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INTRODUCTION AND SUMMARY

The NOAA Nutrieat Enhanced Coastal Oceaa
Productivity  NECOP! program started ia 1990. It is
sponsored, in part, by the NOAA Coastal Ocean
Pxogram in cooperation with thc NOAA National Sea
Grant Pmgram and NOAA's Environmental Rcscarch
Labs, iw� the Atlantic Oceanographic and
Meteorological Laboratory in Miami, PL, aad thc Great
Lakes Eavironmcatal Laboratory in Ann Arbor, Ml,
The pxogram is focused on the outflows of the
Mississippi River aad its tributary, thc Atchafalaya
River, and thc impact of that outflow oa the Northern
Gulf of Mexico coastal waters, Given that the
prcdominaat coastal flow acar the Mississippi Delta is
to the west most of the NECOP efforr has been directed
to the area west of thc outflow. and particularly oa the
Louisiana Inaer Shelf, Monitoring since thc mid 1980's
has revealed that summer hypoxia develops on au
annual basis over much of this shelf. Much of the
NECOP investigation has dealt wirh this hypoxia, rhc
extent and timing. of its occurence, causal factors,
impacts, and history through rctrospcctive analysts.

On April 26 aad 27. 1994 NECOP Pnncipal
havcstigators, and Data and Program Managers met tn
Baton Rouge, 1.A to develop an initial svnthesis of rhe
program results and ro tnake plans for a program final
synthesis, fIiis docuuienr constitutes a repon of that
meetiag and. in itself, is one of thc synthesis products
from rhe NFL OP prograai. ln tlic fo!lowitig summary
all refercnccs are to paprrs in this volume,

Over the last several decades 80'it of alt
taonthly-average Mississippi discharge rates have been
within +10'i'e of rite long term  last 40 ycarst cycle
 t3tuttel. el all with most outliers being duc to phase
stllfts ui  lir ailnltal cvcle- Tllese flows are apr to be
niaxintat ui spring tApirl; -22 00fhrg/s +10,000mB/s! aad
nuuiiual in lare suinriirr t'Septetaber: -7,000m3fs
+ -,OO!» ct . t. lri 1 ou. tile spri Jig flow was below nortual
attd iii t'tq.r rhe fl<>v wa.s ahnve uormal all year with
thc l»gtiest flo» s in May These flows bruig an
e xcepn<inally high numen  load into rhe Northern Gulf
of lvlexico, which has been iucreasmg  hy 2.v rimest
diiriag rhe last srveral decades. Typical nitrate
concentratioiis at the outflow are 60 to I 20ttta.
However. as thc result of heavy fltxxi uig in the drainage
basin ui tqtt:t, Inly 199;I values reached 1CO ro 2001aa.
Lopez-Veaeroni et al report thar this ~nput accouats for
about 30-70% of the N on the shelf with less than 10%
of that bcmg dcntrrdied. This nutricnr load srimulates
coastal productivitv. with maximal pigmeat
concentrations several kilometers from the outflow
where adequate hgbr is available. Lohrenz rr al have
studied the optical properties of the outflow phtine aad

adjacent waters measuring, among other parasacxers
attenuation spectra. A spectral attenuation model was
able to reproduce these measured spectra very well ovcs
a range of one order of magnitude, Absorption ~
scattcriag were dominated by dissolved orgaatc carbox
aad suspended particulate matter. Lohrenz, et < al~
used a photosynthesis-irradiance  p-I! ruodel to e«txnat~
areal distributions of colvnm-integrated prim
productivity with some success, but, variability
ecological parameters, c,g�growth rate and cell size=
contributed to variatioas in pigment-speci fi~
photosynthesis-irradiance parameters. Dagg and Ortraex
report that the primary fare of phytoplaaktoa productions
oa this river dominated shelf is to be grazed b~
zooplankton, However, Dortch, et al mote that while=
phosphate and nitrate inputs have mcreased, siiicat~
inputs have dec lated with a potential for sihcate=
limitation and alteration of tb e phytoplanktoxx
comniunity. Such linutatioa was, in fact, pervasive ixx
one spring cruise.

Rabalais, e  al rcport on tbc distribution ancX
rhaiacteristics of hypoxia resultmg from the above=
descnhed loading, Clear temporal and spatial linkages
were evident ber ween hypoxia and fresh water tnurrientg
inputs. Given thc magnitude of these inputs in 1993
suinincr hypoxia v as maximal that year. Consequence+
of shifts io nutrienr balances over thc past severaI
decades iacludc changes ia silica-based phytoplanktora
response and txophic structure, in phytoplankdoxx
commuaity structure, in sediment carbon accurnu]ation.
and in bottota water oxygen stress. Rowc, et al reveal
that ia hypoxic areas the largest biomass is found in. the:
bacterial component. Nelseu, et al rcport results frorxx
surface aad cored sediments that show shifts
forammifera asseinblages and nuncralogy  glaucortxte3
indicating that this hypoxia became scverc coincident
with increases in river loadiag of autricnts due
increasing usc of fertilizers ia the drainage basixa
Bierman, et al reporr ou a sensitivity analysis of ~
dcteriuiaisric. mass balance model for nu n-jents
phytoplaaluon, and dissolved ox.ygen, This axralysi~-
showed that in large parr intra segmental processes were-
more dominant than inter segmental ones. Ixr
segtuettt bo torn dissolved oxygen is very seasitive
changes iu sediment oxygen dcuiaad, but, water colurxxra
oxygen demand doaunates.



CONTINUOUS UNDKRlVAY MEASUREMFVT OF MICROBIALENZYME ACTIVITIES IV SURFACE WATERS OF THE MISSISSIPPI
RIVER PLUME AND THE I.OUISIANA SHEI.F

James W, Arnmerman, William B. 6!over, Rosa H. Sada Rnvalcaba. and Martha J. D. MacRae

Departinent of Oceanography. Texas A8rM Uruvcrsity. College Station, TX 77843-3146

Abstract Cell-surface enzymes are crucial to the bacterial utilization of polymeric carbon and nitrogen sources, as
well as of organic phosphates. Such enzymes are also important to phytoplankton, but bacteria appear to dominate
most of cell-surface enzyine activities measured in the field with the possib!e exception of alkaline phosphatase.
Bacterial ectocnzyine activities have been shown to be good indicators of the state of bacterial carbon, nitrogen or
phosphorus nutrinon, depending on the. enzyme assayed. However, like most other biochemical and molecular
measurements, cell- surface enzyme activities have been limited to discreet water samples. Wc have recently
developed a continuous underway method for measuring microbial enzyme activities using high-sensitivity
fluorescent substrates. This methocl has been successfully applied to alkaline phosphatase measurements and
peptidase measureinents in the surface waters of the Mississippi River P!ume and the Louisiana shelf. The alkaline
phosphatase measurements demonstrate a !axge area of phosphate-deficient surface water in the plume region.
Furthermore, since these enzyine activities can be. measured continuously. we can achieve spatial and tempora!
coverage nearly comparable to physical oceanographic measurements.

I ntroduc tloti
Since the development of bacterial growth ra e

measuremeut methods in the late 1970s and early
1980s, the imporxance of planktonic bacteria in carbon
cycling in aquatic ecosystems has becoine clear.
Bacteria are now thought to utilize about 50% of the
carbon fixed by priinary production in many pelagic
ecosystexns {Cole ei al. 1988; Ducklow and Carlson
1992! and metabohze a large fraction of the carbon in
continental shelf environments. Rather than exporting
carbon offshore, as has been proposed  Wa!sh et al.
1981!, continental shelf environments may be major
sites of bacterial carbon degradation  Rowe et al, 1988!.

Despite all the progress in bacteriological
methods and concepts in the last fifteen years, there are
still no methods for measuring bacterial biomass or
growth which can be employed either contmuously
underway aboard ship or bv remote sensing. This
contrasts strongly with phytoplankton xuethods such as
underway in vivo fluorescence measurements of
chlorophyll {Lorenzen !966!, and remote sensing of
chlorophyll {'and eventual!y primary production! from
sate ! lite s  Lewis 1992!. Furthermore, present!y avai! able
bacteria! growth and metabolic measurements usually
involve isotopes snd recpiire tedious process mg.

Cell-surface {or extracellular enzymes! in
aquatic microorganisms, especially phosphatases, have
been studied for sevexa! decades. Though much of the
work has been iu freshwater. marine studies of
phosphatascs date back at least twenty years {Perry
1972!, Recently there has been great!y increased

interest in cell-surface enzymes, sometimes termed
ectoenzymes  Chxost 1990!. In a recent review, Chrost
<1990! lists 18 different microbial ectoenzymes whose
activities have been measured in natura! waters and
sediments. This list includes. in addition io
phospha ases, enzymes which hydrolyze polymeric
carbohydrates or proteins, such as glucosidases aud
pep ida.ses. The activity of these latter enzymes, in
particular, is dominated by the bacterial fraction in the
plank on, Many ectoenzyme assays are done with
fluorcscent substrates, so that they avoid the handling
problems associated with radioisotope s. The
fluorescence method has been especially popular since
the methylumbelliferyl substrates were introduced
 Hoppe 1983!, because so many different enzyme
substxates are available. Hov ever, at !east unti! ihe
present, ecotoenzyiue assays have been done onlv on
discrete samples.

One of the best-studied ce!!-surface enzymes in
aquatic ecosystems is allcaline phosphatase, Due to the
potential for phosphate-limitation of phytoplanktou and
bacteria! growth. mechanisms which increase the
availability of phosphorus for uptake and incorporation
into biomass may increase uet primary and bacterial
secondary production, Cell niembraues of
microorganisms are largely i inpcrme able to
phosphorylated organic compounds ! Lugtenberg ! 987 !
such as nucleotides. Alkaline phosphatase iAP!
hydrolyzes orthophosphaie {Pi! from wide variety of
dissolved oxganic phosphates, thus making it available
for uptake. The major substrates of AP are



phosphate-esters like sugar-phosphates, but also
phospho-aahydrides such as nucleotidcs. AP activity
has been measured ia field samples by sensitive
fluorotnetric techniques since thc carly 1970s  Perry
1972!. and thc extensive study devoted to its role in
P~ycliag has been reviewed  Cembclla et al. 1984!.
AP activity is Pi-iahibited and AP syathesis is
Pi-repressed, so AP activity is therefore usually low ia
waters with tneasurable Pi. AP activity is most often
measured in low-P lakes, estuaries, and oceanic central
gyres, aad it is often interpreted as a sign of P limitation
 Perry 1972!. Most older studies attributed AP activity
in natural wat.ers to phytoplanktoa. though morc recent
studies have showa that a substantial portion of the AP
activity is bacterial  Cbrost 1991!. Previous studies
have shown that alkaline pbosphatasc activity is high in
the Mississippi River Plume region  Ammerman 1992!.

M a tart ala and Methods
The impetus far developiag this continuous

assay has come from extensive studies of alkaline
pbosphatase activity, including "manual mapping" of
surface activity in the Mississippi Plume region of the
Gulf of Mexico aad further downstreain <Fig. 1 l. This
figure w as generated by tneasuriag alkaline pbospbatase
activity oa over 85 discrete surface samples during a
one-week cniise in May of 1992. Since activiiy was

high, iacubations were could be kept as short as five
minutes. Figure 1 is aa unusually detailed surface map
of ectoeazyme activity, The highest alkaline
phospbatasc activity, or shortest turnover time, was
found near the Mississippi delta. Thc activity then
decreased towards thc west, with aa exception near the
Atchafalaya outflow. This enzyme data suggests that
thc plankton aear the delta werc phosphate-deficient
because of the high nitrogen to phosphorus ratio in «
inflowing river water, This conclusion is supported by
radiotracer studies of phosphate uptake and nutrieat
concentration measuremeats  Ammcrmaa 1992!.

The system we have dcvcloped for continuous
underway measuremeat of ectocnzyme activity is
diagrammed ia Fig. 2. A autoaaalyzer-type peristaltic
pump is connected to thc ship's sea chest or
flow-through system. such as is used for a SAlL systein

/92 I'
or in vivo Auorescencc measuremcats. On tbe RP~
Longhorn tbe intake was at approxiiuately two iaeters of
depth. Tbe Auorcscent substrate,4-methylutnbelliferyl
phosphate tMUF-p: 'Sigma Chemical Co.. St. Louis!,
whicb becomes Auorescent after enzymebydrolysis, was
coa iauously added and the sataple was iacubated in a
loop immersed in a tciapemture-control]ed water balh.
Tbe length of incubatioa with substrate was varied by
the length of the loop and caa vary from a few minutes
to probably at least aa hour, depeadiag oa thc eazyrne

fig. 1. Contour chart of surface alkaline pbosphatase activity m the Gulf of Mexico dunng Mav 1992, shpwia
turne. er tiiues in bours. Activity was measured manually at 85 stations, using 1pp
4-methytiunbclltferl l pbospbaie as the substrate. Depth contours m meters are also showa.



