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ABSTRACT. Increases in nutrient concentrations in the Mississippi River over the past 35 yr have led
to speculation that primary production of organic carbon has been elevated as a result of increased
nutrient fluxes that have occurred in the northern Gulf of Mexico coastal ecosystem. However, studies
thus far have not provided direct demonstration of temporal relationships between measured primary
production in continental shelf waters and nver-borne nutrient fluxes. This ~nvestlgationc o ~ n p a r e d
temporal variations in primary production with associated annual and interannual changes in riverborne nutrient inputs. Prlmary production In shelf waters near the river delta were found to b e signlflcantly correlated with nitrate (NO1-) + nitrite (NO? ) concentrations a n d fluxes over a 6 yr period
from 1988 to 1994. Although light limitation was probably a n important factor during winter months, a
positive correlation was demonstrated between river inputs of NO,-+NO; and primary production for
data collected from other times of the year. Peak nutrient inputs generally occurred in the spring. T h e
magnitude of the riverborne NO? +NO, inputs averaged 106% of estimated nitrogen requirements for
phytoplankton in the river-impacted region, considerably greater than in Amazon shelf waters, which
have been less subject to anthropogenic nutrient increases. The possibility exists that further Increases
In anthropogenic nutrients in the ~ i s s i s s ~ p River
pi
could lead to h ~ g h e and
r
more widespread primary
production, and this may intensify and extend the depletion of oxygen that has already been observed
in the Louisiana shelf ecosystem. However, such a prediction is difficult because relationships between
increasing nutnent inputs and pnmary production a r e unlikely to be linear, and a complete understanding of processes intermediate between primary production of organic matter and oxygen depletion in bottom waters on the Louisiana shelf is still lacking.
KEY WORDS: Primary production . Nutrients . Phytoplankton - Continental shelf . Hypoxia
sippi River Gulf of Mexico. Eutrophication

INTRODUCTION

Eutrophication of coastal ecosystems in the form of
increased primary production, or photosynthetic fixation of inorganic carbon, is an expected consequence
of increases in anthropogenlc inputs of nutrients such
as dissolved nitrate and phosphate. Long-term increases in land-derived nutrients in populated regions
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have been observed in various estuarine and coastal
systems (e.g. Dyer & D'Elia 1994, Bricker & Stevenson
1996). However, despite the fact that observations
of eutrophication in offshore coastal waters were reported over 25 yr ago (Ryther & Dunstan 1971), arguments have remained controversial that terrestrially
derived nutrient inputs can impact coastal waters
beyond those of enclosed a n d semi-enclosed water
bodies. This can largely be attributed to the limited
evidence for temporal linkages between primary pro-
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duction a n d nutrient inputs (Hinga et al. 1995).Indeed,
there are few long-term data sets available for comparing primary production in continental shelf waters with
nutrient inputs from terrestrial sources.
Coastal regions impacted by major rivers carrying
substantial nutrient loads provide a likely setting
for demonstrating relationships between terrestrially
derived nutrients and primary production. However,
even in the case of significant changes in riverborne
nutrient fluxes, there a r e various reasons why relationships with coastal primary production m.ay be difficult
to demonstrate. For example, the impact of riverborne
nutrients on rates of primary production may be diminished if nutrient supplies a r e supplemented by
regenerated or offshore sources (e.g. Malone 1984,
DeMaster & Pope 1996). In addition, factors other than
nutrient inputs may regulate a n d constrain productivity in river/estuarine systems. For example, low lrradiance in turbid, low salinity outflow may constrain rates
as has been reported previously for Mississippi River
(Lohrenz e t al. 1990) a n d Amazon River plumes
(Deblaster et al. 1996, Smith & DeMaster 1996). Additional factors such as herbivore grazing (Dagg 1995).
stratification and circulation effects, a n d inhibition d u e
to strong gradients in salinity or input of toxlc substances (Riley 1937, Lohrenz et al. 1990) may also
influence rates independently of nutrient inputs
T h e Mississippi River drains 4 1 % of the contiguous
United States, is the largest rlver in North America and
ranks among the 7 largest of world rivers in discharge
(van der Leeden et al. 1990). Increased anthropogenic
inputs of nitrogen, coupled with alterations in the
morphology of the river channel and changes in land
use, have led to a doubling of nitrate concentrations
over the past 35 yr (Turner & Rabalais 1991, Dinnel &
Bratkovitch 1993, Bratkovich et al. 1994). Phosphorus
levels have also increased (Turner & Rabalais 1991,
1994a). The observed changes in nutrient concentrations in the river have led to speculation that increased
primary production of organic carbon as a result of
increased nutrient fluxes may have occurred in the
northern Gulf of Mexico coastal ecosystem (Justic et
al. 1993, 1994, Turner & Rabalais 1994a, Rabalais et al.
1996). To date, time-series comparisons of riverborne
nutrient fluxes and coastal primary production in this
system have been lacking Circumstantial evidence to
support arguments for impacts on productivity includes the following: (1) direct measurements of high
chlorophyll concentrations and enhanced primary production in the nutrient-rich outflow from the Mississippi River (Riley 1937, Thomas & Simmons 1960,
Lohrenz et al. 1990), (2) satellite imagery revealing
an extensive area of river-impacted waters on the
northern Gulf of Mexico continental shelf (Walsh et al.
1989, Miiller-Karger et al. 1991, Lohrenz et al. 1998),

