1), nitrogen fixation from crops

(1060 kg N km� 2 year� 1) and atmospheric deposi-

tion of anthropogenic nitrogen (620 kg N km� 2

year� 1). Most of this anthropogenic N-input is sub-

sequently exported as food and feed or lost from the

system by volatilization. Smaller amounts are deni-

trified, lost by manure volatilization or immobilized in

the soil (Goolsby et al., 1999). However, approxi-

mately 25% of the net anthropogenic input to the

drainage basin, 565 kg N km� 2 year� 1, is eventually

delivered via the Mississippi River system to the

coastal zone of the Gulf of Mexico (Howarth et al.,

1996).

Concentrations of particulate organic nitrogen

(PON) in river water vary between 4 and 25 AM
(Trefry et al., 1994). PON is well correlated with

riverine particulate organic carbon (POC), with an

average C/N molar ratio of 8.5. Estimated annual

inputs of PON are 2.5� 1010 mol year� 1 (Trefry et

al., 1994). The proportion of organic nitrogen in

Mississippi River particles is relatively constant at

approximately 0.21% except during periods of espe-

cially low concentrations of suspended matter when

the % N increases sharply. The majority of the

variability in terrigenous PON input is associated with

variation in the flux of total suspended matter. This

can vary as much as an order of magnitude and it is

non-linearly associated with freshwater discharge rate.

Consequently, the highest inputs of PON typically

occur during the winter–spring period of maximum

runoff and lowest values generally occur during late-

summer and early fall (Trefry et al., 1994).
The importance of other nitrogen inputs to the

continental shelf of the northern Gulf of Mexico

compared to riverine sources is not well known.

Waters of the open Gulf of Mexico are permanently

stratified and oligotrophic. The nitracline depth in

the open gulf is typically greater than the depth of

the shelf break, which is shallow in the northern

gulf, approximately 90 m. Consequently slope water

intrusions do not usually contain much nitrate and

appear not to be an important source of N for the

shelf (Li et al., 1997). Generally, shelf-slope

exchanges are most likely to result in a net loss of

dissolved inorganic and organic materials from the

shelf. Exchanges of water are stimulated by occa-

sional intrusions of the Loop Current or its spin-off

rings onto the shelf, but these intruding waters

usually have low nutrient concentrations. CZCS

and SeaWiFS images typically indicate waters trans-

ported off the shelf have comparatively higher chlo-

rophyll concentrations. Off-shelf flow can occur in

response to cold air outbreaks (Nowlin and Parker,

1974) but this too is likely to result in a net loss of

shelf nutrients. Localized coastal upwelling events

bring nutrient poor water to the surface and transport

nutrient rich coastal water offshore (Dagg, 1988). In

addition, the continental shelf of the northern Gulf of

Mexico is broad, extending out to >200 km in parts.

This further reduces potential impact of slope water

intrusions over much of the shelf environment.

Atmospheric deposition of DIN is small in com-

parison to river inputs, equivalent to 0.015 Tg N

year� 1 or < 1% of the Mississippi River N input

(Goolsby et al., 1999).

Overall nitrogen budgets for the shelf between

approximately 89.5jW and 97jW indicate that 54–

67% of the shelf’s nitrogen is contributed by the

Mississippi–Atchafalaya River system (Lopez-Vener-

oni, 1998), further evidence that riverine nitrogen

dominates nitrogen supply to this shelf.
4. Pelagic processes

The spatial and temporal scales over which the

ecosystem processing of riverine nitrogen occurs are

highly variable because of the wide ranges in dis-

charge of river water and its constituents. During

periods of low discharge, ecosystem processing of
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nitrogen takes place within a more limited spatial

range than during high discharge. To facilitate dis-

cussion and generalization of these processes, we use

the terms near-field, mid-field and far-field, derived

approximately from salinity distributions, as a means

of defining spatial scale (Table 1). The absolute

distance scales of each of these divisions vary widely.

4.1. Suspended sediment

When Mississippi River water reaches the ocean,

it immediately forms a buoyant plume that spreads

over the receiving ocean waters. This stratification

increases light availability to plume waters but high

turbidity from suspended sediments restricts light

penetration. Within a short distance from discharge,

light penetration is enhanced because the suspended

lithogenic particles quickly sink out of the surface

layer. Larger particles sink directly (Trefry et al.,
Table 1

Measured ranges of water properties and ecosystem rates in the Mississip

Near field

Salinity 0–18

Nitrate (AM)a 20–200

Phosphate (AM)a 1–6

SPM (mg l� 1)b 3–200

Chlorophyll (Ag l� 1)a % < 8 Amc,d,e 0–5

10–80

Phytoplankton growth rate (A; day� 1)c,f 0.1–1.5

Primary Productiona (g-C m� 2 day� 1)a 0–1

Bacterial Productiong,h,i (g-C m� 2 day� 1) 0.05–1

Bacterial Respirationg,h,i (g-C m� 2 day� 1) 0.05–1.5

Copepod populationi (Individuals m� 2)i 1�104–5�
Copepod Grazing Ratei,j,k (g-C m� 2 day� 1) 0.01–0.175

Total Mesozoo Grazing (Including Gelatinous)j ?

Microzooplankton Grazing Ratec,k (day� 1) 0.2–0.5

Sedimentation Rated (g-C m� 2 day� 1)d 0.1–1.2l

Sedimentation Rated (g-N m� 2 day� 1)d ?

Mckee et al., unpublished data.
a Lohrenz et al., 1999.
b McKee et al., 2003; Trefry et al., 1992.
c Strom and Strom, 1996.
d Redalje et al., 1994.
e Dagg and Powell, unpublished data.
f Fahnenstiel et al., 1995.
g Pakulski et al., 2000.
h Gardner et al., 1994.
i Benner and Biddanda, 1998; Biddanda unpublished data.
j Dagg, 1995; Dagg unpublished data.
k Liu and Dagg, 2003.
l Primarily terrigenous carbon.
1994) and coagulation and aggregation processes

enhance the sinking rates of smaller particles (Dagg

et al., 1996 and references therein). Concentrations of

suspended materials in surface waters at or near the

discharge sites vary widely. For example, concentra-

tions at Southwest Pass ranged between 11 mg l� 1 in

September 1975 and 200 mg l� 1 in April 1983

(Trefry et al., 1992). Regardless of initial concentra-

tion, total suspended particulates in surface waters

decrease to < 10% of initial values within 5 km of

discharge. A decrease to < 3 mg l� 1 was observed by

15–30 km in summer/fall 1990 and by 30–70 km in

spring 1991 (Trefry et al., 1994). The concentration

of suspended matter near the river mouth varies with

season and discharge pattern so patterns of light

penetration in the near-field plume are also variable

(Trefry et al., 1994). Regardless, surface trapping of

the river discharge into a shallow plume, combined

with flocculation and sinking of suspended sedi-
pi River plume and adjacent Louisiana shelf

Mid field Far field

18–32 >32

0.05–50 0.05–5

0.05–4 0.01–1

0.5–20 0.3–6

3–50 0.1–10

10–90 60–>99

0.5–2.9 0.1–1

0.5–11.5 0.2–3

0.25–2 0.05–0.5

0.25–3 0.05–0.75

104 2� 104–5� 105 1�104–3� 105

0.16–0.560 0.092–0.30

0.16–3.10 0.092–1.3

0.14–1.12 0.08–1.57

0.1–1.80 0.01–0.75

0.06–0.27 0.03–0.07
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ments, results in a light environment conducive to

rapid phytoplankton growth (and associated nitrogen

uptake) within several km of river discharge points.

4.2. Transport

Mississippi River water can be transported large

distances, depending on wind and discharge level.

Based on salinity distribution, Dinnel and Wiseman

(1986) suggested that fresh water from the Mississippi

River was advected alongshore on the inner shelf to

the latitude of the US-Mexico border in approximately

2 months. Under different conditions, Ortner et al.

(1995) reported a salinity signal from the Mississippi

River off Miami, FL approximately one month after

discharge. They also observed slightly elevated con-

centrations of dissolved organic matter (DOM) and

chlorophyll associated with this water but not elevated

nitrate, indicating depletion of nitrogenous nutrients is

a near- or mid-field process. This is supported by

direct observations of nutrient distributions. Elevated

concentrations of nitrogenous nutrients associated

with river plumes are observed over time and space

scales on the order of days and 10–100 km (Dagg and

Whitledge, 1991; Hitchcock et al., 1997). Biological

responses and associated recycling of ‘‘new’’ nitrogen

from the river occurs over larger scales than those of

nitrate uptake but observations indicate most biolog-

ical activity stimulated by inputs of river nitrogen is

below detection limits within considerably smaller

time and space scales than observable freshwater

signals.