HJ

L.

Fig, 2. Schematic diagram of continuous-flow system
for measuring microbial cel]-surface eazyme
activities. Note thc separate injection points
for substrate and buffer. The total flow rate
was 2 to 3 ml per mia aad the volmae of the
flow cell was 0.75 ml, Tbc lcagtb of the
incubation time in tbc water bath and the
excitation aad emissioa wavelengths for thc
fluorometer were specific for the euzymc
being assayed.

activity. Obviously tbc incubation time or lcng th of thc
loop must bc prcdctermiacd and is specific for each
enzyme in each environment. la thc phosphate-
deficient lake where we have made initial tests, a five
tainute incubation period was sufficient. This
iacubation time was also used ia most of the Mississippi
Plurne sampling. However for peptidase measurctnents
and phosphatasc measuremeats along the westera
Louisiana shelf, a fourteen minute iacubatioa was
ncc.essary. Before entering the flow cell ia the
fluoronteter, 50 mM borate buffer was mixed with the
saruple in order to raise tbe pH above 10. This was
accessary to achieve tbe maximum fluorescence of the
tncthylumbclliferyl substratcs  Chrost and Krambeck
1986!. Fiaafly thc fluorescence was measured
 excitation wavelength 360, emission wavelength 4401,
logged in the cornputcr, and the saiaple discarded, Thc
measurement parameters of thc fluorometer were also
controOcd by the computer. The total flow rate was 2
to 3 ml pcr rain aad the volume of the flow cell was
0.75 inl. For details of reagents and preparation see the
description of the manual alkaliac pbosphatase method
described ia Ammermaa �993!,

Manual enzyme assays werc used to measure
initial activities so that the continuous method could be
optiinized and also to compare with the continuous
assay. Killed controls aad turbidity blanks were run
routinely. Activity was demonstrated by an increase ia
fluorescence ia live samples incubated with substrate
over slnples that had been boiled aad cooled and thea

incubated with substrate. Turbidity blanks, which
included live samples plus buffer but no substrate, were
lower tbaa the killed controls,

The major focus of this study was the
continuous assay of alkaliae phosphatase using the
substrate 4-rncthylumbelliferyl phosphate, though we
also measured continuous peptidase acuvity with this
systera, with 1-leucinc 7-amido-4-methyl coumarin
 MCA-leucine; Sigma Cheiaical Co�St. Louis i as the
substrate  excitatioa wavelength 380, emisslori
wavelength 440!. Since there are many
methylumbelliferyl or closely-related fluoresceat
substrates available for cell-surface enzymes, many
different enzytnes could be measured continuous 1 y us iag
this system.

Results
This continuous-flow system has been used

ruaay times in thc laboratory io measure alkaline
phosphat ase activity on lake water samples aad has also
been taken out ou Lake Travis, aa oligotrophic to
mesotrophic, phosphate-deficient take west of Austin,
Texas  data aot showa!. We employed this system ou
a cruise oa the RW Longhora iri July 1993 ia ibe
Mississippi River Plume area. We concentrated on
measuremerits of alkaline phosphatase activity but also
measured peptidase activity.

1 ocaiioas where automated eazymc
measurements «'ere made covered roughly the same
area as the May 1992 manual tnap  Fig. 1!. Locations
of specific runs of the continuous flow system shown
or referred to in the results are showa ia Fig. 3, « iih the
direction of the ship's progress indicated by the arrows.
Afl but section 3 were on the shelf. within the 200 m
contour. Section 3, in contrast, was over the slope,
crossing the 1000 m contour, Vlore runs of this s! stem
completed during the July 1993 cruise are still beiag
anal! zed.

The annotated continuous alkaline phosphatasc
data record from location 2  Fig. 3! is showa ia Fig. 4
as an example of the data output from the
continuous-flow system. This figure sbo«s thc data
record froiu Stations 54 to 56. At the left side  Stauoa
54! was a killed coatrol  plus 1 uM MLtF-P substrate
aad buffer! with a fluoresceacc value of 48. This was
followed by a sample rua wiib fluorescence values
between about 80 and 95. The initial spike u as due to
the switch f'rom killed control to saiaple, but some of
the smaller spikes may be real vari aaoa iu actiiity, At
prese at «e do not have eaougb cazyiac data or ancillarv
iaformation to distinguish such spikes ftom noise. This
sample mn is foflowed by another kifled control «hich
stabilized at 48 fluorescence units. just as the pre'ious
oue.  Sonic records, ia contrast. sho«aa increase- ia



as

bctwcea 920 aad 940. At the right side is another
turbidity blank which reached a minimum value of 21,
aad a 100 nM 7-amido-4-methyl coumarin  MCA!
staadard, which yielded a fluoresccnce value of 200.
Thc pcptidase activity calculated from Fig. 5 in
discussed below.

Enzyme assay results of the study location+
showa in Fig. 3 arc summarized ia Table 1. A}kalirre
phosphatase activity was unmeasurable in the surface:
waters at the mouth of Southwest Pass  location no. 1!

tbe fluorescence values of ihe killed control over time.!
Fluorescence values then varied from 66 to 80 with

numerous spikes early in the record, followed by
another killed control which stabilized at 45. A final
ruu near Station 56 was rather constant around a
fluorescence value of 6tr, The minunum value at the
right side {4! was a turbidity blank with sample and
buffer as normal, but the substrate replaced with
distilled water, Fina/ly the peak at tbc extreme right
was a 100 dVl 4- rnethylumbclhferone  MUF! standard.
The alkaline phospbatase activity calculated from Fig. 4
is discussed below.

Th» similar contimious record of peptidase
activity from location 4  Fig. 3! is shown in Fig. 5.
The substrate  !PICA-!eucine!, substrate coacentration
{10 uM!, incubation time {14 min! excitation and
emission wavelengths {380am /440 rua!, aad
fluorescence values are all different from the preidous
figurc. Thc minimum fluorescence value {42 i shown at
tbe left was a turbidity blank. foi!owed by a peptidasc
measuremcnt run with fluorescence values between 935
and 1000  instrument maxirnura!, This was followed
by a killed control which stabilized at about 868 and
another peptidase run where fluorescence values varied

Table 1. Range of alkaline phosphatasc  AP! nacl
pcptidase  P! activities for selected transects measurerl
with the continuous-flow system.

Enzyme Location ¹ Turnover time Rate
Activity  on Fig. 3!  bours!  !rmol 1' b'!

AP 1 to 0.64 0 to 156
AP 2 658 to 250 0.15 to 0&8
AP 3 5.00 to 3.13 0,20 to 0QQ
P 4 89.85 to 35.35 0.11 to 0.28,

Fi . 3. Chart of locations of continuous-flow cnzymc activity measuremcnts in the Gulf of Mexico during Julyig.
1993. Arrow indicates tbc direction of the ship's track, Runs 1 through 3 werc alkaline phosphataae
measurements, rua 4 was a peptidasc section. Depth contours in meters are also shown.
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Fig. 4. Annotated continuous alkaline phosphatase data record from location 2  Fig, 3!, raeasured with 1 uM4-methylumbelliferyl phosphate as the substrate, and expressed in fiuorescence units vs. time. This data
record is described in detail in the text,

but increased rapidly offshore once the turbidity
decreased and plankton biomass and productivity
increased. Activity reached very highrates, greater than
1 umol 1-1 h-l, probably the highest of the cruise,
before declining slightly toward the end of the section.
Alkaline phosphatasc activity in section 2, the one
described in Fig, 4, was lower and 1ess variable than in
section l, but with a greater than 50% decrease kom
west to cast. This section was the most inshore of all
four sections. Section 3 measured ~ phosphatase
activity offshore, going from north to south across the
1000 m contour line, Though activity was th» lowest
of the three alkaline phosphatase sections, the range of
activity overlapped with the other two sections and was
the least variable of the three.

Section 4  shown in Fig. 5! was the only
section of peptidase activity measured, This section

started toward the middle of the shelf west of the
Atchafalaya outflow and proceeded offshore towards
the southwest. Though the fiuorescence due to enzyme
activity was less than 10% above the killed control, and
turnover times were long, the actual rate of hydrolysis
was similar to the phosphatasc activity from sections 2
and 3, about 0.1 to 03 umol 1-1 h-1. Much of the
explanation for the long turnover times and high
background result from the fact that the substrate
concentration used �0 uM! was ten times higher then
that used for alkaline pbosphatase. Fxcept for some
peaks near the middle of the section, which may have
been artifac,ts, no spatial tread iu peptidase activity was
observed in this section.
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is describe in detail in the text.
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Disco as to a
This study has demonstrated that microbial

cell-surface enzyme activities caa be measured
continuously in the environment aad that we can
observe spatial variations ia these activities which can
be correlated other environmental paramctcrs. ln this
study we concentrated on alkaline phosphatase activity,
but also mcasurcd peptidase activity. The focus on
phospbatasc activity resulted from thc goal of the
project, which was to cxainiae thc role of phosphorus in
nutrient limitation in ibe Mississippi plume region.
Tbc peptidase measurements were to show that this
continuous-flow system can be used for other enzyme
activities as well.

Alkaline pbospbatasc activity is often used as
an indicator of phosphorus deficiency, especially in
lakes {Pick, f987!, but also in estuaries  Fisher et al,
l992!. Previous work during a high-flow smnmer
season {l990! has shown that thc inflowing surface

water from the Mississippi River has a high nitrogen to
phosphorus ratio  Ammerman 1992!. The resulting
phosphorus deficiency results ia rapid uptake rates of
inorganic phosphate aad high alkaline phosphatnse.
activity m the productive waters offshore from the river
mouth and furthet to the west  Ammerman l992!. fra
contrast, thc dcgrec of phosphorus deficiency and rhe
corresponding rates of activity werc much lower in the
fall, presumably du» to decrease freshwater inflow nn4
productivity  Aaunerman 1992!. Since alkalizt
phosphatase activity appears to be closely related tcs
phosphate uptake rates ia this regioa  Atamcrmnn
unpublished!, wc have used measurements of thi<
enzyme as a proxy for phosphate uptake.

The l930-1992 average flow record for the
w ta p nzt4Mississippi River shows s maximum flow A ril

May aad a minimum ia September and October
 Dowgiallo 1994!. The continuous eazyme tienzyme activtty
mcasurcments reported bere werc mad de u zla g 7ttly



1993, during thc record flooding of the Mississippi
River  Dowgiallo 1994!. During July the flow is
normally decreasing as it approaches the fall minunum.
However, during July of 1993, thc river flow was abou t
23,000 cubic meters pcr second, higher than thc
1930-1992 average of about 14,000 cubic ineters pcr
second  Dowgiallo 1994!.  From August 5th to
September 10th the flows actually exceed the previous
maxiinum flow recorded.! The manual measurements
shown in Fig. 1, in contrast, were made in ibc uorinally
high flow spring season in May. Jn 1992, however, the
year they werc made, the May flow «as only about
15,000 cubic meters per second, less than the average of
21,000 cubic meters per second. Thus, both the spring
1992 and the suinmer 1993 seasons were anomalous,
and the July 1993 flow actually exceed that of May
1992. Regardless of the flow anomalies of particular
years, the alkaline phosphatasc data shown in Fig. 1
and Table 1 arc both froin relatively high-flow,
productive seasons. The minimum turnover times were
coinp arabic from the t«o different methods, manual aud
continuous-flow, measured in two different seasons and
years, May 1992 and July 1993. Hov ever, the
continuous alkaline phosphatasc measurements from
July of 1993  Table 1! v cre done with a ten-fold higher
substrate concentration � uM vs. 100 nM! than the
earlier measurements. Thus the actual substrate
hydrolysis rate at a given turnover time was teu times
higher in 1993, This suggests that the enzyme activity
during the 1993 summer flood much higher than during
the previous spring, which correlates with thc unusually
low surface salinity and high phytoplankton biomass
reported during the summer flood period  Dowgiallo
1994!. Undoubtedly, further data ou microbial biomass
and activity during the flood period will bc available in
the future. When the alkaline phosphatase data are
coupled with these measurcmeuts, we should gain
add itional insights about microbial growth aud
phosphorus cycling,

With only three soetions discussed, we are just
beginning to determine thc surface distribution of
alkaline phosphatase activity during July of 1993, Duc
to the high turbidity. there was no activ ity at the mouth
of Southwest Pass, The highest activity was found in
section 1  Fig, 3, Table 1!, slightly offshore from
Southwest Pass. This is the intermediate-salinity,
highly- productive region of tbe river plume where thc
turbidity has decreased enough to allow light
penetration, but uutrients arc still av ailablc, though they
are rapidiy being utilized. Past work has shown that
this high alkaline phosphatase activity, and rapid
phosphate uptake, are limited to the upper 5 to 10 m of
thc water column with significan river input

 Anunerman 1992!. Surface alkaline phosphatasc
activity was readily measurable over a wide area,
including at least as far south as thc 1000 m contour
line  section 3, Fig. 3: Table 1!. This is not surprising
in light of thc large freshwater input and resultiug
reduced surface salinity during tbe flood period
 Dowgiallo 1994!, especially since river water usuallv
has a high nitrogen to phosphorus ratio.