(3) sign~ficantspatial correlations between primary
production a n d nitrate a n d silicate concentrations
in shelf waters near the delta (Redalje et al. 1994),
(4) long-term (50 to 100 yr) patterns in accumulation of
biologically bound silica In dated sediment cores
near the Mississippi River delta in support of a trend
in increased primary production (Turner & Rabalais 1994b),and (5) seasonal-scale coherence between
freshwater discharge and net productivity estimated
from oxygen time-series on the Louisiana shelf west of
the delta (Justic et al. 1993). These studies fall short of
providing a direct demonstration of a temporal relationship between riverborne nutrient fluxes and primary PI-oduct~on
in river-impa.cted waters.
Here, w e provide the first evidence for a relationship
between annual and i.nterannual changes in nutrient
fluxes from the Mississippi River a n d temporal variations in primary production in the adjacent coastal
waters. Comparison to historical observations of primary production near the Mississippi River delta support the premise that present day nutrient inputs and
corresponding rates of primary production a r e elevated. The possibility exists that further increases in
anthropogenic nutrients could lead to higher a n d more
widespread primary production, and may accelerate
and intensify the consequences of eutrophication that
have already been observed in this ecosystem (Rabalais e t al. 1994, 1996).

MATERIALS AND METHODS

The relationship between primary production and
contemporaneous nutrient inputs associated with the
Mississippi River outflow was examined by comparing
estimates of primary production compiled from 16
cruises (Table 1) with nutrient concentrations and discharge estimates for the river. The data set spanned a
6 yr period from 1988 to 1994 and included efforts associated with various programs including the Louisiana
Stimulus for Excellence in Research (LASER), the U.S.
National Oceanic and Atmospheric Administration
Nutrient Enhanced Coastal Ocean Productivity ( N O A N
NECOP) program, the U.S. Department of Energy
Ocean Margins Program (DOE/OMP), and the U.S.
Mineral Management Services Louisiana-Texas Shelf
Circulation Study (MMS/LATEX).
Water column-integrated primary production was
estimated in April 1.988 using simulated in situ incubations with '4C-HCO< as previously described (Lohrenz
et al. 1990). For all other periods, daily primary production was determined using a photosynthesisirradiance technique (Lang & Fahnenstiel 1996). The
method required estimates of photosynthesis-irradiance
(P-I)parameters, surface irradiance and diffuse irradi-
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Table 1. Crulse information for primary production measurements
Vessel

Crulse dates

Sponsoring program

RV 'Pelican'
RV 'Pelican'
RV 'Pelican'
RV 'Pelican'
RV 'Pellcan'
RV 'Pelican'
RV 'Pelican'
RV 'Pellcan'
RV 'Pellcan'
RV 'Pelican'
RV 'Pelican'
NOAA Ship 'Malcom Baldrige'
NOAA Ship 'Malcom Baldrige'
RV 'Powell'
RV 'Powell'
RV 'Po\vell'

16-24 Apr 1988
20-27Sep 1989
23-29 Apr 1990
23-29 Oct 1990
12-18Sep 1991
12-19 Apr 1992
5-18 May 1992
19-27 Oct 1992
27 Mar-2 Apr 1993
3-11 Apr 1993
5-13 May 1993
17 Jul-l0 Aug 1990
4-17 Mar 1991
25 Jul-6 Aug 1993
6-21 NOV1993
26 Jul-7 Auq 1994