4.3. Phytoplankton

Once suspended sediments begin to settle, the

surface plume becomes ideal for phytoplankton

growth because it is a nutrient-rich and high-light

environment (Lohrenz et al., 1990, 1997; Lohrenz et

al., 1999). The large input of ‘‘new’’ nitrogen from the

Mississippi River into the shelf ecosystem stimulates

tremendous blooms of phytoplankton over spatial

scales of tens to hundreds of kilometers and time

scales of hours to several days (Lohrenz et al., 1990,

1997; Hitchcock et al., 1997). However, mixing dia-

grams show nitrate sometimes behaves conservatively

within the central region of the plume (Hitchcock et

al., 1997), indicating the high velocity plume core is
not the major site of N uptake and phytoplankton

growth. Instead, frontal boundaries between plume

and receiving waters are the regions of most rapid N

uptake by phytoplankton (Hitchcock et al., 1997).

There is significant seasonality to the uptake rate of

nitrate. During winter and early spring, the nitrate-rich

river water spreads farthest before nitrate becomes

depleted because discharge is high, concentrations of

suspended particulate materials are maximum and

water temperatures are coolest. At this time of year,

concentrations as high as 20 AM have been observed

in surface waters at salinities >25 (Chin-Leo and

Benner, 1992) and river nitrate has been observed in

surface waters at distances >100 km from discharge

sites (Dagg and Whitledge, 1991). By early summer,

riverine nitrate distribution is more restricted but can

still be observed over significant distances. For ex-

ample, Pakulski et al. (1995) observed high nitrate

concentrations in the river (115 AM) decreased non-

conservatively to a still significant level (3 AM) at a

surface salinity of 36. During low river flow in the

summer and fall however, nitrate is typically gone

within a few tens of kilometers from the discharge

sites (Dagg and Whitledge, 1991; Hitchcock and

Whitledge, 1992; Lohrenz et al., 1999). Chin-Leo

and Benner (1992) observed summertime NO3 con-

centrations decreased to levels below detection at

surface salinities < 25.

Phytoplankton stock is low in the turbid near-field

plume but reaches high levels in the mid-salinity

plume region. Chlorophyll concentration at interme-

diate salinities is commonly >25 Ag l� 1 (Lohrenz et

al., 1990, 1999; Redalje et al., 1994). Chlorophyll

concentrations decline in the far-field. An analysis of

phytoplankton species indicates that blooms in plume

waters are comprised primarily of a community of

chain-forming diatoms dominated by Skeletonema

costatum and Chaetoceros spp. (Bode and Dortch,

1996).

There is a direct coupling between river inputs of

dissolved inorganic nitrogen and the magnitude of

phytoplankton production in the delta vicinity (Loh-

renz et al., 1997). In general, photic zone rates of

integrated phytoplankton production are up to an

order of magnitude greater in the mid-field plume

region than in far-field shelf waters (Redalje et al.,

1994). A seasonal cycle is observed in plume produc-

tion, with highest rates in summer and lowest rates in
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winter (Redalje et al., 1994). In this study, integrated

primary production in the mid-field region ranged

from a low of 0.40 g C m� 2 day� 1 during March

to a high of 8.17 g C m� 2 day� 1 in summer. Primary

production was lower in adjacent shelf (far-field)

waters, averaging 0.12 g C m� 2 day� 1 in winter

and 3.02 g C m� 2 day� 1 in summer. Spring and fall

rates were intermediate in both regions (Redalje et al.,

1994). Lohrenz et al. (1999) reported a similar trend

from analysis of an expanded data set that included

the Redalje et al. (1994) data. As plume waters are

transported away from the mid-field region of peak

algal production, rates decline due to nutrient limita-

tion (Redalje et al., 1994; Lohrenz et al., 1999).

Larger cells generally account for a greater fraction

of productivity at low and intermediate salinities

within the plume. Redalje et al. (1994) showed the

>8 Am components of the phytoplankton community

were responsible for 34–50% of the integrated phy-

toplankton production in the mid-field region.

Instantaneous growth rates of phytoplankton agree

with the pattern of primary production. Some of the

highest reported in situ growth rates of marine phy-

toplankton, between 2.0 and 3.0 day� 1, have been

observed in surface waters of the Mississippi plume

(Fahnenstiel et al., 1995). Growth rates declined

rapidly with depth because of light limitation induced

by fine-grained lithogenic materials (Fahnenstiel et

al., 1995). Microflagellate and diatom growth rates

were not significantly different within mid-field

plume waters but at far-field stations diatom growth

rates were significantly lower, apparently because of

silicate limitation (Fahnenstiel et al., 1995; Dortch and

Whitledge, 1992). At locations still farther afield

where nutrient concentrations were lower, growth

rates of the entire community declined. In nutrient

enrichment experiments done at farfield stations on

the shelf, small phytoplankton and diatoms had high

growth rates (Strom and Strom, 1996).

4.4. Dissolved organic nitrogen

On average, 43% of the dissolved N in the river is

in the form of DON (Turner and Rabalais, 1991). It is

generally considered refractory and unavailable for

rapid utilization by bacteria. This is supported by

indications that remineralized organic nitrogen in the

Mississippi River plume is primarily of marine rather
than terrestrial origin (Gardner et al., 1994). There is

evidence however, that riverine substrates are not

entirely refractory and may support some bacterial

production (Chin-Leo and Benner, 1992; Benner and

Opsahl, 2001). In other regions, photo-oxidation can

degrade refractory riverine dissolved organic matter to

forms available to bacteria (e.g. Bushaw et al., 1996;

Opsahl and Benner, 1998) and that may be the

responsible process here also.

Riverine particulate materials may also contribute

to the dissolved organic nitrogen pool. Significant

amounts of organic matter are dissolved from fluvial

particles that are introduced to shelf regions by large

rivers, although this tends to occur in the benthos

(Keil et al., 1997; Mayer et al., 1998). Recent evi-

dence suggests this pool of organic N may be approx-

imately as large as the inputs of dissolved inorganic

nitrogen (Mayer et al., 1998). Little is known about its

utilization but if it is primarily a benthic process, it

will not have immediate effects on the Mississippi

River plume.

4.5. Grazing

Zooplankton grazing is typically the most impor-

tant immediate fate of marine phytoplankton (Banse,

1992). Three groups dominate zooplankton grazing

of phytoplankton in the northern Gulf of Mexico:

the protozoa, the gelatinous zooplankton, and the

copepods.

Protozoan populations respond quickly when phy-

toplankton food is abundant. Protozoa are important

grazers in the mid-field plume where phytoplankton

growth rates are high. In this region, there is close

coupling of heterotrophic and autotrophic popula-

tions, particularly in the < 20 Am size fraction (Bode

and Dortch, 1996; Liu and Dagg, 2003), and protozoa

consume large numbers of phytoplankton. For exam-

ple, Fahnenstiel et al. (1995) reported microzooplank-

ton grazing rates on cells < 20 Am averaged 82% of

algal growth rates, which themselves were very high,

during summer. In contrast, no microzooplankton

grazing was observed on cells >20 Am (Fahnenstiel

et al., 1995), indicating that chain forming diatoms are

not subject to the same degree of protozoan grazing

mortality as smaller cells in the near- and mid-field

regions. In the far-field slightly to the west, phyto-

plankton growth rates were nutrient limited but still
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quite high with rates >1.0 day� 1 measured on several

occasions (Strom and Strom, 1996). Here, microzoo-

plankton also consumed significant portions of phy-

toplankton; the grazing:growth ratio was typically

between 0.3 and 0.9 and microzooplankton biomass

was correlated with chlorophyll concentration. In

contrast to Fahnenstiel et al. (1995), Strom and Strom

(1996) observed significant consumption of large

diatoms by microzooplankton (heterotrophic dinofla-

gellates) at some stations. Liu and Dagg (2003)

showed microzooplankton grazing rates were low at

near-field stations, peaked at intermediate salinities

and then declined at their far-field station. Although

grazing rates declined in the far-field, phytoplankton

growth declined also because of nutrient limitation

and, in this area, grazing>growth (Liu and Dagg,

2003). Generally, a large fraction of the nitrogen

incorporated into nanophytoplankton, and a smaller

fraction of that incorporated into larger phytoplank-

ton, is grazed by protozoans in the plume.