The peptidasc measurements  sectiou 3, Fig. 3;
Fig. 5; Table 1! demonstrate that other microbial-cell
surface enzymes can also be measured with this
continuous underway system. Though thc difference in
fluorescence between sample and killed control was less
than for phosphatase, tbc actual rate of peptidase
activity was comparable to thc lower range of
pbosphatasc activities. We have insufficient peptidasc
data to see any spatial trends, but Chrost �991! found
that the specific activity  activity normalized to bacterial
biomass! of both leucuie aminopeptidasc aud
beta-D-glucosidase aud was highest during thc late
stages of a spring bloom in a lake, when algal cells
were decaying. Peptidascs aud proteases are usually
ainong thc casicst enzymes to measure in natural
aquatic environments, since they have among the highest
activities of the ccotoenzymes, Jn studies of marine
aggregates  Smith et al. 1992!, "protcasc" activity,
measured with the same peptidase substrate we used,
was always the first or second most active of a series
of ectoenzymes, phosphatase was the other highly active
enzyme, l.ikewise in Australian ox-bow lakes,
aminopeptidase and alkaline phosphatase were the most
active of a series of cctoenzymes assayed  Boon 1991!.
Pcptidases and proteases have been repeatedly measured
by several different methods in a variety of marine
coastal environments, including the Belgian coast of the
North Sca  Billen 1991! and the mesotrophic Southern
California Bight  Hollibaugh and Azam 1983: Rosso
aud Azam 1987!. Therefore, they should bc a good
candidate for more extensive continuous-flow
measurements in the future,
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Abstract A deterministic. mass balaace model for phyioplaaLlon. autriems and dissolved oxygen was;ipplied io the
Mississippi River P!ume/Inner Ciulf Shelf  MRP/IGSl region. The model was previously cahhrated to a
comprehensive set of field data collected during July 1990 at over 00 sampliag stations in the northcro Gulf of
Mexico, This study involved use of the calibrated model to conduct coiaponents analyses of gross priiuary
production and dissolved oxygen. aad sensitivity aaaly ses of model responsi.s to changes ia physical transport. Grossprimary production and losses due to mtra-se ment chemical-biological processes are much more iinportant than
inter-segment physical transport processes and aet settling in controlliag phytoplaah1on carbon dynanucs.Zooplankton grazing, phytoplaakcoa respiration. and DOC exudation account for approximately 50, 2S aad 0
percent, respective l y, of the iiamediate fate of gross pri mar y production. Intra- segnient che riucal- biological prix essesare relati velv more important than inter-segment physical transport processes in controlling bottom water dissolved
oxygen dynamics. The estimated contribution of sediment oxygen detaaad to total oxygen depletion rates rangesfrom 22 to 30 percent. Salinity ia surface waters is more respoasive to chaages ui dispersive mixing than salmity
in bottom offshore waters. Salinity respoases to changes in seaward boundary dispersion are somewhat greater thanresponses to changes ia vertical dispersion. Chlorophyll concenlration is much less responsive to changes indispersive mixing than salinity. Chlorophyll responses to changes in seaward boundary dispersion and verticaldispersioa are very small ia all model segments. Bottom water dissolved oxygen concentration is very sensitive tochanges ia dispersive triixiag, especially to changes in seaward boundary dispersion. Botioiu water dissolied oxygen
concentration is also very sensitive to change.s ia sediment oxygen demand.

lniroducilon
The Mississippi-Atchafalaya River  MAR!

system is the largest single source of freshwater aad
nutrieat inputs to the coastal watersof the United States.
An extensive aad pers,istear zone of seasonal hvpoxia
 dkssolved oxygen c 2 mg I- I! has been documented in
the aearshore bottom v aters of the Louisiana-Texas
continental shelf  Rabalais et al. 199l; 1992!. Turner
aad Raba}ais �991 I speculated that increased nutricat
iaputs from the MAR system may have affected th»
extent and severity of hypoxia in this region by
supporting enhanced levels of primary productivity.
Justic et al. �993> strengthened the evidence for this
hypothesis through cross correlation analysis of MAR
nurrieat inputs, net productivity and hypoxia in the
aorthern Gulf of Mexico.As art of the nutrient Enhanced Coastal

s p oOcean productivity  ÃECOPt prograia, a study v as

initiated to synthesize mformatioa oa physical. chenucal
and biological processes in the Mississippi River
Plume/Iaaer Gulf Shelf  MRP/IGS! region withm a
mass balance modeling framework. This paper mvolv e s
application of a coarse grid, determmistic model for
phytoplaaktoa, autrieats aad dissolved oxygen to the
Louisiana Inner Shelf portion of the MRp/ITS  Fig. I >.
Ia a previous study  Bierman et al. 1994}, the ruodel
was calibrated to a compreheasive set of field data
collected during July 1990 at over ZOO sampling stations
in the northern Gulf of Mexico. The calibrated model
was used to coaduct diagnosac analyses aad auineiical
experiments to better understand enviroamental
processes coatrolliag primary produc ti vi tv aad dissolved
oxygen dynamics m the study area,

This paper contains results from use of lhe
previously calibrated iaodel as a tool for conducting
additional diagaostic analyses, and sensinvity aaalvses
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Fig, 1, Location map of study area,

of model tesponsea to changes in physical uansport.
Tbe diagnostic analyses include coinponcnts analyses of
thc fate of gross primary production and of dissolved
oxygen sources and sinks. The sensi ivity analyses
include dc emanation of salinity, chlorophyll aud
dissolved oxygen responses to changes in physicaJ
tr~ and sedancnt oxygen dcmanti.

hlnde lng Appnwch
The conceptual framework for thc modeling

approach is showa iu Fig. 2. Sta e variables in the
model inc ludc salinity, phvtopiankton carbon.
phosphorus  dissolved pltosphate aad unavaiJable
for ash nttrogcn  atnmoaia. nitrate plus nitrite, and
unavailable formst, dissolved oxygen aad carbonaceous
biochemical oxygcii demand. User-specified external
forcmg functions include cons ituen  mass Joadings,
advective-dispersivc transport. boundary conditions,
sediment fluxes, water temperature, mcidcat solar
radiation and underwater light a teauatiou. Sediment
interactions are represc:nted by user-specified va! ues for
aet settling rates for particulate phase coastituents,
sediment-wa er diffusive fluxes for dissolved autrieats
and sediment oxygen demand, Although this model
contains only a moderate degree of chemical-biological
complexity it requires a considerable amount of fteid
data for specification of external forcing functions, as
well as for comparison with model output,

This conceptual aedcJ was unplemen ed for the
MRPllGS region using a modified verstoa of the

WASP4 computer coding framework. Ambrose et al.
�988J contains a complete description of WASP4
model theory, governing equa ious, and a user mantsal.
There were two principal modifications to WASP4 for
this applicatioa: first, use of a saturation kxactics
mechanism for water colutnn nutrient mineralization
proposed by DiYoro aad Matystik �979!i aad secortd.
usc of a saturatioa kinetics mechanism f
p ytoplanktoa decomposiuon proposed by Rodgers andb

or

Salisbury �981!.

Mode  Application
Spatial and Tcntporal Scales Tbee spatialdomain of thc model is representect by a 21-segmerat

watcrcoluma grid extending from the M '. Rie ississippi RiverDelta west to tbe Louisiana-Texas bo d, d frs r er,and fromtbe
shoreline seaward to the 30-60 meter bathytrte ric
coatours  Fi . 3 .rs ig. !. The spatial segmentation grid
includes one vertical layer nearshore and two vertical
Javers offshore. All of the spatial segments are asstsmed
to be completely mixed. The aearshore segments have
an average depth of 5,6 me ers, Th urfe s aee onshore
segments are completely mixed in the vertical to a fixed
pycaocliue depth of 10 meters. The bottom oQ'shore:

meters to thesegments are completely mixed from 10
abed. The depths of these bottotn offshore segments

range between 6.1 aad 20.3 meters.

s app a  tonTbe temporal domaia of this a lica '
represen s only steady-state conditions for Ju] 19

is tbta  titne-series data were not available at



Conceptual Framework for Water Quality Model
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Fig. 2. Schematic diagram of principal model state variables aad processes.
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tbc she lf wide spatial scale. Typic ally, a siagle
shelfwide monitoring effort is conducted during the
July-August period to characterize the spatial extent of
hypoxic conditioas in the study area. OperationaHy,
model forcing functions were assigned constant values
that represented summer average conditions during
1990, Tbe time-variable model was then rua to steady-
statc aud model output was compared with a combined
fic}d data set from three differeat sarapliag cruises
conducted during raid-July. It was assumed that these
combined data were synoptic and that they were ia
temporal ctluilibrium with the specified model forcing
functions.

Field Data The combined ficld data set used
for model calibration included the followiag groups of
sampliag stations  Fig, 4!: �! NECOP - NECOP90
shelfwide cruise that occupied 64 stations located
primarily inside the raodel segmentation grid; �! GYRE
- GYRE90 cruise conducted by Texas ARE University
that occupied 113 stations located both inside and
outside the model segmcatalioa grid; �! NURC-
NURC90 cruise coaducted by Louisiana Universities
Marine Consortium, Texas ARE Uaiversity at
Galveston aad Texas Institute of Oceanography that

occupied 3S stations located immediately west of the
Mississippi Delta in tbc primary hypoxic region; aad �!
River - U.S, Geological Survey stations in thc
Mississippi aud Atchafalaya Rivers. The field data from
all of these sampling stations  except River stations!
reside in tbe iVECOP data base maaagcment system aad
are subject to hiECOP policies on quality control,
archiving aad distribution,

Physcc ai Transport Physical transport in thc
model is represented by advcctive flow aad bulk
dispcrsioa. Bulk dispcrsioa is a lumped parameter that
represents transport processes at scales smaller than the
model spatial segments. These processes include
molecular diffusioa, turbuleat eddy diffusion and shear
flow dition. Because the model balances mass aad
aot momentum, magnitudes and directions for advective
flows must be externaHy specifie. Dispersive auxiag
cocfficicats across all horizontal and vertical interfaces
ar» calibration parameters determined by conducting a
mass balance to salinity, a conservative tracer.

Water circa latioa on the Louisiana- Texas Shelf
is strongly influenced by wind stress  Cocbranc and
Kelly l 986! aad freshwater discharges from the
Mississippi aad Atchafalaya Rivers  Wiseman et al.



Ftg. 3. Model spatial segmcntatioa grid for Mississippi River PItum'Inner Gulf Shelf xegion. T
regton. op pnnetcontains surface segments  Segments I-7 nearshorc; Segments 8-14 offshore! aad bottom panel

contains bottom segments  Segments I5-21!.

12

I982.' Dinnel and Wiseman 1986!. It is believed that
sununcr average conditions in thc spatial domain of the
model are typically represented by the Louisiana Coastal
Current which has a net westward drift along the shelf
bathymetry, This representation is supported by current
meter measurements from a long-term tnooring
maintained by one of th» co-authors  W2, Wiscman, Jr.!
at a location off Cocodrie  Segment 10! in 20 mctcrs of

water. Typical summer average current speec s are
approximately 10 and 3 cm s-l, respectively, ia surface
and bottom waters.