LASER
LASER
LASER
LASER
NOAA/NECOP
NOAA/NECOP
NOAA/NECOP
DOE/OMP
NOAIVNECOP
NOAA/KECOP
DOE/OMP
NOAA/NECOP
NOAA/NECOP
MMS/LATEX
MMS/LATEX
MMS/LATEX

ante attenuation coefficients at a given location. P-I
parameters were determined at each productivity station by 14C-HCO,- incubation using the photosynthetron procedure ( e . g .Lewis & Smith 1983). Methods
used for water collection during RV 'Pelican' and
NS 'Malcolm Baldnge' cruises were as previously
described (Lohrenz et al. 1994). During RV 'Powell'
cruises, samples were collected using a General
Oceanics, Inc. 12-place Rosette sampling system
equipped with 10 1 Lever Action Niskin bottles. Additional information about methods for determining P-I
parameters, surface irradiance, and diffuse irradiance
attenuation coefficients has been given elsewhere
(Lohrenz et al. 1994) With the data obtained for each
station, the P-I model (Lang & Fahnenstiel 1996) provided chlorophyll-specific rates of prlmary production
(PB,mg carbon fixed mg-' chlorophyll h-') for depth
increments of 0.5 to 1 m. Photosynthetic rates were
estimated as the product of P Band chlorophyll concentration. Hourly rates were summed over the photoperiod to give daily production and water columnintegrated production was determined by trapezoidal
integration of depth profiles. Results using the P-I
method compared favorably (Fig. 1) with 24 h in situ
and simulated in s i t u measurements of primary production. The simulated in situ measurements were
determined as described ~ r e v i o u s l v (Redalie et al.
1994). In sjtu incubations were conducted using the
same procedures, except that bottles were suspended
at the sampling depth during
hours and
transferred to darkened incubators after sunset. Both
conventional bottle incubations and p-I methods are
subject to inherent variability and limitations
lgg3)giving rise to the scatter in Fig'
Nevertheless, a model 11 regression of the data yielded
a fit close to the 1:l relationship. This consistency beL

I

tween independent estimates of primary production supported the validity of the methods.
Methods for acquiring hydrographic
data to estimate mixed layer depths
for RV 'Pelican' and NS 'Malcolm
Baldrige' crulses was described previously in Lohrenz et al. (1994). For RV
'Powell' cruises, profiles of conductivity/temperature/depth (CTD) were
acquired using a Sea-Bird Electronics,
Inc. 911 plus CTD. For all cruises,
mixed layer depths were estimated by
visual inspection of sigma-t profiles.
Mean mixed layer irradiance was
estimated by computing the depthintegrated subsurface irradiance attenuated through the mixed layer a n d
dividing b y the mixed layer depth.

RESULTS
Data for primary production were grouped into 3
geographical regions (Fig. 2) to facilitate comparisons
among cruises with differing spatial coverage. The
central (4400 km2) and eastern (2400 km2) regions
were adjacent to the birdfoot delta and likely to
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Fig. 1. Comparison of primary production estimated using
the photosynthesis-irradlance ( P - I ) technique compared with
conventional measurements from in situ (IS) or simulated in
s t u (SlS) ~ncubations.Symbols corresuond to different cruise
periods inTable 1 ( A , ~ u i / ~ 1990;
u g ~ , ' ~ 1991,
a r C, Sep 1991;
D, May 1992).Circled symbols are the jn situ data. Dashed line
111ustrates 1:l relationship. The correlation coefflclent ( r 2 )of
natural logarithm-transformed data was 0 563 ( p c 0.001,
N = 31). The logarithmic transformation
required to
normalize variances. The solid line reDresents the model 11 regresslon (Laws 1997) as described by the e q u a t ~ o ny = 1.2~""'"
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receive the direct impact of the river outflow. The
western region (14 300 km2) covered the Louisiana
shelf from 90 to 91.5"W longitude. Because a major
portion of the river discharge can flow to the west
(Miiller-Karger et a1 1991, Walker & Rouse 19931, this
region was included for comparative purposes.
Mississippi River discharge exhibited a seasonal pattern of high flow during winter a n d spring, decreasing
flow in mid-year and lowest flow during late summer
and fall (Fig 3 a ) . River NOn-+NO2- concentrations
varied in a seasonal cycle with highest values generally occurring in late spring or summer. Inorganic
nitrogen flux into the designated region was computed
by multiplying the discharge by the NO-,-+NO2- concentrations (Fig. 3 b ) . Ammonium accounted for a small
fraction of the total inorganic nitrogen flux, ranging
from 0.4 to 6 % ) for 1988 to 1994 USGS data from
Venice, Louisiana (data not shown), a n d was not included in the estimate. The resulting values exhibited
3 temporal pattern similar to discharge, although peak
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Fig 2 Bubble plot of pnmary produchon in
shelf waters of the northern Gulf of Mexlco
near the Mlsslssipp~River delta region For
brevity, only data collected on cruises conducted as part of the NOAAMECOP study
were shown Data from these and other
cru~ses11sted in Table 1 were used ~n the
analysis Dashed lines des~gnatethe boundanes of the western, central and eastern
geograph~cregions as d~scussed In text