Gelatinous zooplankton, primarily larvaceans,

salps and doliolids, often form large swarms in coastal

regions of the northern Gulf of Mexico. High con-

centrations of the larvacean, Oikopleura dioica, are

commonly found in the vicinity of the Mississippi

River plume (Dagg, 1995; Dagg et al., 1996) and this

organism is an important component of the grazer

community. For example, during May 1992 O. dioica

populations filtered a mean of 20% of the upper 5 m

daily at stations within the Mississippi River plume

(Dagg et al., 1996). Like protozoans, larvaceans have

high rates of population growth. Development time

from egg to adult is < 1 day at summertime temper-

atures in the northern Gulf of Mexico (Hopcroft and

Roff, 1995) and at maturity each adult can release as

many as 400 eggs. O. dioica feeds non-selectively on

particles in the size range between 0.2 and 20 Am
(Bedo et al., 1993), including bacteria, phytoplankton

and lithogenic materials. Quantitative impacts of other

gelatinous zooplankton have not been directly mea-

sured in this region.

The copepod community also consumes significant

portions of the phytoplankton stock and productivity

in the northern Gulf of Mexico. Depending on the

time of year, between 14% and 62% of the daily algal

production can be consumed by the copepod commu-

nity in the mid- or far-field regions (Dagg, 1995).

Lithogenic particles are also consumed by copepods
(Turner, 1984) but copepods are inefficient feeders on

particles < 2–3 Am and are incapable of ingesting

sub-micron sized particles. On the other hand, par-

ticles larger than 20 Am, including protozoans, are

readily and preferentially consumed by copepods.

Copepods grow more slowly than protozoans or

gelatinous zooplankton, and their population levels

are more closely related to longer-term, seasonal time

scales. Liu and Dagg (2003) showed that copepod

grazing was small compared to microzooplankton

grazing but that copepods enhanced the rate of phy-

toplankton decline in the far-field, especially the large

phytoplankton.

4.6. Higher trophic levels

The northern Gulf of Mexico is a region of high

fisheries production; approximately 66% of the total

fishery landings for the U.S. Gulf coast are in Loui-

siana (Chesney et al., 2000). This can be partially

attributed to the large flux of ‘‘new’’ nitrogen dis-

charged by the Mississippi River. In other coastal

regions, high nitrogen inputs support a short food

chain conducive to high trophic transfer from phyto-

plankton to fish (Runge, 1988; Houde and Rutherford,

1993; Legendre and Rassoulzadegan, 1995) and this

appears to be the case for the northern Gulf of

Mexico.

The production of copepods, the major food of

larval and juvenile stages of many fish species is high

in plume-influenced waters (Dagg, 1988; Dagg and

Govoni, 1996). Concentrations of copepod develop-

mental stages, especially the early naupliar stages, are

high in mid-field plume waters. Winter and spring

concentrations are typically between 50 and 100 nau-

plii l� 1 and summer concentrations are much higher,

sometimes greater than 1000 l� 1 (Dagg et al., 1987;

Dagg and Whitledge, 1991; Dagg and Govoni, 1996).

Although feeding conditions in regions affected by the

large inputs of river nitrogen appear favorable for fish

larvae, efforts to measure clear responses in the feed-

ing, growth and recruitment of larval fish have had

mixed success (Grimes and Kingsford, 1996), in part

because the study regions are so physically dynamic

but also because the plume regions offer good feeding

opportunities for predators on larval fish (Grimes and

Kingsford, 1996). Nevertheless, ichthyoplankton

abundance is significantly higher in regions at the
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boundary between plume and oceanic water than in

adjacent shelf waters (Govoni et al., 1989; Grimes and

Finucane, 1991; Govovni, 1997).

4.7. Water-column C&N remineralization

Generally, bacterial production is higher in plume

waters than in regions outside the plume. Maximum

bacterial abundance and production rate in the north-

ern Gulf of Mexico are observed in plume waters of

intermediate salinity (Biddanda et al., 1994; Chin-Leo

and Benner, 1992). Abundances and production rates

are within the ranges reported for other coastal and

estuarine waters. Bacterial production in the near- and

mid-field river plume is high, between 5 and 90 Ag C

l� 1 day� 1, similar to values reported from estuaries

such as Delaware Bay and Chesapeake Bay (Chin-

Leo and Benner, 1992).

Riverine (terrestrial) DOC may contribute to bacte-

rial production, especially during the winter when

phytoplankton production is low. Chin-Leo and Benner

(1992) determined that phytoplankton derived substan-

ces supported only 18% of bacterial production during

the winter, suggesting that riverine OM supported most

bacterial production. During the summer, although

bacterial production was higher so was phytoplankton

production, and phytoplankton derived materials sup-

ported approximately 68% of bacterial production.

These measurements were corroborated by Benner

and Opsahl (2001) who chemically analyzed DOC

across a salinity gradient. They detected higher con-

centrations of labile substrates in riverine DOM during

the winter and lower during the summer. Neutral sugars

derived from phytoplankton exudates were a higher

fraction of total DOM in intermediate salinity regions

of the plume, especially during the summer when they

constituted as much as 24% of total DOM.

Bacterial growth and nitrogen regeneration pro-

cesses are tightly coupled within the river plume in

the summer (Cotner and Gardner, 1993; Dortch and

Whitledge, 1992). Maximum regeneration rates occur

in the surface waters and at intermediate salinities.

Cotner and Gardner (1993) developed a conceptual

model consistent with other models of plume process-

es: in the river and the near-field, NH4 regeneration

rates by bacteria are low because of poor substrate

conditions, DON is primarily terrestrial in origin

because phytoplankton production is low and riverine
DON is refractory; in the mid-field at intermediate

salinities, bacterial NH4 regeneration rates are high

because high phytoplankton production and biomass

provides plentiful labile material; and in the farfield,

phytoplankton production is greatly reduced by nutri-

ent limitation and therefore bacterial regeneration of

NH4 is also greatly reduced.

In spite of a wide range in NH4 regeneration rates,

NH4 concentrations within the plume are always low.

After regeneration, immediate reuptake of NH4 by

both phytoplankton and bacteria is likely responsible

for low NH4 concentrations. In addition, Pakulski et

al. (1995) showed that nitrification rates in plume

waters are high. Mixing lines of NO3 vs. salinity

showed nonconservative behavior, with depressed

NO3 at low and intermediate salinities. In their experi-

ments, incubations indicated that there was net regen-

eration of NO3 at salinities of 18 and 27 and

drawdown of NO3 was all between 0 and 10. They

concluded that NO3 production at intermediate salin-

ities was supported by regenerated NH4, and regen-

eration via bacteria and microzooplankton grazing

were both important. Nitrifying bacteria were respon-

sible for more respiration than heterotrophic bacteria

at intermediate salinities (Pakulski et al., 1995).

However, bacteria are not always the major remi-

neralizers in the plume. Chin-Leo and Benner (1992)

observed that organisms >1 Am (i.e. not bacteria) were

responsible for approximately 50% of community

respiration in some seasons and regions of the plume.

Similarly, Cotner and Gardner (1993) and Gardner et

al. (1994) observed that a large fraction of the NH4

regeneration was by organisms >1 Am. This is con-

sistent with the high microzooplankton and mesozoo-

plankton grazing rates reported in mid-field plume

waters (Dagg, 1995; Strom and Strom, 1996; Liu and

Dagg, in press).

4.8. Sinking

Redalje et al. (1994) simultaneously measured phy-

toplankton production and vertical particulate flux at

the base of the mixed layer during four times of the year

in plume (mid-field) and nearby shelf (far-field) waters.

Flux was not closely related to production over the

annual cycle. In both plume and shelf regions during

summer when phytoplankton production m� 2 is high-

est, vertical export was equivalent to only 3–9% of
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primary production, indicating most production was

recycled within the upper water column at that time. In

contrast, during late winter when phytoplankton pro-

duction was lowest, vertical export was large, equiva-

lent to 64–266% of primary production. POC flux in

the plume region ranged between 0.29 g C m� 2 day� 1

in the summer to 1.80 g C m� 2 day� 1 in the spring,

with intermediate values (0.95 and 0.69 g C m� 2

day� 1) in the winter and fall, respectively. Riverborne

suspended POM did not make a significant contribu-

tion to trap collected materials; sediment trap yC13

values reflected characteristics of marine production

(Eadie et al., 1994). PON fluxes showed approximately

the same pattern as POC, although the C/N ratio of trap

material was lowest (4.8) during the summer period of

lowest flux and highest (6.6) during the spring period of

highest flux (Redalje et al., 1994). It is not clear why

material in the summer, when it presumably contained

little fresh phytoplankton, had a higher nitrogen con-

tent than in the spring when sinking material was

presumably dominated by fresh phytoplankton.