Sumxncr 1990 conditions werc anomahaus in
that aet eastward drift was observed in both surfnec axtd
bottom waters at speak of apptoximately 2 aad Op exa
s-l, respectively. The fr»shwater advcctive flow fleids
in Fig. 5 represent our best judgment in symhcsizinstzrng
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Fig. 4. Locations of field sampiiug stations used in model calibration for July 1990, River - USGS tributary
loading stations, NURC - NURC90 cruise stations, GYRE - GYRE90 cruise stations, NECQP-
NECOP90 shelf wide cruise statioas.

available data for rivctiae discharges and observed
current spccds and directions during July 1990, Vaiues
for disch arges from the Southwest Pass of th»
Mississippi River into Segments 1 aad 8 aud f'rom the
Atchafalaya River into Segment 5 were based oa
measurements at Tarbert Landing aad Simmesport  Fig.
4!, respectively  U.S. Army Corps of Engineers, New
Orleans District OKm, personal communication!. Ão
keshwater flow I'rom other Mississippi River passages
was represented in this application because of the
observed net eastward drift in the coastal current. In
additioa to these freshwater flows, act eastward flow
flelds of Gulf of Mexico water through the aearshare,
surface offshore aad bottom offshore model segmcats
were also represented  aot shown!. Values for these
Gulf of Mexico flows werc constrained so that total
flow through Segment 10 was consistent with current
meter observations. The water circulation pattern in
Fig. 5 is qualitatively consisteat with a NOAA-11
AVHRR sea surface tcmpcraturc map for July 25, 1990
 NZ.%'alker, Coastal Studies Institute, Louisiana S tate

University, pcrsoual communication!.
IifodeI Calibration After specification of

cxtcrnal forcing functions, thc model was calibrated
using tbe above combined field data set. Observations
for salinity, phytoplaakron chlorophyll, dissolvedoxygen
and dissolved available uutrieats were available for most
of the 21 model spatial scgmcnts. In addition to
concentratioas forthese model state variables, the model
was also calibrated using various process rates and mass
fluxes, and coaccatrauoas of phytoplaulcmn carbon,
dissolved organic carbon and dissolved organic nitrogen
frorn~alized measurements conducted in the primary
hypoaic region  Segments 10 and 17!. Refer to
Bicrmaa ct al. �994! for a complete discussion of the
model calibration ~h and actual calibration
results.

Diagnostic Analyses
Fate of Gross Primary I'rodttciton An

importaat research question in the NKCOP program
conccms the fate pathways for phytoplaakion production
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Fig. 5, Schematic diagrata of freshwater advective flows used in model calibration for July 1990.

in the MRP/IGS region. The principal source aad sink
coinpoaeuts for phyroplankaoa carbon arc showa in Fig.
b  top panel> for four representative surface offshore
ruodel segments, Tbe magnitudes of gross primary
produr tiou and total loss  duc to intra-segment
chenucal biological processesj are much greater than
those of inter-segment advccrivc-dispersive transport
processes and net settling. Iatra-segment chemical-
biological processrng accouars for approximately 95
percent of rbe immediate fare of gross primary
pmductiou ia all four segments,

Individual components of total chcmicaI-
biological losses for these same four model segments
are showa io the bottom panel of Fig.  '9. Zooplankton
grazing  iagcstioa!, pbytoplaaktoa respiration, aad DOC
exudatioa account for approximately 50, 25 aad 20
perceat, respectively, of total chemical-biological losses
in each seg meat. Noa-predatory mortality is very small
in all four segments,

Analysis of Dissolved Oxygen Dynamics
Another important research question in the NECOP
program concerns the principal factors coatrolliag
dissolved oxygen aad seasoned hypoxia oa tbe Louisiana
Inner Shelf.lane . Tbc total mass balance compoaeats of
dissolved oxygen are showa ia Fig. 7  top panel! for
four representative bonom offshore model segmeats.

The magnitudes of intra-segment cberaical-biofogicaI
proccsscs  photosynthesis and depletion! are greater than
those of inter-segment advective-dispersive transport
processes, Photosynthesis is the largest source of
dissolved oxygen and depletion  water column phrs
secharent dcxnaad! is tbe largest siak of dissolved
oxygca in ail four segments. Furthermore, the
magnitudes of these two processes increase w ith
increasing distance from the Mississippi Delta.

lad ivi dual compoaeats of total oxygen
depletion rates for these same four model segments are
shown ia tbe bottom panel of Fig. 7. Oxidatioa of
carbonaceous material in the water cola rxtn,
phytoplankton respiration and sediment oxygen deraatad
all contribute significantly to total oxygen depletion
rates, Carbonaceous biochemical oxygen demand is the
largest component in each of the four segments, and its
relative coatribution increases with iacreasing d istance
&om the Delta, Nitrification is a relatively small
component in all four segments. The corapute9d
coatribatioa of sediment oxygendemand to total oxygexs
depletioa rates ranges from 22 to 30 percent,

Sensitivity Analyses
Dispersr ve ivrrxi ng Ia terms of data

requirements for mass balance modeling, there are two
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phytoplartkton Mass Balance - July 1990
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Fig. 6. Components analysis of phytoplankton carbon
sources aad sinks in thc calibrated model for
selected surface  offshore! segments. Total
mass balance components  top paael!: GPP-
gross primary productioa, Loss - total loss due
to chemical-biological processes, Adv - net
advective exchange, TDis - total dispersive
exchange, NSet - Loss due to net settling.
Chemical-biological loss components  bottom
panel!: Grazing - ingestion by zooplankton,
Resp - phytoplanktoa respiration, DOC - DOC
exudation, Death - non-predatory mortality.

major gaps ia the overall NECOP program: first, lack of
information on physical transport processes in the
MRP/IGS region; and se.cond, insufficient measuremcnts
of seaward bO~ coaCentratiOns. ACCOrdiaglyI it iS
important to determine the sensitivity of model results
to changes ia physical transport parameters, especiaLLy
those which affect constituent mass fluxes acro' the
seaward boundaries.

The sensitivity analyses involved changes of
plus/minus 50 percent in the foLLowiag three acts of
calibration parameters: total dispersive mixing across all
horizontal and vertical interfaces, dispersive mixing
across only seaward boundaties and vertical dispersion
between surface and bottom segments, Calibration
values for horizontal dispersive mixiag cocfftcients

ranged between 400 aad 600 tn2 s- L. The calibration
value for vertical dispcrsioa was 5 x LO-6 m2 s- I, All
advcctive flow magnitudes aad directions, and all
seaward boundary concentrations, werc beld constant at
their calibration vaLues. The model rcspoase paratneters
were salinity aad chlorophyLL concentrations in all 2L
segments, and dissolved oxygen concentrations in
hot totn offshore segments.

Advective flow magnitudes and directions were
not changed ia the sensitivity analyses for the following
reasons: first, calibration values for flow magnitudes
were coastraiaed to the extent that direct tneasurctaeats
were available for MAR inflows aad for surface and
bottom currents, albeit at only a singLe location; and
second, except for MAR outflows across the seaward
boundaries of Segments 8-12 IFig. 5!, there were no
cross-shelf advective flows ia the calibrated model. The

principal cross-shelf transport component was bulk
dispersive mixiag. Consequently, the most
straightforward and systematic way to conduct a
traasport sensitivity aaalysis of this model calibration
was to vary bulk dispersion coefficients.

In general, salinity in surface scgmcnts is more
responstve lo changes in dispersive mlxUlg than sallrtttv
in bottom offshore segments  Fig, 8!. Responses to
changes in seaward boundary dispersion {Fig 8., taidd!c
panel! are somewhat greater than responses to changes
in vertical dispersion  Fig. 8 bottom panel!. Aa
increase ia seaward boundary dispersioa causes salinity
increases in all segments, aad a decrease in seaward
bouadary dispersioa causes salinity decreases ia all
segtaents  Fig. 8, middle panel'I. An increase ia vertical
dispersioa causes salinity increases in surface segments,
but causes salinity decreases in bouom offshore
segments  Fig. 8, bottom panel!. This response pattern
is reversed for a decrease in vertical dispersioa.

It should be aoted that salinity responses to
changes in seaward boundary dis persioa  Fig. 8, middle
paael! and vertical dispersioa  Fig. 8. bottom panel! do
not completely account for salinity respoases to changes
in total dispersion  Fig. 8, top panel!. This is because
totaL dispersion also includes cross-shelf dispersive
mixiag between nearshore aad offshore surface
segments, aad along-shelf dispersive mixiag.

In general. chlorophyll concentration is much
less responsive to changes in dispersive mixing than
sahaity  Fig. 9!. ChLorophyll responses to changes in
seaward boundary dispersion  Fig. 9, middle panel! aad
verticaL dispertaoa  Fig. 9, bottom pane I! are very small
in all model segments. Chlorophyll is responsive to
changes ia total dispersion in nearshore surface
segments {Fig. 9, top panel!, thus iadicatiug that
acarshore-offshore dispersion aad/ot along-shelf
dispersion are important.
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Fig. 7. Components analysis af dissolved oxygen
sources and sinks in tbc calibrated model for
selected bottom  onshore! segments. TotaJ
mass balance compoaeals  top paael!: Phol-
pholosynthcsis, Depl - depletion duc lo waler
column processes pius sediment oxygen
demand, Adv - acl advcctive exchange, HDis-
nct honzonlal dispersi vc exchange, VDis - acl

vertical dispersivc exchange. Depletion rale
components  bottom paneJ!: CBOD
carbonaceous biochcaucaJ oxygen demand in
tbc water colutnn, Pb Res - phytoplankton
respnel ion, Nitrif � nitriftcatioa, SOD
sediment oxygen demand  areal rate expressed
as a volumetric demand!,

In contrasl to salinity and chlorophyll
conoealranOa, bottOm dissOI ved Oxygea coaccntratiOn is
very sensitive to cbaages in dispersive mixing,
especially lo changes in seaward boundary dispersioa
 Fig, JO!. Dissolved oxygen responses to chaages in
seaward boundary dispersion  Fig. 10, middle panel!
account for most of the responses to changes in total
dispersion Wig. IO, top panel j. Rcspoascs to changes
in vertical dispersioa are relaiivcJy small aad occur
pritnarily in th» arcs of thc Atchafaiaya River discharge
aad further west  Pig. IO, bottota panel!.

Sediment Oxygen Demand Sediment oxygerx
demand differs from advective-dispersive physicaI
transport; however, it can bc viewed as a mass flux of

lved oxygen across thc water-sediment bourrdary.
The boundary condition for total sediment oxygcrt
demaad in the calibrated model included aerobic benthic

'oa measured using in situ chambers  Rowc et al.
1992! phs an estimate of anaerobic metabolism  G.T.
Rowc, personal communication!. Although calibratiort
values for scduncut oxygen demand were coastraisred by
direct measurements, it is appropriate to determine tlac-
scnsitivity of model response to changes irt
iuaportant cxtcrnal forcing function.

Results in Fig. 11 indicate that bottorra
dissolved oxygen concentration is very sensitive tet
changes tn sediment oxygen demand. Fufthcrtnc0rc, tix<
magrutudcs of dissolved oxygen respoases tend to
iacrcasc with distance from the Mississippi Delta.

Discussion
Tbe result that zooplankton grazing accouats

for a large fraction of tbe immcdialc fate of gross
primary productioa  Fig. 6, bottom panel! is corLsisterat
with experimental observations by Dagg and Ortncr
�992!. It should be noted that zooplankton grazing ixt
this analysis rcprcsenls only the immediate fate of
phytop Janktoa carbon and docs not represent the portion
of gross primary production that ultimately settles in thc0
form of fecal pellets,

It is aot intuitively c/ear why photosyathesis
should bc a source of dissolved oxygen in bottoms
offshore waters, nor is it clear why this source shoulcf
become progressively larger with incrcasiag distaacc
from lbe Della  Fig. 7, lop pane!!. This phenomenon is
partly due to changes in water column depth alon.g the
inner shelf aad tbe influence of light attenuation-depth
relationships in thc calibrated model. Refer to Biernum
ct al.   994! for a morc complete discussion.

The result th at intra-scg meat chctnicai-
biologicaJ processes are relatively tnorc important than
inter-segment advecti ve-dispersive transport proce sscsin
controlhng dissolved oxygen  Fig. 7, top panel! should
be iatcrpreted within tbe spatial-temporal scales of this
model application. AJI rcsu.its in this paper represml
the coarse spatial scale of the model segmentatioa grid
and summer average steady-state conditions. Potential
responses of dissolved oxygen concentrations to
meteorological events, shelf-edge upwellings and
mesoscale shelf circulation arc aot represented.