fluxes sometimes lagged discharge by as much as 1 mo.
The lag was unlikely to be d u e to temporal offsets
between nutrient and flow monitoring locations along
the river mouth as this would amount to only a few
days (S. Dinnel pers, cornm.). Mean primary product ~ o nranged from 0.3 to 3.8 g C m-2 d-' In both the
eastern and central regions and 0.6 to 3.3 g C m-2 d-'
in the western region (Fig. 3b) Highest vd1uc.s of primary production were generally observed during the
months of April-July, and lower values were observed
during September-October Values were also low in
March 1991 To simplify the ensuing data analyses,
it was assumed th.at both the eastern and central
regions exhibited similar characteristics representative
of waters directly impacted by river outflow. Differences between means for these regions were not significant (Table 2). The data from the 2 regions were
pooled for subsequent comparisons.
>lean primary production for the combined central/
eastern region exhibited a n increas~ngtrend with in-
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Fig 3 ( a ) T ~ m e - s e r ~ eofs h4lss1ss1pp1 R ~ v e rd ~ s c h a r g e
( s o l ~ dllne) m e a s u l e d a t Tarbert L a n d ~ n gh4S (courtesy
of t h e US A ~ m yC o l p s of E n g ~ n e e r s f) o ~t h e p e r ~ o dfrom
1988 to 1994 C o n c e n t r a t ~ o n s of N O , + N O L w e r e
s h o w n for m o n ~ t o r ~ nl go c d t ~ o n son the rlver ~ n c l u d ~ n g
c elocated
V e n ~ c e(0) and Belle C h a s s c LA ( A ) V ~ n ~ IS
17 k m upstream of H e a d of Passes I e t h e polnt ot dlv e r q e n c e of passes o n t h e b ~ r d f o o tdclta Belle C h a s e 1s
located a p p r o x ~ ~ n a t e l105
y k m upstream of Venlcc. T h e
d a s h e d line traces the Venlce N O , + NO, d a t a to h ~ g h l ~ y h tl-ends.
t
Data for nutrients w e r e pro\!ided by the US
Geological Survey In Baton Rouge, LA ( C . D e m a s & C
G a r r ~ s o npers. comm.). M e t h o d s 101-analyses h a v e b e e n
d e s c r ~ b e dpreviously (Fishman & F n e d n l a n 1989) In(lep e n d e n t data for N O 3 concentrations (U)p r o v ~ d e dby
t h e Jefferson P a s W e Quality Laboratory, Jefferson, LA ( a b o u t 150 k m upstream of V e n ~ c e s) h o w qood
a g r e e m e n t w ~ t ht h e USGS d a t a (b) R ~ v e r b o r n eflux of
NO, + N O 2 (solid h n e ) c o m p u t e d from d a t a in ( a ) for
t h e ~ e n o dfrom 1988 to 1994 A v e r a a e of daily lnteprlmary production 1s s h o w n for the combined
central a n d eastern realons IoI
. . a n d western reaion i x )
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creasing river NO3 +NOz flux (Fig 4a)
The correlation between piimary pioduction and NO3-+NOL flux was stat~sticallys~gnificantprovided that the
anomalously low value observed duiing
March 1991 was excluded (Table 3)
Esclusion of the March 1991 datum did
not significantly alter the regression
(ANCOVA, p = 0 679) We believe that
treatment of the March 1991 result
as a n outlier was lustif~edf o ~several
reasons Phytoplankton rate processes
and blolnass
were unusually low
March 1991 ds reported In earlier publ~cations(Lohrenz
et al. 1994, Redalje et al. 1994, Fahnenstiel et al. 1995), and this was attributed to a combination of seasonally
low temperatures and greater average
mixed layer depth (e.g. mean = 9.5 m,
standard deviation = 6.6 m, N = 46 in
March 1991 compared with mean = 4 7,
SD = 5.3, N = 13 in March 1993) The
deeper mixing apparently resulted
from a large pulse in river discharge
relatively early in the year (Fig. 3a)
that coincided with the seasonal minimum in water temperatures (usually
around February, data not shown). A
consequence of the deeper mixing was