The total area impacted by the river plume varies

over time because there are large variations in river

discharge. The impacts of the river and its dissolved

and particulate constituents on the continental shelf

are not only caused by processes operating on a m� 2

basis but also by the area over which these processes

occur. For example, primary production m� 2 is high-

est in the summer but the area of high productivity

associated with the plume is greatest during the spring

when river discharge is at its annual maximum. The

spatially integrated productivity resulting from the

input of river nitrate may be greater in the spring than

the summer, even when higher rates m� 2 are mea-

sured in the summer. This is important to keep in mind

when considering riverine impacts on the shelf as a

whole. Similarly, the amount of POM sinking to the

bottom in the northern Gulf of Mexico is a function of

flux m� 2 and the area over which the flux occurs. In

this case however, both components are maximal in

the spring and therefore the total amount of POM

sinking from the photic zone is greatest in the spring.
5. Benthic processes

Once organic matter reaches the bottom, benthic

processes determine how much carbon and nitrogen
are stored, buried, respired, or recycled back into the

water column.

5.1. Deposition

Particulate material settling out of the pelagic

environment is deposited on the bottom. Deposition

of both allochthonous and autochthonous organic

carbon, measured by 234Th in the area west of the

Mississippi River delta, is between 0.1 and 1.2 g C

m� 2 day� 1 (McKee and Twilley, 1998), comparable

to the direct flux of autocthonous POC measured by

sediment traps deployed at the base of the photic zone

(Redalje et al., 1994) which ranged between 0.3 and

1.8 g C m� 2 day� 1. Redalje et al. (1994) generally

observed higher rates of sedimentation in the area they

defined as the plume, the mid-range salinities along

the mixing gradient. Lower sedimentation rates per-

sisted further to the west, in higher salinity water over

the shelf. Redalje et al. (1994) also measured PON

sedimentation, which ranged from 0.06 to 0.27 g N

m� 2 day� 1 in the midfield plume and 0.03 and 0.07 g

N m� 2 day� 1 over the far-field shelf areas. Consid-

ering the similarity between sediment trap and depo-

sition data for POC, it is reasonable to assume that

PON deposited on the bottom is in the same range as

that measured in sediment traps, although differential

remineralization rates for PON and POC may alter

this somewhat.

5.2. Resuspension, transport and remineralization

Significant portions of deposited organic matter are

resuspended, transported and/or remineralized before

burial. McKee and Twilley (1998) estimated that 30%

of the organic carbon deposited in the region imme-

diately west of the delta is remineralized within 4

months. It is reasonable to assume at least 30% of

sedimented organic nitrogen is also released in the

first 4 months in this region. Farther to the west of the

immediate deltaic-shelf environment, Rowe et al.,

1991 reported average rates of oxygen consumption

on the Louisiana shelf equivalent to the remineraliza-

tion of 70 or 0.2 g C m� 2 day� 1. The approximate

average primary production in this shelf region is 325

or 0.9 g C m� 2 day� 1 (Redalje et al., 1994). Benthic

carbon remineralization was thus equivalent to 22% of

productivity. These studies suggest benthic recycling
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could be a significant source of N for the water

column. However, carbon and nitrogen remineralized

into the lower water column are unlikely to contribute

large quantities of nutrients to the river plume. The

plume is buoyant and is separated from the bottom by

some distance because discharge is at mid- to outer-

shelf depths. Furthermore, the water column on the

shelf is typically strongly stratified during most of the

late spring, summer and fall, limiting the mixing of

nutrients from the deeper water column into the

surface layer. Remineralized N from the benthos will

mix into the upper water column during late fall and

winter when stratification breaks down in shelf waters

and water column mixing occurs. Even in winter

however, the plume area remains stratified and sepa-

rated from the bottom, and nutrient inputs from the

benthos are unlikely to influence the near- and mid-

field regions.

Near bottom or benthic decomposition of organic

matter consumes large amounts of oxygen from the

bottom waters. Replenishment of bottom water oxy-

gen by diffusion and mixing from the upper waters is

restricted in the summer because of temperature and

salinity induced stratification. The resulting two-layer

system on the shelf effectively seals off the bottom

water until fall overturn. Water column stratification

combined with high organic matter input to the

bottom and high remineralization rates results in the

development of bottom water hypoxia during most

years. Hypoxia, defined as oxygen concentrations < 2

mg l� 1, typically becomes widespread during summer

(Rabalais et al., 1999). Hypoxic waters can be present

as early as February and as late as October and

persistent, severe hypoxia is typical from mid-May

to mid-September (Rabalais et al., 1994). Bottom

water hypoxia disappears during the fall as overturn

of water on the shelf replenishes oxygen throughout

the water column. It is also during this time that

regenerated bottom nutrients would be mixed into

the upper water column.

Chin-Leo and Benner (1992) estimated 26–56

days are required during the summer for bacteria in

waters below the pycnocline to reduce the oxygen

concentration from a saturated value to the measured

in situ concentration of 0.6 ml l� 1. Their rates did not

include additional oxygen consumption by organisms

>1 Am, nor by the benthos. Rowe (2001) provided a

more complete analysis of the conditions leading to
bottom water hypoxia but generally observed dura-

tions required for hypoxia development were similar

to those of Chin-Leo and Benner (1992). Justic et al.

(1993) estimated that summertime respiration rates by

bottom water and benthos can deplete oxygen in

approximately 14–70 days, assuming no oxygen

replenishment.

Annual shelf-wide surveys of the distribution of

oxygen from the Mississippi River to the Louisiana–

Texas border have been made each summer since

1985. Hypoxia was observed in bottom water during

each summer survey with the exception of 1988, a

summer of exceptionally low freshwater input from

the Mississippi River. The area of hypoxia has been as

large as 20,000 km2 (Rabalais et al., 1999). More

limited data from earlier years indicate hypoxia oc-

curred at least as early as 1973, and possibly occurred

as early as the mid 1960s (Renaud, 1986; Justic et al.,

2002). Cores representing the past 100 years of

sediment accumulation show increasing concentra-

tions of organic matter. Virtually all of this increase

is marine in origin (Eadie et al., 1994). Stable isotope

signatures and accumulation patterns of organic car-

bon in these cores indicate water column productivity

has increased significantly since the 1960s, a period

that coincides with a doubling of nitrate loading from

the Mississippi River. Presence of glauconite, a min-

eral associated with hypoxia, suggests hypoxia existed

but was less common before the 1940s (Nelsen et al.,

1994). The foraminifera assemblage from these cores

indicates a significant shift in species composition at

about the same time, and the more recent community

structure is less diverse and more tolerant of low

oxygen conditions (Nelsen et al., 1994). Taken to-

gether, these data indicate the intensity and areal

extent of hypoxia have increased with increased

nitrogen loading to the shelf from the Mississippi

River (Turner and Rabalais, 1991; Rabalais et al.,

1999).

Data also indicate significant variability in the

extent and distribution of hypoxia (Wiseman et al.,

1997; Rabalais et al., 1999). To date, this variability is

not completely predictable. Statistical analysis has

shown a significant correlation between river flow

and oxygen deficit in bottom water on the inner shelf

(Justic et al., 1993). This correlation is phase shifted

two months and does not explain all the variability,

indicating other factors are also significant. Among
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many potentially important processes, the contribution

to eutrophication by long-term declines in top-down

control has not been explored in this region (Jackson

et al., 2001; Daskalov, 2002).

5.3. Denitrification

Limited data indicate denitrification removes a

large percentage of the nitrogen that is remineralized

in aquatic sediments (Seitzinger and Giblin, 1996;

Seitzinger, 1988; Christensen, 1994). In coastal ma-

rine sediments, 20–75% of the benthic N efflux is N2,

and denitrification in estuaries removes an amount of

N equivalent to 40–50% of DIN inputs (Seitzinger,

1988). In Fourleague Bay, a shallow estuarine arm of

the Atchafalaya River, denitrification was equivalent

to 50% of the riverine nitrate entering the estuary

(Smith et al., 1985). In the northern Gulf of Mexico to

the west of the Mississippi river delta, denitrification

rates estimated by Gardner et al. (1993) were consis-

tent with these generalizations (Seitzinger and Giblin,

1996) but Childs et al. (2002) reported denitrification

rates on the Louisiana shelf west of the Mississippi

river delta were on the low end of those reported for

other systems. This process is likely a major sink for

nitrogen inputs from the Mississippi River but there

are few data.