Interpretation of model responses to changes ia
physical transport is straightforward for salinity because
sahnity is a conservative tracer and is not coupled to
any of lhe other state variables in the modeL In. thc
analyses conducted, salinity responses are a direct

16



I

p

0
sssg

~00=~

0

0 0 0 0
Mpdt01 Spat st Sap m

S 0 7 Ot0002'I
0 'I
� 0 � 70! ~ SPA� p � p ~ 4%

Louisiana inner
Gsltnt ty Son It iv it y � J

Shel f
ul y 1 990

4 I

2 I0

20
Z Jtss-..~ 7 ~

S

SWSS S

2<tsfdasP

1077 I 242t
M d I S001«l S P nt

pP, .SOt

~ O

~0pssS Sl

Mo dpi Spat 01 Srp
p ~ . 7

17

Louisiana Inner Shelf
Salinity Sansltlvity - July 1990

7 I 0 2 '71 - '0 0 714'10202
M 0 d 0 t S p 0 11 0 ~ s 0 0 10 0 tt 0

Louisiana Inner Shelf
ISallnlty Sensitivity - July t 990

Pig, 8. Responses of salinity, relative to base
calibratioa values, to changes of +50 percent in
dispersioa across all horizontal and vertical
interfaces  TDis, top pane.l!, dispersion across
seaw ard boundaries  S BDis, rniddle panel! aad
vertical dispersion <VDis, bottom panel!.

indicatioa of model sensitivity to changes in dispersive
mixing coefficients. The sensitivity results in Fig. 8 are
completely coasisteat with the fact that observed salinity
increases in the seaward direction and with deprh
offshore.,

Interpretation of chlorophyll and dissolved
oxygen responses to changes in physical transport is
taore difficult because thcsc variables are non-
conservativc and are each tightly coupled to other state
variables in thc model  Fig. 2!. Chlorophyll responses
are a function of c.haages in both chlorophyll aad
nutrieat mass fluxes across model segment interfaces,
Dissolved oxygen responses are a function not only of
changes in oxygen mass fluxes, but of chaagcs in mass
fluxes of ammonia nitrogen, phyto plankton carbon, and
carbonaceous biochemical oxygen demand.

It is interesting to note that chlorophyll
concentration is less sensitive to changes in physical
transport  Fig. 9! thaa salinity  Fig. 8!. The lack of

Louisiana inner Shelf
Chlorophyll Sar pitlvtty - July 'I 990

Louisiana Inner Shelf
ChloroPttyll San sltivtty � July t 990

2 ~ I 0
Model SPst pt S

Louisiana inner Shelf
C hioro Phyll Sadist tlvt ty � July 'I 990

'1400700070 t01400102021
Model SP01 01 S Pmsdt

Fig. 9. Responses of chlorophyH coacentrationr
relative to base calibratioa values, to changes
of g50 perceat in dispersion across all
horizontal and vertical iaterfaces  TDis, top
panel!, dispersioa across seaward boundaries
 SBDis, middle panel! and vertical dispersion
 VDis. bottom panel!,

sensitivity of chlorophyB concentration to chaages in
inter-segment physical transport is consistent with
results of the components analysis ia Fig. 6  top panel!.
This implies thar temporal scales for primary
productiviry are much shorter than temporal scales for
physical transport in this model application. It should
also bc noted that although chlorophyll is coupled to
nutrieat concentrations, phytoplankton growth rates in
the calibrated model are more strongly controHed by
underwater light attenuation thaa by nutrient limitauon
 Biermaa et al. 1994!.

In sharp contrast to results for chlorophyll
concentration, dissolved oxygen concentration is much
more scasitivc to changes in physical transport  Fig. 10!
than salinity  Fig. 8!, especially to changes ia seaward
bo~ dispersion. Thc stroag sensitivity of dissolved
oxygen to changes ia inter-segment physical transport
appears inconsistent with results of the components
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specrficd seaward botmdary concentrations Q raor~
f~~ ~y~s of nlodel sensitivity ia response tlat
changes in mass fluxes across seaward bourrdarten
would involve systematic changes in seaward boulrdarY
conceatranons for each model state variable. Such ax-'t
analysis would isolate model responses for iadividtt~
state variables, as opposed to responses for model strstw
variables as a coupled system,

It should be notctl that the advective flo~
magnitudes and directions in the calibrated rno~>4
although somewhat constrrnned by direct measure meara 4
are not unique. Different flow routing schemes co~<
be developed that would bc consistent with the avai  ah'%
physical data. A complete analysis of model sensitivxr5r
ia response to changes jn physical transport
inchrde investigation of alternate advective flow fieE~
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4
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Fig, lO. Responses of dissolved oxygen concentration in
bottom offshore waters, relative to base
calibration values, to changes of g50 percent in
dispersion across all horiraatal and vertical
interfaces  Tpis, top panel!, dispersion across
seaward boundaries  S 8Dis, rniddle panel! aad
vertical dispersion  VDis, bottom pand!.

analysis in Fig. 7  top panel!. The reason for this
behavior. however, is that dissolved oxygen dcpktiou
rates are tightly coupled ttr carbonaceous biochemical
oxygen demand, phytoplaakioa carbon  through
cndOgenOus respiration! and anunoaia aitrOgen  through
rurrifr'cation!  Frg. 7, bottoln panel!. Responses of
dissolved oxygea lo changes in seaward boundary
dispersion represent the integrated effects of
simultaneous changes in mass f!axes of dissolved
oxygen aad these other three model state variab]es.

The sensitivity of dissolved oxygen
concentraaoa to changes in sediment oxygen demand is
yet another factor th at coruplic ates accurate
representation of dissolved oxygen dynamics. Dissolved
oxygen differs frotn other state variables in the model
because it is strongly influenced by mass flux across the
water-sediment boundary. Although boundary
canditions for sediment nutrient fluxes are iacludcd ia
the model, responses to changes ia these nutricat fluxes
are insignificant because these loading sources are small
relative to MAR mass loadiags  Bierman et al. 1994!,

Resalts of sensitivity analyses for seaward
itspy dispersians arc not iadepeudent of externally-

Conclusions
Thc fallowing coac]usions are drawn from tgxis

diagnostic aad sensitivity analysis of the calibrated
water quality model for the MRP/IGS region:
l, Gross primary production and losses due ta

intra-segment chemical-biological processes ~
much more importaat than inter- se grnemt
physical transport processes and aet settling ass
coatrolliag phytoplaakton carbon dyaarrrica.
Zooplanktongraziag  ingestion!,phytoplankt~rl
respiration, aad DOC exudatioa accotrat fcsr
approximately 50, 25 aad 20 percexat,
respectively, of the immediate fate of grcsss
primary production. Zooplanldon grazing art
this analysis does not represent the portion cd
gmss primary production that ultimately settl~s
in the form of fecal pellets,

3, Intra-segment chemical-biological processes mar
rClativcly more important than inter-seg~
physical transport processes in controlhrag
bottom water dissolved oxygen dynamics.

4. Oxidation of carbonaceous material ia rjxe
water columa, phytoplankton respiration ~
sediment oxygen demand al 1 appear
contribute significantly to total oxyg~
depletioa rates in bottom waters,
estimated coatributioa of sediment oxyg~
demand to total oxygen depletion rates r~
from 22 to 30 percent
Salinity in surface waters is more respond�.ve a~
changes ia dispersive mixing than salirnt�~
bottom offshore waters. Responses to chang
in seaward boundary dispersioa are som wh
greater than responses to changes in verti~~
dispersion,

6 Chlorophyll concentration is
rcsponslvC tO Changes la drspcrslve mrxmg thaaat
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Fig. 11. Responses of dissolved oxygen concentration
in bottoin offshore waters, relative to base
calibration values, to changes of ~0 percent
in sediment oxygen deinaud  SOD!

salinity, Chlorophyll responses to changes in
seaward boundary dispetsiou and vertica}
dispersion are very small in all model
segments.

7. Bottom water dissolved oxygen concentration
is very sensitive to changes in dispersive
mixing, especially to changes in seaward
boundary dispersion, Responses to changes iu
vertical dispersion are relatively small aud
occur primarily in the area of the Atchafalaya
River discharge and further west,

8. Bottom water dissolved oxygen concentration
is very sensitive to changes in sediment oxygen
demand.
These conclusions should be considered

preliminary because the model has not yet been
validated to an independent set of field data, It should
also be noted that the typical behavior of the Louisiana
Coastal Current is beheved to be represented by net
westward flow s, and that flow conditions for the present
model application are considered to be anomalous.
Future work in this NECOP inodeling study will include
application of the steady-state uiode 1 to summer average
conditions for different years, and application of a time-
variable version of the model to field data from six
different surveys representing spring and summer
conditions in 1993.
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ZOOPLA VKTON GRAZING AND THK FATE OF PHYTOPLANKTON
IN THK NORTHKRN GULF OF MKXICO

M j, Dagg' aud P.B. Ortncx

'Louisiana Universities Marine Consortium, 8124 Highway 56, Chauvin, LA. 70344
tNQAA/AOML/OCD, 4301 Rickcnbacker Causeway, Miami, FL. 33149

Abstract
Thc copcpod community consumes a significant fraction of the phytoplankton production that is stimulated

by riverine nutrient inputs in the northern Gulf of Mexico. In addition, there is strong evidence that
Appcudicularians arc iruportant coasts of small particles  including pico-pbytoplsnkton! The primary fate of
phytoplankton production in this river dominated shelf is to be grazed by zooplankton.

Methods
Field tneasurements of fccding were made

during cruises in 9/91 and 5/92. Mcasuretnents were
made at two locations: a series of stations near SW
Pass and at a mid-shelf site. A free-floating array of
scdirncnt traps was deployed for 1 - 2 days in each
study area  Redaljc et aL 1994!, CTD casts and
zooplankton collections werc made periodically near the
array throughout each 1-2 day deployment. At 34 h

21

Introduction
High production rates snd large stocks of

phytoplaukton arc commonly obse:rvcd at intermediate
salinities in discharge plumes of large rivers  e,g.
Lohrenz et al. 1990 for thc Mississippi; Dexnaster ct sl.
1986 for the Amazon!. These blooms of phytopiankton
occur because riverine waters, rich in nulrients, override
and spread out over the rccciving oceanic waters
creating an environment with light snd nutrictzt regimes
ideal for high rates of phytoplsnkton growth.
Phytoplankton losses, derived from advcction, dilution,
sinking, snd mortality, are initially less than growth
rates resulting in tbc accumulation of pbytoplankton
stock, a bloom. However, the temporal and spatial scales
of tbe bloom-producing iznbalance between growth and
loss processes are small and the bloom dissipates as
salinity increases and the plume conununity develops
further. High rates of grazer-induced tnortality have
been observed in estuarine and coastal environments
 c.g. Dagg and Turner 1982; Wclscbmcyer aud
Lorenzen 1985!, and in some xiver plumes   c,g. Malone
and Chervin 1979! but generally uot much is known
about the contribution of zooplankton grazing to thc
decline of pbytoplankton blooms in river-do~
continental shelves,

Tbe purpose of our work is to measure the
ingestion of phytoplankton by thc mesozooplankton
community, thc portion of the grazing community
comprised of organisms ! 200 um.

intervals over 24-36 b, zooplankton were collected with
a lm closing net �02um mesh! from deep and surface
depth strata, Inuncdiafcly after tbe net came on board,
an aliquot of thc cod-cnd sample was pouted through
a filter apparatus containing a 47 nun piccc of 150uxn
mesh Nitex which was then f'razen in liquid nitrogen.
The re.mainder of thc sample was preserved in a 10 %
formalm-scawater solution.

In the shore laboratory, frozen samples were
thawed and sorted copepods werc analyzed for the
amounts of phytoplankton pigments rctaincd in their
guts  Mackas aud Bohrcr 1976; Dagg et aL 1989!. Gut
contents werc converted to ingestion rates by application
of tbc gut residence time, deterauncd frotn the
generaljzcd equation for copcpods relating temperature
to gut residence time  Dam and pctcrson 1988!. A
correction was also made for the average 34
destruction of pigment that occurs during
ingestion/digestion {Kiorboe and Tisebus 1987; Dam
and Peterson 1988!. Subssrnples from the formalin
preserved sample were taken with a stcmpel pipette to
determine tbc concentration of each numerically
abundant organism. Tbc ingestion of phytoplankton by
each copepod taxon is determined from the product of
ingestion rate per copcpod and the abundance of that
copcpod. The sum of tbe contributions f'rom sli copcpod
taxa is termed cx!pepod community ingestion in this
paper but in reality this is a slight underestimate because
rare copepods are not included.

Conunnnity grazing rates determined at specific
sites can bc scaled up to larger ateas if information on
water properties and zooplankton abundance and
distribution is availablc. During a crmsc in April 1993,
zooplankton abundance was mapped on a series of
transccts along anti across thc shelf. A V-fin tow
vehicle was tawed continuously in the near surface. It
siznultancously measured with temperature, salinity,
chlorophyll fluore~, vistble �00-700am! light
trtmsminenm and acoustic baeksc atter at six~uencies



Table 1. Ingestion of phytoplaukton by the copepod conununity. Primary production rates are derived from 14C
based incubations described in Redalje et al. �994!.