Table 2 Results of t-test comparing m e a n prlmary production (PP) for p l u m e a n d
eastern regions
Date

M e a n PP
Plume Eastern

Jul-Aug 1990
M,, 1991
0 28
Apl 1992
19
lgg2

0 29
12

SD
Plume Eastern
31
0 20
041
23

061
0 10
0066
048

P ( T <1 )
(2-tail)

N
Plume Lasteln
21
10
5
3

2
2
2
2

0
0
0
0

98
96
065
25

Table 3 R e l a t ~ o n s h ~ pb se t w e e n p ~ ~ m pal o~dyu c t ~ o n(PP) a n d rlver nutrlent a n d
freshwater Inputs fol d a t a f ~ o m1988 to 1994 Data \yere natural l o g - t ~ a n s f o r m e d
to normalize vallances p I S the 2 - t a ~ l e dp r o b a b ~ l l t y ' R e l a t ~ o n s h ~wpa s s ~ q n ~ f l cant at or a b o v e t h e C15"~, c o n f ~ d e n c elevel
Reg~on

Relatlonshlp
P

CentraVEastern

Western

Western
(1 m o l a g
b e t ~ v e e n~ n p u t
a n d PP)

-

rL

p

N

0 196
0 576

0 129
0 004'

13
12

0 385
0 564
0 129

0 024'
0 085
0 252

13
6
12

0 158
0 074
0007
0113

0 143
0 326
0841
0220

15
15
8
15

0
0
0
0

0224
0 263
0 079
0 390

14
14
8
14

--

PP versus h 0 3 + N O ? flux
PP velsus NO, + N O , flux
("\larch 1991 o u t l ~ c or m ~ t t e d )
PP vcrsus N O , - + N O , c o n c e n t r a t ~ o n
PP \?ersus P O , ' concentration
PP versus discharge
PP versus N O T + N O _ flux
PP versus N O 7 +NO, concentrdtlon
PP versus PO,' c o n c e n t r a t ~ o n
PP versus d ~ s c h a r g e
PP versus NO3 + N O L flux
PP versus NO, + N O Z c o n c e n t r a t ~ o n
PP versus POJ3 t o n c e n t r a t ~ o n
PP versus discharge

121
103
427
062
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NO,+NO, Flux (106 m01 d-l)

Orthophosphate (PM)

Fig. 4. Relationship between mean primary product~onfor the combined central and eastern regions and (a) riverborne NO3-+
NO2- flux, (b) N O 3 + N o 2 -concentrations (at Venice), and (c) orthophosphate concentrations (at Belle Chase). Source of nutrient
data a s in Fig. 3. Arrow in (a) indicates March 1991 outlier (see text and Table 3). Historical primary production data (Thomas
& Simmons 1960) are included in (a) and (b) for comparison ( 0 ) .Error bars indicate * 1SE

that rates of phytoplankton primary production were
constrained by available light, leading to a lack of coupling between nutrient flux and productivity. In support of this argument, mean mixed layer irradiance
for the combined easterdcentral regions during
March 1991 was lower than at any other time (Fig. 5).
The trend in Fig. 4a was statistically signif~cantfor
the remaining data (Table 3), which encompassed a
broad range of variations in primary production and
river inputs and included periods of both annual
maxima and minima in nutrient fluxes (Fig. 3b). A
statistically significant trend was also clearly evident
in the relationship between primary production and
end-member NO3-+N O 2 concentrations, even with
the inclusion of the March 1991 datum (Fig. 4b,
Table 3 ) . The relationship between primary production and orthophosphate (Fig. 4c) was not significant
(Table 3) although this analysis suffered from limited
availability of orthophosphate data. An examination of
relationships in the western region between primary