5.4. Burial

In the region immediately west of the Mississippi

River delta, burial rates of organic carbon are between

25–300 g C m� 2 year� 1 (Eadie et al., 1994; McKee

and Twilley, 1998). Assuming a C/N ratio of 6 such as

might be expected from fresh sinking phytoplankton,

this is equivalent to 4.2–50 g N m� 2 year� 1 (Redalje

et al., 1994) but assuming a more conservative C/N

ratio of 9 such as that present in riverine POM, the

range would be 2.8–33 g N m� 2 year� 1. If reminer-

alization rates in sediment organic matter are higher

for N than they are for C, these burial estimates for N

should be lowered. Highest rates of burial are found in

the vicinity of Southwest Pass and rates generally

decrease with distance from the river mouth (McKee

and Twilley, 1998).

In the immediate vicinity of riverine discharge, up

to 70% of carbon (and presumably also nitrogen)

burial is from terrestrial sources. This component
decreases to < 5% at farfield sites (McKee and Twil-

ley, 1998), where marine carbon dominates burial.

Burial rates of organic carbon, and presumably also

nitrogen, have increased since 1930 but the increase is

attributable primarily to marine carbon, not terrestrial

carbon (Eadie et al., 1994). Higher rates of flux to the

bottom are due to greater water column productivity

supported by increased NO3 loading. Eadie et al.

(1994) demonstrate there has been a linear relation-

ship between increased NO3 loading and increased

organic carbon burial since 1950.
6. Synthesis

Here we develop a preliminary conceptual model

of the biological responses within the river plume.

Data are limited for some elements of our conceptu-

alization. Spatial scales are loosely defined in terms of

near-field where salinity is low, intermediate or mid-

field where salinities are approximately 18–32, and

farfield where salinities are generally >32 (Table 1).

The absolute spatial scales and the association of a

particular process with a specific salinity range vary

with the magnitude of freshwater discharge and other

factors that are not fully understood. The biological

processes within the plume interact in a nonlinear

manner and are superimposed on a highly dynamic

physical regime that continuously but nonuniformly

mixes with receiving waters. Scales of distance or

time can be compressed or expanded depending on

discharge, wind, tide and other factors. Crossplume

differences are significant because processes at the

edges and frontal boundaries are different from pro-

cesses in the plume core. Salinity is only an approx-

imate index of distance from or time since discharge.

Our model is therefore a simplified picture of pro-

cesses within an idealized plume. We believe the

elements of our conceptual model are representatives

of plume processes but recognize that any empirical

analysis or survey of the plume is unlikely to show

such orderly patterns.

6.1. Conceptual model of plume water evolution

Our model of plume processes is summarized in

the three panels of Fig. 4. Fig. 4a,b shows processes

relating to small phytoplankton cells and large phy-



Fig. 4. Conceptual biological model of the Mississippi River plume as it mixes with shelf water. The model conceptualizes the gross scale

dynamics of the plankton community. The Y-axis is presented on a relative scale, with one representing maximal rate or highest concentration;

the X-axis is the salinity gradient of the river plume, beginning at 0 at the river mouth and ending at 36. Separate models are presented for (a)

small phytoplankton ( < 10 Am), (b) large phytoplankton (>10 Am), and (c) bacteria. The models for large and small phytoplankton are most

strongly linked by grazing on microzooplankton by mesozooplankton. The microbial loop and bacterial nitrogen recycling are linked to both

models through grazing of bacteria by microzooplankton and reuptake of bacterially liberated DIN by phytoplankton. Legends: [NO3] = nitrate

concentration; small phyto mu= growth rate of small phytoplankton; [small phyto] = small phytoplankton concentration; [microzoo] =micro-

zooplankton concentration; OC flux rate = organic carbon sedimentation rate from the ecosystem derived from small (a) or large (b)

phytoplankton production; large phyto mu= growth rate of large phytoplankton; [large phyto] = concentration of large phytoplankton;

[copepod] = copepod concentration; [NH4] = ammonium concentration; [labile DOM] = labile dissolved organic matter concentration; [total

DOM] = total dissolved organic matter concentration; bacterial resp = bacterial respiration rate.
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M.J. Dagg, G.A. Breed / Journal of Marine Systems 43 (2003) 133–152 147
toplankton cells respectively, and Fig. 4c describes

bacterial processes.

In the river prior to discharge, nitrate concentration

is usually over 100 AM but high concentrations of

suspended particulate matter absorb and scatter light,

and mixing minimizes the time any phytoplankton cell

will be in a surface, lighted environment. Phytoplank-

ton in the lower river grow slowly or not at all, and

chlorophyll concentration (an index of phytoplankton

biomass) is low.

Upon discharge, river water forms a buoyant plume

that spreads over the receiving waters, immediately

and dramatically altering the light environment. In the

near-field plume, light is further enhanced by direct

sinking of the large lithogenic particles and much of

the particulate organic material. Flocculation and ag-

gregation processes also stimulate sinking of materials

from the surface. Light penetration increases dramat-

ically, stimulating growth of marine phytoplankton. At

this point, riverine nitrate has only been minimally

diluted and irradiance increases enough to support

phytoplankton growth. In the mid-field plume region,

neither light nor nutrients are limiting, and except for

temperature, physical and nutrient limitations on phy-

toplankton growth are all but gone. Phytoplankton

growth rate often approaches the theoretical maximum

in the mid-field region, and can be as high as 2 or 3

day� 1. For simplicity, we have assumed that both

large and small phytoplankton have approximately

the same maximum growth rate on a relative scale

(Fig. 4a and b). Thus, the initial response of both large

and small phytoplankton is a rapid increase in growth

rate and both categories are assumed to maintain

maximum growth rates in the surface plume until

moving into far-field regions where nutrients become

limiting and growth rates decline.

Both grazing and dilution by physical mixing tend

to reduce phytoplankton concentration but the growth

rates typical of mid-field regions are so high that

phytoplankton biomass accumulates in spite of these

loss terms. Small phytoplankton experience more

grazing mortality at lower salinities than large phyto-

plankton because they are primarily grazed by micro-

zooplankton, organisms that numerically respond

more rapidly than the slower growing copepods and

large protists that graze larger phytoplankton. Micro-

zooplankton populations closely follow the increase in

biomass of small phytoplankton (Fig. 4a), grazing a
significant proportion of the small phytoplankton in

the near- and mid-field regions. In addition, larva-

ceans (not shown in Fig. 4), organisms that can grow

and numerically respond at even higher rates than

protozoans, can have a large grazing impact on small

cells in the mid-field region. Large phytoplankton

cells are subject to lower grazing mortality in the

near- and mid-field regions because of the relatively

slow numerical response by copepods. Consequently,

the net growth rate of large phytoplankton is greater

than that of small phytoplankton, and large cells,

especially diatoms, dominate the phytoplankton com-

munity in these regions.

At the transition between mid- and far-field

regions, nitrate concentration has been greatly reduced

by dilution and uptake by phytoplankton. Bacteria

may also take up nitrate, further reducing the DIN

pool. These low concentrations are limiting to phyto-

plankton growth, especially to diatoms (Chisholm,

1992), and growth rates decrease sharply. In addition,

populations of copepods have increased and grazing

on large cells becomes important (Fig. 4b). Lower

growth rates combined with increased grazing by

copepods and continued dilution from mixing cause

concentrations of larger phytoplankton cells to de-

crease shortly after nutrient concentrations become

limiting. Large cells are also subject to loss by direct

settling and this might be enhanced when nutrient

limitation begins to affect cell physiology and buoy-

ancy regulation. In contrast, small cells sink slowly or

not at all. Consequently, stocks of large cells decrease

rapidly after reaching peak levels in mid-field regions

(Fig. 4b).

As nutrient limitation begins, growth of small

phytoplankton declines less rapidly than that of large

cells because of their larger surface-to-volume ratio

and a greater ability to utilize recycled NH4 and low

concentrations of NO3 (Chisholm, 1992). However,

growth of small phytoplankton does slow. Micro-

zooplankton grazing, a function primarily of prey

concentration rather than prey growth rate, continues.

Lower growth rates, grazing mortality and continuous

dilution result in decreasing concentrations of small

phytoplankton. Copepods (Fig. 4b) consume micro-

zooplankton as well as large phytoplankton, which

may relax microzooplankton grazing on small phyto-

plankton. This cascade effect may further slow the

rate of decline by small cells relative to large cells,



M.J. Dagg, G.A. Breed / Journal of Marine Systems 43 (2003) 133–152148
although the stocks of both categories are in decline.

Small cells become a greater fraction of the total

phytoplankton biomass as plume waters transit from

mid- to far-field regions because their stocks do not

decline as rapidly as large cells.

Microzooplankton abundance in the mid-field (Fig.

4a) increases exponentially, closely tracking their

small phytoplankton prey. Microzooplankton popula-

tions decline with the reduction of small phytoplank-

ton populations in the far-field (Fig. 4a) and the

increase in populations of their copepod predators

(Fig. 4b). As with all processes in this system,

continuous dilution by physical mixing contributes

to changes in the concentrations of microzooplankton.