Ingestion  I! C:chlor IngestionS ate Depth

 mg C/m2/d! m!  mg chVm2/d!

plume 10 - 0 5.07
75 - 10 7.42

75 - 0 12.49 33- 62

srtelf 32 - 0 2.01

plume

4 53370 - 386054�1! 166

shelf

14 - 53280 - 107051�! 147
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Fig. 1, Abundance of Temora turbinata C6 females and Eucalanus pileatus C6 females near the sediment trap array
at  a! the plume site in 9/91,  b! the shelf site in 9/91,  c! the plume site in 5/92 and  d! the shelf site in
5/92.
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Table 1, Ingestion of phytoplaakton by the copepod community, Primary production rates are derived from 14C
based incubatioas described in Redalje et al. �994!.

Site Depth Ingestioa  I! C:chlor Ingestioa Prim Prod
 pp!

 m!  mg chl/m2/d!  mg C/m2/d!  mg C/m2/d!

I/PP

plume 10 - 0 5,07
75 - 10 7.42

75 - 0 12.49 33 - 62860 - 1650

170 - 360 26- 54shelf 32 - 0 2,01

25 � 0 2.52

65 - 25 055
65 - 0 3.07

plume

3370 - 386054� 1! 166

12 - 0 1.46
34 - 12 1.42

34 � 0 2.88 14- 53280 � 107051�! 147
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Fig. 1. Abundance of Temora turbinata C6 females aad Eucal anus pilcatus C6 females near the sediment trap array
at  a! thc plume site in 9/91,  b! the shelf site m 9/91,  c! the plume site in 5/92 and  d! thc shelf site in
5/92,
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ranging from 256KHz to 3 0MHz The latter data will
cvcntually be used to estimate particle size
 sec Greenlaw, 1990!, At the smnc time an opncQ
particle counter/video system  Ortner ei 00/�submitted!
was used to sample water continuously pumped aboard
through the ship's MIDAS system. The data generated
by the latter device facilitates identication of anitnal
targets and direct comparision with acoustic data,
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SA�1PLE TIMEFig. 2. The hourly mgestton of phytoplankton by thc copepod community duruig each mliocnon p r % at {a! Seluine site in 9/91  b! the shelf site in 9/91  c! the plume site in 5/92 and  d! thc shelf site m 5/92 Note
the scale chauge for  a!,

Results
Observations of zooplankton abundance and

distribution from the nct tows are consistent with those
described previously  Ortaer et al. 1989! and will not bc
presented at length here. There was however,
considerable variatioa between cruises and sampling
sites  c,g. Figurc I!, In this example, the integrated
water-column abundance of two important copepods,
Teiaora turbinata females aad Eucaianus pile atus
fcmalcs, is compared, Temora was much more abundant
than Eucalaaus in the plume area during 9/91 whereas
Eucalanus prcdomiaatcd at the shelf site in 5/92.

In general, gut pigment levels were greater at
the phune site than at thc shelf site during each cruise.
However, gut pigment levels within each site were

higher during 9/91 and did not reflect the generally
higher chIorophyil concentrations observed in the w ater
during 5/92.

htgestion rate by the copcpod community is
summarized in Figure 2. The contribution from each
species is derived by sumning the contributions from
the late developmental stages. Rates are calculated
separately for each depth stratum and combined in
Figure 2. Analysis of variance indicated comtaunity
ingestion rates were sigtuficantiy  p < 095! differen at
thc 9/91 plume site than at the other 3 sites. Temora
turbinata and Kucalanus pileatus are important
contributors to copepod grazing at all sites, accounting
for 54 % and 43 % of the grazing by the copepod
community at thc plume aud shelf sites respectively
during 9/91, and 38 % and 86 % during 5/92  Figure 2!.
Hourly rates  Figure 2! are integrated over 24h to obtain
daily ingestion rates of phytoplanktou by the copepod
community  Table 1!.

Comparison of the ingestion of phytoplaukton
with phytoplankton production can bc made by applying
carbon;chlorophyll ratios, deternuned using a
modification of the chlorophyll labeling method
originated by Redaije aud Laws { 1981!. Conversions of

I
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Pig. 3. Tbc ahtusdatiee of larvaccana near the scdixncnt trap array at  a! tbe plume site in 9/91,  h! the shelf sit~ ass
9/91,  e! thc phtxLac site in 5/92 and  d! the shelf site in 5/92,

htgaatcdehiorophyll to carbon axc made acixetRqly and
coxttparcd to phytoplanhxm production rates  Table 1!
meaaured On these Sun: Cruiaea  Lahrena et III. 1994!,
Except during 5/92 at the plume site, the copepod
commumty ingcsaed a significant fraction of the daily
phytoplaLLkton productiOn.

Dissuasion
Grazing by the copepad community was only

4 - 5 % of daily phytoplanktoa production in plume
waters during 5/92. This contrasts with higher rates, 14
. 62 %, in the plmne during 9/91 and at the sh;lf site
durhig both cruises. It is not possible to develop a clear
andCrstanding of patternS frOm Only these tWO CruiaeS
but this observation appears consistent with the
suggestion that copepods will not be an important
component of the grazing community in the ri ver plume
until they have some time to numcticaHy respond to the
presence af phytoplankton food, In the plurne region,
~ populations should increase throughout the
sprmg in response to the spring tnaximum of

-stitmLILLted phytoplaxtktost prudueticri. Numerical
response rates should also incrcasc in the spring as

water tempcraturcs increase, Patterns observed ixa
study are consistent with these generalizations hut nxaetse
information is required to properly develop
srguxnents.

Other COmpOnentS Of the ZDOp~ein
community tnay also ingest significan amoun~
phyioplanktou. Organisins less than 200urn, ixre
prOtOZOanS and Small metaZoans, may bc isrtpCD~t
grazers but arc not inc/uded m this analysis. agb
grazing rates by this microzooplankton commtmi"y ~ ave
been observed at both sites during other titties og
year  Strom unpublished!

the

Another potentially itnpoftant grazer jn thc
larvacean Oikopleura dioiea, Latvacans are ty .~
abundam during spring, summer, and faik For e~

al'e

a detailed cross-shelf description o f their
r e~>p

6! aud the associated physical and biologic~ s
XLXLce ~+

Lc sy sate.m
parameters  FLgs 4 and 5! was provided during Ap~
Thc tranSCCt Waa run &0m S1OpC waterS direetlV

3,
V

towards the inner shelf just south of the ~tobnf
Salinity, temperature and light transmission m

~ya.
on xxrcre~

dramaticsHy towards the inner shelf, Fluorcsercseenee
very low 08shorc and lncrcascd during the tua-~ct.
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Fig. 4, S alinity  ppt! and Temperature  dcg.C!
continuously measured at 4m along a 42km
shoreward transect south of thc Atcbafalya in
April 1993.

From about the 20krn mark one ards, fluorescence was
maximal for the instrument setting and the apparent
plateau is not real. Since it appears to be closely
correlated, albeit invcrscly, with transmittence it is hkc!y
fluorescenc likely continued to increase shoreward.
Larvaceans were abundant over most of the transect but
especially so from km 25-35, attaining concentrations of
scvcral/liter at tntermediate salinities and temperatures
 ca. 25ppt and 19 dcgC!. Lowest concentrations werc
at the innermost part of thc shelf. Note that larvaceans
werc morc abundant than small copepods except well
offshore over thc entire transect and that their changes
in abundance were not well corrclatcd. Moreover the
larvaccan distribution appears to bc more patchy [at
least on large spatial scalesj, These differences arc
entirely consistent with larvacean biology since their
rapid growth rate permits them to bloom and increase
dramatically in abundance over periods as short as a few
days  K ng e/ ui., 1980!, lnterestiuglv the dominant

Light Measurements

2 20 20 20
Dialattee  am!

Fig. 5. Chlorophyll fluotcscencc  relative units! and
visible light �00-700nm! trans mittcnce
continuously measured at 4m along a 4~
shoreward transect south of thc Atchafalya in
April 1993. Fluoresccncc was offscale at
values 	62.

peak in larvacean  and small copepod! abundance arc
seen in acoustic returns at high frequencies but not at
lower frequency  Fig 7!.Thc grazing impact of the larvacean population
has not yet been not estimated for this transect but
during the 9/91 and 5/92 cruises is estimated by
calculating thc carbon rcquirerncnts for growth of the
observed populations. These O. dioica were smaH,
ranging between 200 and 600um trunk length  n=200
for each cruise!, Calculate carbon requirements, which
need not be me.t by phytoplanklon only, arc greater than
requirements for the entire cope:pod community during
9/91 and only slightly less than requirements for the
copcpod community during 5/92  Table 2!.

A morc direct cstirnate of phytoplankton
removal by larvaceans can be obtained by applying the
filtering rate of the larvacean community to the
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Fig. 6. Larvaccan and smalL copcpod abundance
 ft/m3! in uncoucentrated pump samples
collected at < 1 m depth along a 42km
shoreward transect south of tbe Atchafalya in
April 1993. Data were binned into 1 minute
intervals  ea. 150m! that constitute 1SOO
individual video frames,

chlorophyll stock. Filtration rates are computed for each
size of 0, dioica f'rom a relationship bchveen filtration
rate and trunk length  Alldredge 1981!. Alldredge's
mcasuremcnts werc made at 23.5oC and her relationship
is applied directly to O. dioica for the 5/92 cruise.
Resultant rates arc similar to rates calculated by the
energy demand method  Table 2!. Estimates are not
made with this method for the 9/91 cruise bccausc of
uncertainty in scahng up thc calculation to the higher
temperature. These high abundances and thc calculated
high ingestion rates support thc srg ument that larvaceans
are important grazers on phytoplankton in this region,

The input of new nutricnts onto the continental
shelf of the northern Gulf of Mexico greatly stimulates
phytoplankton production, and large phytoplaukton
stocks are typically observed at interinediate sahni ties in
plumes of th» Mississippi River  Lohrenz <t al 1990!,
Grazing by the copepod community is an important

Acotzetlc Backscatter
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D DD iD DD DD DD
Dlstahhcs t tout

Fig. 7. Acoustic backscattcr at 256KHz aud 3.0MHz
continuously measured at 4m along a 4~
shoreward transect south of the Atchafalya in
April 1993, Data were binned into 1 minute
intervals  ca, 150m! that constitute 1800
individual video frames.

Table '2. Ingestion rates for thc observed populations of
0/kop/c hh ra Choi ca CalCulated from groWth rateS �! and
from filtratiou rates �!.

Date S itc Depth ingestion   l! lug cstion �!
 m!  mg C/~d!  mg Chn2/d!

9/91 plume 10 - 0 537 4
75 - 10 481.0
75 - 0 1018.4

shelf 32 - 0 1155.4
5/92 plume 25 - 0 83.0

65- 25 85
65-0 915

shelf 12 - 0 50.8
34 - 12 24.4
34-0 852
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Source Function Variability'
Daily-average water

p ttlofted versus Arne for the lower Mississipp
 Figure 1!, The time pefjod shown spans the NECpp
studyp'ri~ H~~d &Medi esne& d e topof the
plot area correspond to NECQp funded ~~
time windows. Asterisks are monthly averaged data
points  per calendar month!, aud open octagons are
annual average data points  pcr calendar year!. Plotted
sinusoid depicts thc long-term gast forty years! annual

0-

1990 !99l
~ster discharge for the lower Mississippi River.

average cycle of discharge with associated variation
limits  shaded areas!. Horizontal dashed line shows the
long-term mean for the satne period. Over the last
several decades, approximately 80% of all monthly-
average discharge values fall within thc shaded region
�0% above and 10% below!. Most "outlicrs" arc due to
phase shifts in the annual cycle and do not exceed thc
absolute tnaxirnnm or minimum of the shaded region,
Note that thc variation limits nntst bc skewed in
amplitude  -2t1! to account for thc greater likchhood of



larger-than-average versus smaller-than-average flow
events in a given month.

The annual avcragc value for 1993 is about a
1-in-50 yr 'eveat" based upon values obscrvcd since
1900. Elevated summer and fall flow is thc anomalous
aspect of this flow year as illustrated by thc plot.