0
5
10 15 20 25
Mean Mixed Layer Irradiance
(m01 quanta m-2 d-')
Fig. 5.Relationship between mean primary production for the
combined central and eastern regions and mean mixed layer
irrad~ance.Arrow indicates .March 1991 outlier (see text).
Error bars indicate * 1SE

production and nutrient flux and concentrations revealed no significant correlations, even if a 1 mo lag
(cf. Justic et al. 1993) was assumed between river
inputs and primary production (Table 3).
The apparent importance of light and temperature in
constraining productivity during March 1991 gave rise
to the question of the importance of these variables, relative to nutrient inputs, throughout the remaining data
set. To examine this question, a stepwise multiple linear
regression analysis was conducted using mean primary
production as the dependent variable and NOs-+ NO2flux, mean mixed layer irradiance and mean surface
temperature as independent variables (Table 4 ) . When
all data were included, NO;+ N O , flux and temperature were excluded as variables (tolerance for exclusion
was p = 0.15) and mean mixed layer irradiance was the
best predictor, explaining 51 % of the variance in mean
primary production. However, if the March 1991 datum
was omitted, then NO3-+ NO2-flux was the best predictor with temperature explaining an additional portion
of the residual variance. The 2 variables together accounted for 71 % of the variance in mean primary production. The relationship was also examined with
end-member NO3-+NO2- concentrations substituted
for NO3-+NOz- flux (Table 4 ) . When all data were included, both NO3-+NO2- concentration and mean
mixed layer irradiance were included as significant
predictors; 66 % of the variation in primary production
was accounted for by the model. When the March 1991
datum was omitted, only NO3-+ NO2- concentration
was included as a significant predictor, accounting for
59 % of the variation in mean primary production.
A comparison of historical data from the 1950s
(Thomas & Simrnons 1960)with the 1988 to 1994 data set
(Fig. 4a, b) underscored the assertion that higher present-day NO3-+ NO2- fluxes and concentrations have
been accompanied by increased primary production.
The historical data included estimates of water columnintegrated primary production from November 1956 and
May 1957, thus representing 2 different seasons and
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Table 4. Stepwise multiple linear regression analyses of the relationships between primary production (PP) versus river nutrient
inputs, mean mixed layer irradiance and mean surface temperature for combined data from the central and eastern regions. Data
were natural log-transformed as in Table 3. Standardized coefficients represent the number of standard deviations that the
dependent variable changes when a n independent variable changes by 1 standard deviation (Wilkinson et al. 1996). -: variable
was excluded ( p > 0.15). In all cases, collinearity of the independent variables was not significant ( p > 0.05, not shown)
Data used

Standardized coefficients of independent variables
NO3-+NO:- flux

All data
March 1991 omitted

0.996

All data
March 1991 omitted

NO3-+NO2- conc.
0.413
0.766

-

Mixed layer m a d . Temperature
0.714
0.449
Mixed layer irrad.
0.554
-

river discharge levels. Values were near the low e n d of
the range in productivity observed for 1988 to 1994, but
consistent with relationships between productivity and
NO3-+ NO2- flux and concentration (Fig. 4).
The utilization of the allocthonous nutrient inputs
and subsequent transformation into plankton biomass
would result in a net increment of organic matter to the
proximal shelf ecosystem, and this would be equivalent to total primary production less the fraction supported by regenerated nutrients. Although direct measurements of nitrogen recycling and uptake rates were
not available, it was possible to compare the riverborne NO3-+NO2- flux to the total nitrogen requirement for primary production in the delta region. Rates
of primary production were converted from carbon
to nitrogen units using Redfield carbon:nitrogen ele-

N 0 3 + N 0 2 Flux (106 m01 d.')
Fig. 6. Relationship between nitrogen requirements for phytoplankton primary. production for the combined central and
eastern regions and riverborne NO3- + NO2- flux. Arrow
indicates March 1991 outlier (see text and Table 3). A significant correlation existed if the March 1991 datum was excluded ( r 2 = 0.196, p = 0.129, N = 13 with March 1991 datum;
r2 = 0.576, p = 0.004, N = 12 without March 1991 datum) Historical data (Thomas & Simmons 1960) are shown for cornpanson (0) and were not included in the correlation Error
bars indicate i l SE

Temperature
-

Multiple r'

P

N

0.510
0.714

0.009
0.007

11

0.655
0.587

0.008
0.006

12
11

12

mental ratios (106:16). Areal nitrogen requirements
were then estimated for the combined central/eastern
region and compared to NO3-+NO2- flux from the river
(Fig. 6 ) . As for the case of mean primary production in
Fig 4a, the relationship exhibited a positive correlation provided that the March 1991 datum was
excluded. The results in Fig. 6 further illustrate that
nitrogen requirements for phytoplankton primary production in the combined central/eastern region were
often comparable in magnitude to the NO3-+NO2-flux.