At conditions of the oligotrophic, open ocean end-

member (salinity of 36), populations of microzoo-

plankton grazers and small phytoplankton are tightly

coupled, and stocks of both are low. After copepod

populations peak in the mid- and far-field regions,

they decline, primarily due to dilution and predation

induced mortality. At conditions of the oligotrophic,

open ocean end-member, copepod populations are

small and involved in the food web primarily as

grazers of microzooplankton and the few large phy-

toplankton cells remaining in the system.

Bacteria contribute significantly to carbon and

nitrogen cycling in plume waters (Fig. 4c). In the

near-field, the pool of riverine DOM is mainly refrac-

tory and supports relatively little bacterial activity. The

labile fraction of DOM increases with salinity for three

reasons. First, some of the refractory material floccu-

lates and settles out in the near-field region. Second,

some of the refractory DOM from the river is photo-

oxidized to labile forms in the near-and mid-field

regions. Third, labile excretions from the phytoplank-

ton and other components of the marine food web

increase dramatically in the mid-field region. Labile

DOM can be produced by exudation from phytoplank-

ton, or by dissolving detritus and zooplankton fecal

pellets (usually bacterially mediated), or it can come

from zooplankton excretions, living and dead bacterial

cells, and a range of organisms at higher trophic levels.

Labile DOM concentrations peak in highly productive

mid-salinity regions of the plume.

Bacterial respiration and production follow

changes in labile DOM concentrations. Rates are

relatively low in river water and in the near-field

plume, peak in the mid-field region where highest
concentrations of labile DOC and DON occur, and

decline again in the farfield plume after phytoplankton

and microzooplankton derived DOM has been diluted

by mixing and removed by bacterial uptake (Fig. 4c).

Consumption of bacteria by microzooplankton and

larvaceans may be an important recycling pathway for

carbon and nitrogen and an important link between

the microbial loop and the classical nutrient-phyto-

plankton–zooplankton food web.

Some DON consumed by bacteria is released as

NH4 where biologically available nitrogen is abun-

dant. Grazer excretion is an additional source of NH4.

When grazing is intense and zooplankton concentra-

tions high, this source might be greater than the

amount released by bacteria, especially in the far-field

where NO3 is limiting and bacteria are less likely to

excrete NH4. Free NH4 is quickly taken up by

phytoplankton and/or bacteria, which results in con-

centrations of NH4 being low and essentially constant

along the entire plume. The degree of competition for

NH4 between bacteria and phytoplankton is unclear

but NH4 turnover rates are high.

Bacteria also nitrify NH4 in the plume, oxidizing it

to NO3. This process has only been detected in mid-

salinity surface waters where NO3 concentration is

high. Nitrification is probably not common in the far-

field where DIN and DON concentrations are low, and

it does not appear to occur in the near-field. Given the

lack of data, it is unclear how nitrification in surface

waters impacts nitrogen cycling overall.

The most important gaps in our understanding of

nitrogen cycling in the Mississippi River plume are

probably associated with various bacterial processes.

In the near-field, sediment flux from the river

plume is dominated by lithogenic materials and ter-

restrial derived POM. After settling, organic coatings

may desorb from particulate material and contribute to

DON but little is know about this process or about its

contribution to the nitrogen dynamics of the shelf.

PON flux in mid-field regions is dominated by marine

production. Flux rates increase greatly in this region

because of high biological production. Direct flux

from large phytoplankton declines in far-field regions

as the concentrations of large cells decline, but fecal

pellets, molts, and other exudates from mesozoo-

plankton continue to produce a significant flux of

organic material. This results in the long gradual

decline in OM sedimentation shown in Fig. 4b.
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Organic sedimentation generated by small phyto-

plankton cells tends to track the small cell concen-

trations more closely. However, flux from these cells

is small because (a) small cells have low sinking rates

and (b) protozoan grazers produce small pellets that

have low sinking rates. Most flux from this part of the

food web is derived from larvaceans, organisms that

graze small cells and produce relatively large compact

pellets with high sinking rates.

Organic matter flux from the photic zone is a

highly variable fraction of mixed layer primary pro-

duction and is highly dependent upon the activity of

grazers, bacteria, and other organisms. At times,

especially in the spring, large amounts of organic

matter sink from the plume into the bottom layer.

Much of this POM is dissolved before reaching the

bottom, and most is dissolved before it is permanently

buried. DON and DOC released from sinking particles

are utilized by bacteria just as in the surface plume.

During periods of strong physical stratification, the

oxygen demand from decomposition of OM leads to

hypoxia in bottom water and benthos over broad areas

of the inner shelf. Because of hypoxia, denitrification

should be enhanced in both the hypoxic bottom water

and in the benthos. Residual organic N is buried.

We emphasize that this conceptual model is an

idealization of plume processes. Some sections of our

model are speculative because there are few data. The

most important gaps in our understanding of nitrogen

cycling in the Mississippi River plume are probably

associated with various bacterial processes but other

significant gaps exist. Most important however, is the

primitive understanding of the time and space scales of

these processes and how these processes interact. These

scales and interactions are tied to the physical condi-

tions of the plume and are therefore dependent on

discharge as well as local factors such as wind, currents

and tides. A predictive capability of how drainage basin

processes affect nitrogen cycling in the Mississippi

River plume will require extensive empirical studies

and coupled physical–biological modeling efforts.
Acknowledgements

This paper benefited by extensive discussions with

many colleagues including Robert Hetland, George

Jackson, Steve Lohrenz, Peter Ortner, and Tammi
Richardson. Support for preparation of the manuscript

was provided by Award No. NA17RG1604 from the

NOAA Coastal Ocean Program and by LUMCON.
References

Banse, K., 1992. Grazing, temporal changes of phytoplankton

concentrations, and the microbial loop in the open sea. In:

Falkowski, P.G., Woodhead, A.D. (Eds.), Primary Productiv-

ity and Biogeochemical Cycles in the Sea. Plenum, New

York, pp. 409–440.

Bedo, A.W., Acuna, J.L., Robins, D., Harris, R.P., 1993. Grazing in

the micron and submicron particle size range: the case of Oiko-

pleura dioica (Appendicularia). Bull. Mar. Sci. 53, 2–14.

Berner, E.K., Berner, R.A., 1987. The Global Water Cycle. Pren-

tice-Hall, Engelwood Cliffs, NJ. 397 pp.

Benner, R., Biddanda, B., 1998. Photochemical transformations of

surface and deep marine dissolved organic matter: Effects on

bacterial growth. Limnol. Oceanogr. 43, 1373–1378.

Benner, R., Opsahl, S., 2001. Molecular indicators of the sources

and transformations of dissolved organic matter in the Missis-

sippi River plume. Org. Geochem. 32, 597–611.

Biddanda, B., Opsahl, S., Benner, R., 1994. Plankton respiration

and carbon flux through bacterioplankton on the Louisiana

shelf. Limnol. Oceanogr. 39, 1259–1275.

Bode, A., Dortch, Q., 1996. Uptake and regeneration of inorganic

nitrogen in coastal waters influenced by the Mississippi River:

spatial and seasonal variations. J. Plankton Res. 18, 2251–2268.

Bratkovitch, A., Dinnel, S.P., Goolsby, D.A., 1994. Variability and

prediction of freshwater and nitrate fluxes for the Louisiana–

Texas shelf: Mississippi and Atchafalaya River source functions.

Estuaries 17, 766–778.

Bushaw, K.L., Zepp, R.G., Tarr, M.A., Schultz-Janders, D., Bour-

bonniere, R.A., Hodson, R.E., Miller, W.L., Bronk, D.A., Mor-

an, M.A., 1996. Photochemical release of biologically available

nitrogen from aquatic dissolved organic matter. Nature 381,

404–407.

Chesney, E.J., Baltz, D.M., Thomas, R.G., 2000. Louisiana estuar-

ine and coastal fisheries and habitats: perspectives from a fish’s

eye view. Ecol. Appl. 10, 350–366.

Childs, C.R., Rabalais, N.N., Turner, E.R., Proctor, L.M., 2002.

Sediment denitrification in the Gulf of Mexico zone of hypoxia.

Mar. Ecol., Prog. Ser. 240, 285–290.

Chin-Leo, G., Benner, R., 1992. Enhanced bacterioplankton pro-

duction and respiration at intermediate salinities in the Missis-

sippi River plume. Mar. Ecol., Prog. Ser. 87, 87–103.