Hydrographic Fields and Fill Time Estimates'
Hydrographic survey data from four research

cruises in the Mississippi River outflow region
 Louisiana shelf! were analyzed. Data was collected for
thc NOAA Nutrient Enhanced Coastal Ocean
Productivity  NECOP! program. Two cruises were
aboard the Louisiana Uaivcrsities Marine CONsortium
 LUMCON! RV Pelican �2-19 April 1992 and 27
March-2 April 1993! and two were aboard tbe
University of Texas RV Longhorn �4-21 May 1992 and
2-12 July 1993!,

Louisiana shelf mean flaw is gcncrally
westward froia thc Mississippi River Delta, and
continuing past the Atchafaiaya River Delta, over the
winter and spring. Perturbations of this general flow are
caused by east-to-west passage of cold fronts. Summer
observations suggest possible flow reversai in tbc
western portions of the regioa, with surface currents to
the east.

The Mississippi River discharges into thc
northern Gulf of Mexico via the Mississippi Delta, of
which an average 53% of tbe flaw discharges directly to
the west. Approximately 30% of the total Mississippi
River Systein flaw discharges via the Atchafalaya River
150 km to tbe west. Mississippi River daily discharge
for the 1992 and 1993 NECOP survey cruise coverage
was provided by the U.S. Army Corps of Engineers and
was gauged at Tarbert Landing, MS, below thc
difflueace of the Atchafalaya River. Loagterm monthly
average flow have a maximum flow of -22.000 m'/s
 +10,000 m'/s! in April and a minimum flow of -7,000
m'/s  M,000 m'/s! in September. The 1992 low was
below average in thc spxing; while thc 1993 flow was
above average most of the year. At the time of tbe April
1992 survey daily discharges were -15,000 m'/s, -6,000
mi/s below the long-term average, but foHowed by three
weeks the annual high flow of -22,000 ms/s. The May
1992 survey also followed a brief, relatively high flow
period by two ~ daily discharges werc -12,000 m'/s,
-8,000 xn'/s below the annual average. The survey on
April 1993 oc~ before tbe annual high flow period;
Qows wexc -27,000 m'/s in April, -5+00 m'/s above tbe
annual average. Thc highest flows in 1993 occurred ia
May and were -35,000 m'/s, For the July 1993 survey,
flaw was still -5,000 m'/s higher than the annual average,
reachiag -18,000 m'/s near the July cruise.

The general distributioa of salinity bad a
fresher surface layer ia the Mississippi Delta near-field
 <100kmi that evolved downcoast to meso-fieid
 !IOOkm! cross-shelf and vertical gradients, Surface
saliaities in 1992 had lowest values near the Mississippi
Delta with strongest gradients gulfward, Low values
extend <100 km to the west of the Mississippi Delta.
Surface salinities 	00 km to the west establish a

par abathic pat tera routinely seen on this shelf.
Atchafaiaya River outflow is scen against the coast west
of tbe Atcbafalaya Delta. Surface salinities in 1993 also
bad lowest values near thc Mississippi Delta with thc
strongest gradien.ts gulfward. There was aa apparent
surface fxesbening due cast of the Mississippi Delta in
April aad duc south in July, One hundred kiloxneters to
the west thc salinity contours again established a
parabathic pattern, Atchafalaya River outflow was more
readily observed on the inner shelf south and west of
thc Atchafalaya Delta.

The residence time of river discharge on the
shelf is related to varying river discharge magnitudes.
Residence tiines have been estimated for three regions
for each of the four survey cruises. Region 1
corresponds to the near-field shelf west of the
Mississippi Delta. Region 2 corresponds to the incso-
field shelf at distances greater than 100 km from the
Mississippi Delta outflow. Region 3 corresponds to the
far-field shelf relative to the Mississippi Delta outflow
but is the near-field shelf relative to the Atcbafaiaya
Delta outflow.

Fill times are used to estimate the residence
time of river water on tbc shelf. Fifl time is defined as
tbe length of time it took the river outflow to fili a
voluine of fresh water present on the shelf at any time.

Thc river outflows coasideied herc are simply
the Atcbafalaya River discharge aad that portion af the
Mississippi River discharge flowing directly west. Tbe
voluine of fresh water prcseat on thc shelf was
detexmincd as tbc volume sum of depth layers multiplied
by the associated fresh water fraction, f =  S,-S!/S�
wbcrc S, is a reference salmity chosen ta bc 36.3 '/ao,
and S is the area weighted average salinity. Average
salinity for each region was determined from area-
weighted salinity fields produced from contoured cruise
data at sclcctcd depths  I, 3, 5, 7, 9, 125, 175, 225,
275 and 323 m!.

Regional fresh water volumes are presented ia
Table 1. In 1992 shelf freshwater volumes decreased
f'iom April to May. In 1993 shelf freshwater volumes
increased from April to July. Both surveys ia 1993
mcasurcd the greater vohimes af fresh water on the
shelf than surveys in 1992. The region prapoxtion of
freshwater vohxnc was relatively constant for both
surveys in 1992. Ia 1993 the proportions in the



Table I, Fresh water volumes  in km'! aad proportion
of total volume  ia %! in thc Mississippi aad
Atcbafalaya Rivers outflow region,

Region
Cruise I 2 3

Apr 92 I Lkg 17,51 20.76
23% 35% 42%

g,14 1235 L4f�
23% 36% 40%

1457 22.56 29,21
22% 34% 44%

17.05 25.66 46.63
19% 29% 52%

49.95

34.73May 92

6634Apr 93

S9,34Jul 93

Mississippi Delta near- and meso-ficldrcgionsdccrcascd
while the proportion in the Mississippi Delta far-field
increased.

Tbe vertical profiles of weighted salinity and
fresh water fraction are similar, only the fresh water
I'raction is presented here for each region and cruise
 Figure 2!. Tbe largest fresh water fractioa in Region 1
is observed as a 10 m thick low salinity Layer for ear.b
cruise. Region 2 again had most fresh water contained
in a siuface Layer, but there is considerable more fresh
water mixed to greater depths ia the 1993 surveys.
Although most of Region 3's fresh water is ia a surface
layer, the amount increases with depth.

Fill times can be deternuncd for each region as
if the riverine outflow discharged directly into thc
region itself  Table 2!. This provides  and assuines a
steady stale ia aay upstream region! a lower limit
estimate of residence time. Ln reality there wiLI bc a
storage term  gain or loss of volume over tiine! for aay
upstream region. Although the limited data prevents a
precise relationship, longer fill times  the fresh water is
resident in a region loager! do occur during 1993, the
higher discharge year. Region 3 appeared to bc filled by
tbe Atchafalaya River over approximately thc same
interval of time as Regions I aad 2 were filled by thc
wcslward flowing Mississippi River flow. Using both
flows tbe total regional freshwater volumes arc filled in
1-1.5 mouths. Fill times for the Mississippi River ncar-
field {Region l! are   2 weeks for inodcratc flows in
1992 aad   3 w~ for high flows ia 1993. I'ill times
for the meso-field {Regions 2 aad 3! are 30-50% longer
during the high flows of 1993 than those for the

tnodcrate flows ia 1992. Fill times in both years are
very consistent between survey cruises.

Table 2. Regional fill times {in days! using Mississippi
and Atchafalaya River outfiows.

Inputs Direct Mississippi River Atch, Miss, Both
River River Rivers
Region Total Regms
3

Region
Cruise 1 2 3

Apr 92 10 19 22 29 69 31

19 22 27 45 29May 92 11

Apr 93 14 24 33 39 68 41

Jul 93 19 26 40 49 69 42

Near-Field Variability of Nutrient and Bio-Optical

Variables
In order to understand the distributioas of

autrient and hydrographic variables in the viciaity of thc
Mississippi River plume, relatively siraplc physical,
aulrient, aad biological model bas beeii developed lo
test hypotheses resulting from the analysis of the
hydrographic data sets, As part of tbe development of
this modeL multivariate analysis of several of the
hydrographic data sets was performed to analyze tbe
major coiaponents of variability within thcsc data sets,

Intuitively aad based on previous observations,
oac would expect several major components of
variability associated with the Mississippi River plume.
One major componcat wou!d bc the axis between the
offshor relatively unmixed Gulf of Mexico water and
the undiluted river water. It is expcctcd that this
component of variability would bc corrclatcd with
salinity, autricnt concentrations, and suspended
particulate matter concentrations. A second iaajor
component of variability is thc vertical hydrographic
gradients that are common to the coastal ocean. This
component is often conelated with verticaL gradients of
temperature, salinity, and nutricnts, aad also with tbe
distribution of pbytop~ biomass and pigments. A
third component of thc variability is likely to bc
correlated with phytoplanktoaproduclivity and biomass.
This may bc a part of thc second compoacni described
or tuay bc indepcndcnt depending on thc stratiTication
and physical processes that determine the patterns of
biomass aad productivity. It is also common to have a

30
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Fig. 2. Rcgioaal freshwater fraction for four survey cruises.

Variable
Tcmpcraturc
Salinity
Sigma-t
Oxygen
Beam C
Chlor. Fluor,

PO,

NO,
NO,
%i,

-0.043 0.037 -0.211
0.082 0.050 0.074
0.083 0J337 0.104
0,086 OX!86 0432

-0 f173 -0.197 0.069

-0,032 0.007 0059
-0,045 -0208 -DAJ64
-0.142 -0.281 -0,144
-0,049 0,164 0.164
0.741 -OA25 -0.489
0.743 0.358 0.397

-0309 -0,739
0.846 0A34
0.811 0522

-0.159 -0398
-0.878 -0.153
-0,668 -0.474
-0.622 0.593
-0491 0.215
-0,703 0544
-0271 0.087
-0.257 -0.049
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significant component of this variability dominated by
ammonium and nitrite, indicative of autricat
regeneration processes.

In early July 1993 the R/V Loaghorn
hydrographic data set from that included relatively
closely spaced stations in the vicinity of thc Mississippi
River outflow from Southwest Pass, tbe first three
principal components accounted for 71% of thc

Table 3. Results of principal components analysis of
bottle variables.

Principal component loading of each variable
2 3 4 5

% of variance 393% 218% 9.6% 7.3% 6.0%

variability in the data set  Table 3!.
The first component accouated for 39.3% of the

variance, as expcctcd it was dominated by salinity and
beam c, mdicativc of high suspcadcd particulate matter
 SPM! concentrations. Other variables that contributed
to this component include nitraTe, phosphate, silicate,
and chlorophyll fluorescence. The general trend of this
component is that low salinity is correlated with high
autrieats, SPM and chlorophyll fluorcsccnce. The factor
score for this componca  has the highest absolute value
in thc vicinity of Southwest Pass and decreases to thc
west and south.

The second component contained 2 1.8% of the
variance ia tbe data sct, Temperature had thc highest
correlation with this compoacat, suggesting that it may
be related to the vertical structmc in the eater colutan,
Oxygen aad chlorophyll fluoresceace. were also
correlated with this compoocat, and nitrate was
negatively correlated with this compoaent, Tbe tread ia
these variables arc all consistent with the general pattern
in vertical structure, but when mapped in the smface
lays, highest absolute values are ul Thc uearshotc area
aud decrease offshore. h. this particular component, the
Mississippi River mouth and deep water appear to have
similar values. So it appears that both the vertical
structure aud thc biomass/productivity gradients are part
of this component.

The third component accounted for less Than
10% of thc variance. It wss strongly correlated v,dtb
both nitrite and aauaoaium, indicating that it was



~vc of nutrient regeneration processes in the
rcprcscnI thc suxfacc layer it generally decreased from
systetn.west, suggesting that there was a measurable
east to wcst of both of thcsc nutrients rclatcd to thc Mississippi
input o plume Etthex tile plume contained elevated
River pntx~ons of these two nutrients, or the high
concentx-c Ioe of d c Aver was ~ergomg nun'cnt
organtc
re gener

native ptocesscs as it entered thc coastal region,
Oxygen concentration did aot seem to h avc any
~i~onsbip to this component in the July data set,

Another relationship of thc variables in this
~ysis that has not been brought out in thc above
discussion is that bcatn c aad sihcate concentration�
mapped closely with each other ia principal coxnponcat
space. This may result from both beam c lcvcls  SPM!
and silicate being high in the MissLssippi River, It may
also suggest that there is significant regeneration of
silicate occumng in rclatioaship to high concentrations
of SPM.

In this particular analysis, oxygen
concentrations and temperatures arc uxrelatcd with each
other and with the second principal component. Both are
r clad vcly uncorrclated with thc first principal
component. This appears to bc primarily correlated with
tbc vertical hydrographic structure, and with ~
~tivity. Onc might infer frotn this result that low
oxygen water is uaxclatcd to thc inputs from tbe
Mississippi River water. However, the correlations that
exist within a data sct do not explain thc pathways
leading from one variable to another variable. Thcrc fore,
concIuding that low oxygen water is oot coupled to the
nutrient input would not be warranted based on this
analysis alone.