DISCUSSION
Our findings provide direct evidence of a temporal
relationship between riverborne nutrient fluxes a n d
primary production in continental shelf waters of the
northern Gulf of Mexico. Measured primary production in a 6800 km2 region (eastern a n d central boxes)
near the river delta was found to be significantly correlated with nitrate + nitrite (NO3-+NO2-)concentrations
and fluxes over a 6 yr period from 1988 to 1994 (Fig. 4,
Table 3). An outlier in March 1991 was apparently
influenced by constraints on primary production d u e
to low available irradiance (Table 4). Light was less
important a s a constraining variable in the remaining
data collected during other times of the year; peak
nitrogen fluxes typically occurred in spring (Fig. 3b).
A comparison of the estimated nitrogen uptake by
phytoplankton with the river-borne supply of NO,-+
N O 2 nitrogen (Fig. 6) revealed that fluvial inorganic
nitrogen flux was equivalent to a large proportion of
photosynthetic nitrogen requirements (mean = 106%,
SD = 58 %, N = 12, March 1991 excluded). This situation was in contrast to conditions reported for the
Amazon shelf, where regeneration was estimated to
sustain >50% of nitrogen requirements for primary
production (DeMaster & Pope 1996). The differences
in nitrogen utilization between the Mississippi a n d
Amazon ecosystenls could be due to a large extent to
the much higher river end-member concentrations of
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nitrate in the Mississippi as compared to the Amazon
River. DeMaster & Pope (1996) reported a n endmember concentration range for N O 1 In the Amazon
River of 12 to 23 pm01 k g - ' (PM) as opposed to the
range of 20 to 240 ~ I Mfor the Mississippi River at
Venice (Fig. 3a). Thls difference was presumably a
reflection of greater anthropogenic impact on the
Mississippi River system.
Despite the relatively high concentrations of nutrients in the Mississippi River, biological uptake within
the central and eastern regions was often comparable
in magnitude to inputs (Fig. 6). For such cases, we conclude that river-borne nutrients were rapidly transformt:d into organic matter in this system. Independent
support for this conclusion comes from observations
that surface nitrate concentrations typically declined
to near zero within 20 to 100 km of the river delta
(Lohrenz et al. 1990, 1992, unpubl.). The part~cularly
strong correlation between primary production a n d
end-member NO;+N02'
concentrations (Fig. 4b,
Tables 3 & 4) could, be explained if nutrients supplied
by the river were rapidly consumed, thereby setting a n
upper limit on the yield of phytoplankton biomass in
plume waters. Prevlous studles have demonstrated
that a large proportion of the variance in primary production can be explained by variations in chlorophyll
(Lohrenz et al. 1990, Redalje et al. 1994).However, the
simplified concept of a steady-state relationship between end-member nutrient concentrations, biomass
and primary productlon is clearly inadequate to fully
describe the system. For example, biomass distributions can potentially be influenced by other factors
such as light limitation (Wofsy 1983) and temporal
deviations between phytoplankton growth and loss
rates (Malone et al. 1996). Furthermore, biomassspecific primary production has been shown to vary
spatially a n d tc:mporally in the region of the Mississippi River outtlow (Lohrenz et al. 1994).
As river-borne nutr1en.k become depleted, the relative importance of other nutrient sources will increase,
reducing the direct coupling between primary production and river inputs. The importance of biological
regeneration of nutrients in this ecosystem has been
evidenced by prior observations of surface nutrient
properties (Dortch & Whitledge 1992), close coupling
between primary producers a n d heterotrophic compartments (Gardner et al. 1994, Dagg 1995, Fahnenstiel et al. 1995), and high b e n t h ~ cnutrient fluxes
(Murphy et al. 1975). Mississippi River nitrogen fluxes
may also b e supplemented by upwelled nitrogen
so'urces (Lopez-Veneroni & Cifuentes 1994) and contributions from the Atchafalaya River located to the west
of the study area. Finally, the contributions of dissolved
and particulate organic nitroorganic nitrogen (DON)
q e n (PON) have not been considered in our flux esti-