Chisholm, S., 1992. Phytoplankton size. In: Falkowski, P.G.,

Woodhead, A.D. (Eds.), Primary Productivity and Biogeochem-

ical Cycles in the Sea. Plenum, New York.

Christensen, J.P., 1994. Carbon export from continental shelves,

denitrification and atmospheric carbon dioxide. Cont. Shelf

Res. 14, 547–576.

Cochrane, J.D., Kelly, F.J., 1986. Low-frequency circulation on the

Texas – Louisiana continental shelf. J. Geophys. Res. 91,

10645–10659.



M.J. Dagg, G.A. Breed / Journal of Marine Systems 43 (2003) 133–152150
Cotner Jr., J.B., Gardner, W.S., 1993. Heterotrophic bacterial medi-

ation of ammonium and dissolved free amino acid fluxes in the

Mississippi River plume. Mar. Ecol., Prog. Ser. 93, 75–87.

Dagg, M.J., 1988. Physical and biological responses to the passage

of a winter storm in the coastal and inner shelf waters of the

northern Gulf of Mexico. Cont. Shelf Res. 8, 167–178.

Dagg, M.J., 1995. Copepod grazing and the fate of phytoplank-

ton in the northern Gulf of Mexico. Cont. Shelf Res. 15,

1303–1317.

Dagg, M.J., Govoni, J.J., 1996. Is ichthyoplankton predation an

important source of copepod mortality in subtropical coastal

waters? Mar. Freshw. Res. 47, 137–144.

Dagg, M.J., Whitledge, T.E., 1991. Concentrations of copepod nau-

plii associated with the nutrient-rich plume of the Mississippi

River. Cont. Shelf Res. 11, 1409–1423.

Dagg, M.J., Ortner, P.B., Al-Yamani, F., 1987. Winter-time distri-

bution and abundance of copepod nauplii in the northern Gulf of

Mexico. Fish. Bull. 86, 319–330.

Dagg, M.J., Green, E.P., McKee, B.A., Ortner, P.B., 1996. Biolog-

ical removal of fine-grained lithogenic particles from a large

river plume. J. Mar. Res. 54, 149–160.

Daskalov, G.M., 2002. Overfishing drives a trophic cascade in the

Black Sea. Mar. Ecol., Prog. Ser. 225, 53–63.

Dinnel, S.P., Wiseman Jr., W.J., 1986. Fresh water on the Louisiana

and Texas shelf. Cont. Shelf Res. 6, 765–784.

Dortch, Q., Whitledge, T.E., 1992. Does nitrogen or silicon limit

phytoplankton production in the Mississippi River plume and

nearby regions? Cont. Shelf Res. 12, 1293–1309.

Eadie, B.J., McKee, B.A., Lansing, M.B., Robbins, J.A., Metz, S.,

Trefry, J.H., 1994. Records of nutrient-enriched coastal ocean

productivity in sediments from the Louisiana continental shelf.

Estuaries 17, 754–765.

Fahnenstiel, G.L., McCormick, M.J., Lang, G.A., Redalje, D.G.,

Lohrenz, S.E., Markowitz, M., Wagoner, B., Carrick, H.J.,

1995. Taxon-specific growth and loss rates for dominant phyto-

plankton populations from the northern Gulf of Mexico. Mar.

Ecol., Prog. Ser. 117, 229–239.

Fernandez-Partagas, J., Mooers, C.N.K., 1975. A subsynoptic

study of winter cold fronts in Florida. Mon. Weather Rev.

103, 742–744.

Gardner, W.S., Briones, E.E., Kaegi, E.C., Rowe, G.T., 1993. Am-

monium excretion by benthic invertebrates and sediment-water

nitrogen flux in the Gulf of Mexico near the Mississippi River

outflow. Estuaries 16, 799–808.

Gardner, W.S., Benner, R., Chin-Leo, G., Cotner Jr., J.B., Eadie,

B.J., Cavaletto, J.F., Lansing, M.B., 1994. Mineralization of

organic material and bacterial dynamics in Mississippi River

plume water. Estuaries 17, 816–828.

Garvine, R.W., 1982. A steady state model for buoyant surface

plume hydrodynamics in coastal waters. Tellus 34, 293–306.

Goolsby, D.A., Battaglin, W.A., Lawrence, G.B., Artz, R.S., Au-

lenbach, B.T., Hooper, R.P., Keeney, D.R., Stensland, G.J.,

1999. Flux and sources of nutrients in the Mississippi–Atcha-

falaya River basin. Topic 3: report for the integrated assessment

on hypoxia in the Gulf of Mexico. NOAA Coastal Ocean Pro-

gram Decision Analysis Series No. 17. NOAA Coastal Ocean

Program, Silver Spring, MD. 130 pp.
Govovni, J.J., 1997. The association of the population recruitment

of gulf menhaden, Brevoortia patronus, with Mississippi River

discharge. J. Mar. Syst. 12, 101–108.

Govoni, J.J., Hoss, D.E., Colby, D.R., 1989. The spatial distribution

of larval fishes about the Mississippi River plume. Limnol.

Oceanogr. 34, 178–187.

Grimes, C.B., Finucane, J.H., 1991. Spatial distribution and abun-

dance of larval and juvenile fish, chlorophyll and macrozoo-

plankton around the Mississippi River discharge plume, and

the role of the plume in fish recruitment. Mar. Ecol., Prog.

Ser. 75, 109–119.

Grimes, C.B., Kingsford, M.J., 1996. How do riverine plumes of

different sizes influence fish larvae: do the enhance recruitment?

Mar. Freshw. Res. 47, 191–208.

Henry, W.K., 1979. Some aspects of the fate of cold fronts in the

Gulf of Mexico. Mon. Weather Rev. 107, 1078–1082.

Hitchcock, G.L., Whitledge, T.E., 1992. Nutrient/pigment varia-

bility in the Mississippi River plume and adjacent waters.

Texas Sea Grant Technical Report No. 92-109, Galveston,

pp. 43–51.

Hitchcock, G.L., Wiseman Jr., W.J., Boicourt, W.C., Mariano, A.J.,

Walker, N., Nelsen, T.A., Ryan, E., 1997. Property fields in

an effluent plume of the Mississippi River. J. Mar. Syst. 12,

109–126.

Hopcroft, R.R., Roff, J.C., 1995. Zooplankton growth rates: extra-

ordinary production by the larvacean Oikopleura dioica in trop-

ical waters. J. Plankton Res. 17, 205–220.

Houde, E.D., Rutherford, E.S., 1993. Recent trends in estuarine

fisheries: predictions of fish production and yield. Estuaries

16, 161–176.

Howarth, R.W., et al., 1996. Regional nitrogen budgets and riverine

N&P fluxes for drainages to the North Atlantic Ocean: natural

and human influences. Biogeochemistry 35, 75–139.

Jackson, J.B.C., et al., 2001. Historical overfishing and the recent

collapse of coastal ecosystems. Science 293, 629–638.

Justic, D., Rabalais, N.N., Turner, R.E., Wiseman Jr., W.J., 1993.

Seasonal coupling between riverborne nutrients, net productiv-

ity and hypoxia. Mar. Pollut. Bull. 26, 184–189.

Justic, D., Rabalais, N.N., Turner, R.E., 2002. Modeling the im-

pacts of decadal changes in riverine nutrient fluxes on coastal

eutrophication near the Mississippi River Delta. Ecol. Model.

152, 33–46.

Keil, R.G., Mayer, L.M., Quay, P.D., Richey, J.E., Hedges, J.I.,

1997. Loss of organic matter from riverine particles in deltas.

Geochim. Cosmochim. Acta 61, 1507–1511.

Legendre, L., Rassoulzadegan, F., 1995. Plankton and nutrient dy-

namics in marine waters. Ophelia 41, 153–172.

Li, Y., Nowlin Jr., W.D., Reid, O.R., 1997. Mean hydrographic

fields and their interannual variability over the Texas–Louisiana

continental shelf in spring, summer, and fall. J. Geophys. Res.

102, 1027–1049.

Liu, H., Dagg, M., 2003. Interactions between nutrients, phytoplank-

ton growth, and grazing by micro- and meso-zooplankton in the

plume of a large river. Mar. Ecol., Prog. Ser. 258, 31–42.

Lohrenz, S.E., Dagg, M.J., Whitledge, T.E., 1990. Enhanced pri-

mary production at the plume/oceanic interface of the Missis-

sippi River. Cont. Shelf. Res. 10, 639–664.



M.J. Dagg, G.A. Breed / Journal of Marine Systems 43 (2003) 133–152 151
Lohrenz, S.E., Fahnenstiel, G.L., Redalje, D.G., Lang, G.A., Chen,

X., Dagg, M.J., 1997. Variations in primary production of north-

ern Gulf of Mexico continental shelf waters linked to nutrient

inputs from the Mississippi River. Mar. Ecol., Prog. Ser. 155,

45–54.

Lohrenz, S.E., Fahnenstiel, G.L., Redalje, D.G., Lang, G.A., Dagg,

M.J., Whitledge, T.E., Dortch, Q., 1999. Nutrients, irradiance,

and mixing as factors regulating primary production in coast

waster impacted by the Mississippi River plume. Cont. Shelf

Res. 19, 1113–1141.

Lopez-Veneroni, D.G., 1998. The dynamics of dissolved and par-

ticulate nitrogen in the northwest Gulf of Mexico. Ph.D. disser-

tation, Texas A&M University, College Station, TX 77840.

Mayer, L.M., Keil, R.G., Macko, S.A., Joye, S.B., Ruttenburg, K.C.,

Aller, R.C., 1998. The importance of suspended particulates in

riverine delivery of bioavailable nitrogen to coastal zones. Glob.

Biogeochem. Cycles 12, 573–579.

McKee, B.A., Twilley, R.R., 1998. The burial and remineralization

of terrigenous organic carbon in deltaic-shelf environments. Un-

published manuscript.

McKee, B.A., Aller, R.C., Allison, M.A., Bianchi, T.S., Kineke,

G.C., 2003. Transport and transformation of dissolved and par-

ticulate materials on continental margins influenced by major

rivers: benthic boundary layer and seabed processes. Cont. Shelf

Res. (in press).

Meade, R.H., 1995. Setting: geology, hydrology, sediments and

engineering of the Mississippi River. In: Meade, R.H. (Ed.),

Contaminants in the Mississippi River, 1987–92. U.S. Geol.

Surv. Circ., vol. 1133. U.S. Government Printing Office, Wash-

ington D.C., pp. 13–30.

Meade, R.H., Yuzyk, T.R., Day, T.J., 1990. Movement and storage

of sediments in rivers of the United States and Canada. In:

Wolman, M.G., Riggs, H.C. (Eds.), The Geology of North

America. Surface Water Hydrology, vol. 1. Geological Society

of America, Boulder, Colorado, USA, pp. 255–280.

Nelsen, T.A., Blackwelder, P., Hood, T., McKee, B., Romer, N.,

Alvarez-Zarikian, C., Metz, S., 1994. Time-based correlation

of biogenic, lithogenic and authigenic sediment components

with anthropogenic inputs in the Gulf of Mexico. Estuaries

17, 873–885.

Nixon, S.W., et al., 1996. The fate of nitrogen and phosphorus at

the land-sea margin of the North Atlantic Ocean. Biogeochem-

istry 35, 141–180.

Nowlin Jr., W.D., Parker, C.A., 1974. Effects of a cold-air outbreak

on shelf waters of the Gulf of Mexico. J. Phys. Oceanogr. 4,

467–486.

Opsahl, S., Benner, R., 1998. Photochemical reactivity of dis-

solved lignin in river and ocean waters. Limnol. Oceanogr.

43, 1297–1304.

Ortner, P.B., Lee, T.N., Milne, P.J., Zika, R.G., Clarke, M.E., Po-

desta, G.P., Swart, P.K., Tester, P.A., Atkinson, L.A., Johnson,

W.R., 1995. Mississippi River flood waters that reached the

Gulf Stream. J. Geophys. Res. 100 (C7), 13595–13601.

Pakulski, J.D., Benner, R., Amon, R., Eadie, B., Whitledge, T.,

1995. Community metabolism and nutrient cycling in the Mis-

sissippi River plume: evidence for intense nitrification at inter-

mediate salinities. Mar. Ecol., Prog. Ser. 117, 207–218.
Pakulski, J.D., Benner, R., Whitledge, T., Amon, R., Eadie, B.,

Cifuentes, L., Ammerman, J., Stockwell, D., 2000. Microbial

metabolism and nutrient cycling in the Mississippi and Atcha-

falaya River plumes. Est. Coast. Shelf Sci. 50, 173–184.

Rabalais, N.N., Wiseman Jr., W.J., Turner, R.E., 1994. Compar-

ison of continuous records of near-bottom dissolved oxygen

from the hypoxia zone along the Louisiana coast. Estuaries 17,

850–861.

Rabalais, N.N., Turner, R.E., Justiæ, D., Dortch, Q., Wiseman

Jr., W.J., 1999. Characterization of Hypoxia: Topic 1 Report

for the Integrated Assessment on Hypoxia in the Gulf of

Mexico. NOAA Coastal Ocean Program Decision Analysis

Series No. 15. NOAA Coastal Ocean Program, Silver Spring,

MD. 167 pp.

Redalje, D.G., Lohrenz, S.E., Fahnensteil, G.L., 1994. The relation-

ship between primary production and the vertical export of par-

ticulate organic matter in a river-impacted coastal system.

Estuaries 17, 829–838.

Renaud, M.L., 1986. Hypoxia in Louisiana coastal waters during

1983: implications for fisheries. Fish. Bull. 84, 19–26.

Rouse, L.J., Coleman, J.M., 1976. Circulation observations in the

Louisiana Bight using LANDSAT imagery. Remote Sensing of

Environment 5, 55–66.

Rowe, G.T., 2001. Seasonal hypoxia in the bottom water off the

Mississippi River delta. J. Environ. Qual. 30, 281–290.

Rowe, G.T., Boland, G.S., Phoel, W.C., 1991. Benthic community

oxygen demand and nutrient regeneration in sediments near the

Mississippi River plume. Texas Sea Grant Technical Report No.

92-109, Galveston, pp. 136–139.

Runge, J.A., 1988. Should we expect a relationship between

primary production and fisheries? The role of copepod dyna-

mics as a filter of trophic variability. Hydrobiologia 167/168,

61–71.

Seitzinger, S.P., 1988. Denitrification in freshwater and coastal ma-

rine ecosystems: ecological and geochemical significance. Lim-

nol. Oceanogr. 33, 702–724.

Seitzinger, S.P., Giblin, A.E., 1996. Estimating denitrification in

North Atlantic continental shelf sediments. Biogeochemistry

35, 235–260.

Smith, C.J., DeLaune, R.D., Patrick Jr., W.H., 1985. Fate of riverine

nitrate entering an estuary: denitrification and nitrogen burial.

Estuaries 8, 15–21.

Strom, S.L., Strom, M.W., 1996. Microplankton growth, grazing

and community structure in the northern Gulf of Mexico. Mar.

Ecol., Prog. Ser. 130, 229–240.

Trefry, J.H., Trocine, R.P., Metz, S., Nelsen, T.A., Hawley, N.,

1992. Suspended particulate matter on the Louisiana shelf:

concentrations, composition and transport pathways. Texas

Sea Grant Technical Report No. 92-109, Galveston, pp.

126–130.

Trefry, J.H., Metz, S., Nelsen, T.A., Trocine, R.P., Eadie, B.J., 1994.

Transport of particulate organic carbon by the Mississippi River

and its fate in the Gulf of Mexico. Estuaries 17, 839–849.

Turner, J.T., 1984. Zooplankton feeding ecology: contents of fecal

pellets of the copepods Eucalanus pileatus and Paracalanus

quasimodo from continental shelf waters of the Gulf of Mexico.

Mar. Ecol., Prog. Ser. 15, 27–46.



M.J. Dagg, G.A. Breed / Journal of Marine Systems 43 (2003) 133–152152
Turner, R.E., Rabalais, N.N., 1991. Changes in the Mississippi

River water quality this century—implications for coastal food

webs. BioScience 41, 140–147.

Wiseman Jr., W.J., Rabalais, N.N., Turner, R.E., Dinnel, S.P., Mac-

Naughton, A., 1997. Seasonal and interannual variability within
the Louisiana coastal current: stratification and hypoxia. J. Mar.

Syst. 12, 237–248.

Wright, L.D., Coleman, J.M., 1971. Effluent expansion and inter-

facial mixing in the presence of a salt wedge, Mississippi River

Delta. J. Geophys. Res. 76, 8649–8661.


	Biological effects of Mississippi River nitrogen on the northern gulf of Mexico-a review and synthesis
	Introduction
	The Mississippi River
	Nitrogen inputs
	Pelagic processes
	Suspended sediment
	Transport
	Phytoplankton
	Dissolved organic nitrogen
	Grazing
	Higher trophic levels
	Water-column CN remineralization
	Sinking

	Benthic processes
	Deposition
	Resuspension, transport and remineralization
	Denitrification
	Burial

	Synthesis
	Conceptual model of plume water evolution

	Acknowledgements
	References