mates. These constituents can represent substantial
fractions of the total nitrogen in river water (e.g.means
of 34% for DON and 12% for PON for 1988 to 1994
USGS data from Venice). However, the extent to which
these potential sources supplement the nitrogen availab1.e for uptake by phytoplankton is uncertain. A portion of the riverine DON pool is likely to be refractory.
The proportion of total dissolved nitrogen associated
with DON has been shown to increase with increasing
salinity (Lopez-Veneroni & Cifuentes 1994), apparently the result of both preferential depletion of inorganlc nitrogen pools and in s ~ t uproduction of DON
Particulate organic matter concentrations in the Mississippi River have been shown to be well correlated
with total suspended matter concentrations, whlch decrease sharply within a few km of the river mouth
(Trefry et al. 1994). Thus, a potentially large fraction
of the river-borne particulate organic matter 1s Initially
deposited near the mouth. Release of nutrients from
fluvial particles, either through desorption or remineralization, may subsequently contribute to the available
inorganic nitrogen in the river plume.
Rapid utilization of nutrients from the river may be
a n explanation for our inability to demonstrate a
significant relationship between river-borne nutrient
fluxes and primary production in the western region
(Table 3). The temporal, relationship of primary production to river NO,-+NO2 flux was likely obscured
in the western region by other nitrogen sources, particularly if the dynamics of such inputs were not correlated with the river-borne inorganic nitrogen flux.
Despite the lack of a temporal relationship in the western region, nutrient impacts of the river would be
likely to extend, as a result of advection of organic
matter and successive remineralization and uptake, far
beyond the region where rlver-borne nutrients were
consumed. A key question that remains unresolved in
this ecosystem is the fate of the organic matter prod.uced as a result of elevated primary productlon in the
river-impacted waters. The narrow extent of the shelf
near the delta (Fig. 2) may lead to some export of
organic matter off the shelf. However, a strong alongshore component of the coastal currents in this region
(Cochrane & Kelly 1986, Wiseman & Garvine 1995)
probably results in a major portion of n.ecvly produced
organic matter being transported along the shelf.
Possible fates of the nutrient-enhanced primary prod.uction in continental shelf waters include sedimentation (Smetacek 1984) resulting in greater likelihood
for development of hypoxic conditions in benthic
environments (Justic et al. 1993). Hypoxic bottom
waters (12 mg 1-' or 62.5 pM dissolved oxygen) on the
Louisiana continental shelf can cover a n area up to
9000 km2 during summer (Rabalais et al. 1994, Turner
& Rabalais 1994131, thus comprising one of the largest
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hypoxic zones in continental shelf waters. Hypoxic
conditions have been shown to have adverse effects
on macrobenthic communities (Gaston 1985, Dauer et
al. 1992) and may negatively impact commercially important species such as shrimp, which comprise a valuable fishery in the Gulf of Mexico (Newlin 1993).
Because our data set spans only a 6 yr period, i t
cannot be used, by itself, to infer decadal trends in
productivity. Interannual and intra-annual variations
obscured any extended trends in the observations
(Fig. 3). However, a comparison of our observations
with historical measurements of primary product~on
near the Mlssissippi delta (Thomas & Simmons 1960) in
relation to corresponding river discharge levels and
nutrient inputs (Figs. 4 & 6) supported arguments
that recent rates of primary product~onhave reached
higher levels. The fact that nutrient concentrations and
fluxes have increased dramatically in the Mississippi
River over the past 35 yr (Turner & Rabalais 1991,
Dinnel & Bratkovitch 1993, Bratkov~ch et al. 1994),
together with the observed coupling between nutrient
inputs and productivity demonstrated by this study
also supports arguments for a long-term effect on
primary production.
Although it is tempting to extrapolate the relationships In Figs. 4 & 6, such an exercise must be lilterpreted with caution. The implication of such a n extrapolatlon is that additional increases in primary
production will accompany further increases in nutrient inputs from the river, and thls could increase the
frequency and severity of hypoxia events. However,
such relationships are unlikely to be linear; other
factors such as l ~ g h tand food web interactions will
inevitably influence the outcome of changing nutrient
inputs. In a d d ~ t i o nbecause
,
a complete understanding
of processes intermediate between primary production
of organic matter and oxygen depletion in bottom
waters on the Louisiana shelf is still lacking, the consequences of increases in current levels of primary production are also difficult to pi-ed~ct.Accurate predictlons can be achieved only through comprehensive
temporal and spatial characterization of the physical
dynamlcs of the ecosystem in relationship to the biogeochemical cycling of organic matter and its transport
along the continental shelf.
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