As in the source data, thc gradients in tbe
Principal cotnpoaent scores are very large in thc vicinity
of the Mississippi River plume and indicate the spatial
"ariab thty in this region is very large, In a study such as
th». it is diffitcult to adequately resolve this variability.

Nutrient Concentrations in the Gulf of Mexico
«rsulting From Sutnmer 1993
Mtsstssippi/Atchafalaya River Ontflows'

The discharge of the Mississippi/Atchafalaya
+" rs  MAR> carries large quantities of dissolved
u tc«s of nitrogen, phosphorus and silicon aad there

clear iadicatioas that their concentrations have
rcased ia the river water over the past four decades
griculturai fertilizer appiicatioa in thc watershed

ave increased, The autricnts in the freshly discharged
r are utilized rapidly by phytoplaukton growth after
mg tbe relatively low autrieat Gulf of Mexico

2Vhilc dissolved silicon and phosphorus are
m t tosuppod thcphytopl~ng wd,morgen
e forta of nitrate is normally the most critical

nutrient necessary to promote rapid plant growth.
However, there are strong indications that the changiag
proportions of nitrogen, silicon and phosphorus in thc
river water have affected the amounts and types of
plants that respond to the uutrieat efflux.

The typical nitrate concentration observed at the
mouth of tbe MAS ranges from 60 to 120 micromolcs
per hter, Values in thc range of 150-200 ancromoles per
liter werc measured in July 1993 during the period of
flooding in the upper river basin. This corresponds
closely to those values reported ia thc lower Mississippi
River by Goolsby  in Dowgialio, 1994! at that time. The
excess water in 1993 that caused flooding appeared to
mobilize more of thc applied fertilizer thaa in a normal
rainfall year anti thc higher than normal w ster speeds of
the river may have incrcascd turbidity aad shortened
transit time in the lower river which, in turn, reduced
biological uptake aad removal rates that occurred ia tbc
lower reach of thc river proper.

Thc plmnc of the ~ppi River near
Southwest Pass as dcfincd by elevated nitrate
concentrations was similar in size to the other summer
periods frotn thc previous six years, but the higher
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Fig, 3, Surface nitrate distributions ia the Gulf of
Mexico during July-August 1990 and July 1993.
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initial concentrations meant that the horizontal gradients
were also very large indicating rapid phytoplanktoa
utilizauon  Figure 3!. The uptake of nutrients was rapid
enough to reduce concentrations to less than 1
microtnohe per liter within a 30 mile radius of the
discharge point. Regenerated nutricnts begin to bccomc
relatively important ia this region since 40 to 80% of
thc available nitrogen is in thc form of ammonima. As
thc discharged water moves even further away from the
discharge points thc regenerated aitrogen continues to be
produced by microbial processes and maintains the
enhanced productivity of the river water over a very
large area. The total area affected as showa by enhanced
chlorophyll concentrations during 1993 is still being
assessed but it was certainly larger than normaL
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increased over time aad silicate reaches very low
conccatrations at much lower saliaitics now than in the
past  Turner aad Rabalais, ia press!. Rather than cause
s spccics shift from diatoins to aon-diatoms, Si
liautation in this systein appears to have so far only
caused a shift to light!y-silicified diatoms  Dortch ct al,
199 2a,b; Rabalais ct al. submitted!,

Several indicators of Si limitation can bc used
to determine the degree of Si linn ation cxpericnccd by
natural populations. Some of these would bc morc
scnsitivc to Si liautation of uptake, whereas others
wouk} bc a better indicator of limitation of growth.

Intro ductloaNutrient enhanced coastal ocean productivity is
often associated with large incrcascs in dissolved
inorganic nitrogen  DIN! and pho~  P! loading
Ryther and Of6ccr  l980! pointed out that sina..
dissolved silicate  Si! either remains the same or
decreases when the N aad P loadings increase, the Si/N
ratios can decrease substantially, leading to thc potential
for Si limitation of diatoms in the coastal zone. This in
turn wifl lead to changes in phytoplanklon species
composition  Officer and Rythcr 1980; Smayda 1989,
1990; Dortch ct al. 1992!, trophic structure, vertical
carbon flux snd hypoxia  Dortch et al, 1992 a,b, Conlcy
et al. 1993!.Changes in nutrient availability and
phyto plankton spec ic s composition have been observed
recently in highly eutrophied coastal areas with large
river inputs of nutrients  Conlcy et al. 1993!, including
thc Louisiana coutiacntal shelf, which is impacted by
the Mississippi River. Since 1950 DIN ia the
Mississippi River has iacreascd while Si has decreased.
so that the Si/N ratio of the water flowing oato thc
Louisiana shelf has decreased from approxitnaiely 4 to
1  Turner and Rabalais, 1991!, Based on nutrient
concentrahoas and ratios froul one spring and oac
summer ctuisc, Dortch aad Whitlcdgc �992! concluded
that at prescat Si limitation was more likely than other
tea:s of autricnt limitation. Justic' ct al.  in press! have
proposed that both the riverine nunienl inputs and
concentrations are currently more balanced with regard
to phytoplanktoa N, P, and Si requirements than they
were 25 years ago, but that thc potential for Si
limitation ia the coastal zone has increased. Supporting
this hypothesis is cvidcncc that Si uptake rates have

1. hrnbtenr Dl/V and Si Concentrations and Rattos.
Based primarily on data from phytoplankton

culture experiments for autricat uptake kinetics, nutrient
uptake ratios, and ratios of pathculatc autricnts, Dortch
and Whitledgc �992! proposed a series of criteria for
distiaguishiag N, P, and Si limitation of natural
populations based oa ambient nutrient concentrations
and ratios. Thc criteria for probable Si limitation are
ambieat Si/DIN ratios � aad Si coacentrations S 2 pM.

2. Degree of /3m/ration based on gi U/rrake Kinetics.
Si uptake as a function of Si coaa.ntration can

bc described by a rectangular hyperbola. represented by
the followiag cquahon,

Si
V=V - �!

Si + K�

where Si is the ambient Si concentration, V is thc
specific Si uptake rate  hr '! at that concentration, V

Abstract Increased nitrogen aad phosphorus but decreased silicon inputs to the Louisiana continental shelf from theMississippi River may have increased thc potential for Si limitation, changed thc phytoplaukton species compositionand altered carbon flux aad hypoxia. The occurrence of silicate liinitation in the Louisiana coastal zone in thcextended phune of thc Mississippi River was assessed oa one spring and oac summer cruise, using four possibleindicators, based on diatom silicon requirements, silicate uptake lcinctics, and phyu>plankton species oompositioa.Three of thc four indicators showed that Si liautatioa was pervasive during thc spring cruise, but not thc sumtnercruise, Th» fourth indicator, 4 diatoms/total autotrophs, was aot found to be a reliable indicator of Si availability
in this system,
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Fig. 1. Station locations on the Louisiana continental shelf, west of the Mississippi River Delta.
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is the maximal uptake rate when the Si concentration is
so high that Si uptake is independent of concentration,
aud K, is the Si concentration at lP V, The K, and
V are determined for aay givca population by
measuring thc Si uptake rate after the addition of
iacrcasing concentrations of Si to subsampies. We
propose that if the Si uptake rate at ambient Si
concentration is less than 75% of thc V determined
for that station and depth, thea kinetic limitation of Si
uptake is readily detectable, lf V is ! 75% V thea
assessing Si limitation kiactically is problematical  for
example, Nelson aad Tregcur 1992!.

3. Diaroms as a % of Total Arrrorrophs  % draroms!.
Eggc and Aksncs �992! observed a hyperbolic

relationship bctweca % diatoms aad silicate
coaccatratioas in mesocosm cxperuneats, which suggest
that the % diatoms may bc a useful indicator of Si
limitation.

4, Phyroplankrorr. especially diarom, species

composirioir,
A shift from diatoms to noa-diatoms would be

thc most obvious indication of Si limitation  Officer aud
Rythcr 1980; Smayda 1989, 1990!. However, in this
system, which is nearly brdauced with regard to
availability of N, P, aad Si  Justic' ct al. in press!, the
abundance of specific diatoms may bc a good indicator

of Si limitatioa, For example, Ahrrosolerrra fragilrssima
is a very lightly sillcificd diatom  Conley et al. 1989!.
which has been observed at highest abundance s at sornc
distance from the river mouth when silicate
coaceatratioas arc very low  Dortcb et al. 1992 a re b!.

As part of a larger study of Si cycling in the
plume of the Mississippi River  Nelson and Dortcb ia
prep,!, we report bere evideace of Si limitatioa from a
spnng and B suaialci cruise, tislilg these iadicators-

Materials and Methods
Crises werc coaducted on the RV Pe rcair

from April 24 to May 2, 1993 and July 24 to 29. 1992
iu the area indicated ia Figurc 1, Standard hydrographic
measuremeats were made at all stations with a SeaBird
CTD system. Surface water saraplcs werc collected
with a plastic bucket. duc to the shallowness of the river
plume at sornc stations, aad at all other depths with
Niskin bottles on a rosette.

Salinity was measured on bucket samples with
au AutoSal saliaometer, Nutrient conccntratioas were
measured for all samples oa frorcn, unfihercd samples
using EFA methods  No. 370.2, 353.2, 350. 1, and 365.2,
Aaonymous, 1979!. Chlorophyll a, corrected for
phaeopig meats, was measured fluoromctrically  Paxsom
ct al, 1984! on all samples.

Silicate uptake kinetics were measured using
silicate labeUed with the stable isotope "Si as a tracer.



g to Nelson and Brzezinski �990!. These
rrm at leered stations,

;d high sensitivity silicate analyses  Brzczinski and
>~ 1994! indicated that ambient silicate was   5 isM
�992 C9, C68-7/25/, D2, Dl and l993: 94, C3, C6B-
4/27 rmd .5/2, D2, D4, D6, KZA, FA!. Increasing
~trauons of "Si were added to a~les of
seawater which were incubated on deck at sitnulatcd irr
s;,� tctxipeiatute aud light. Incubations were terminated
by filtration after I t bx' dependmg on biomass aud tile
saxnples were dried and stored for later analysis by mass
spcctrotnetry.Phytoplankttm were idcntified aud counted
 Dortcb ct al. 1992!, usuig epifluoieacence microscopy,
on size-fractionated samples �2, 3, 8, and 20 tun!
taken at approximately every other stations, including all
Si uptake kinetics stations and at least one station at
each end and in the middle of every transect  Fig. 1!.

Results and Dtacussiou
Dunag the spnng cnasc sabmucs werc

significantly lower, whereas chlorophyll a was
siguificantly higher than during the summer cruise
 Table I!, as would be expected for bigb aud low river
flow periods. The order of magnitude higher
phytoplankton xuunbers ia suauner reflccm thc shift
from diatoms to cyanobactcria  Table 1!, Since
cyanobactcrial size is much smaller thea diatom size, the
phytoplankton bioiaass maximuxa occurs ia the spring,
as indicated by the chlorophyll a data. DIN
concentrations werc also significantly higher during tbc
spring cruise, as a result of tbe large riverine input
 Table 1!, Although the. differences bctwceu these
cruises are highly significant, rhere were stroag
gradients along thc shelf  not showa!.

There were ao significant differences in cithcr
mean P or Si concentrations between tbc two cruises
 Table 1!, However, while P concentrations werc quite
uniform throughout ih» study area, Si concentrations
allowed stl'ong gradients, especially durillg the sprmg

The highest concentrations, besides those
measured in tb» river, were observed near thc river
durmg the spring. Further, some of the lowest Si
concentrations measured ia auy ocean, were measured
on the western tr~ in tbc spring  Nelson et al.
1994!. As a result of tbc high DIN and, frequently, low
S4 the mean Si/DIN ratios were significaatly lower in
Pxing than surumer.

All of thc indicators  Table 2h except %
+'itotus  Table I!, showed that Si limitation was much
~ e pervasive in spring than summer, Data for Si
~tratioas and ratios provided broad areal coverage

mdicated that in spring Si was hmiting at 50% of
tious- Most of these werc located oa the C, D, D',

aad E transccts  Fig, 1!. The criteria, which wexc
originaUy based on literature kinetic data, are supported
by the kinetic data obtained in this system  Nelson ct al.
1994!. Tbc kinetics expcruaeats were rua at stations
where Si < 5 IrM, so they tended to indicate more
vridcsprcad limitatioa than thc Si/DIN ratios and Si
concentrations,

Thc occurrence of diatom indicator species
suggcstcd that growth as well as uptake was limited by
Si availability during tbc spring. As had been observed
in earlier data  Dortcb ct al, 1992 a, b!, Rhizosolerria
fragi l r ssima tended to occur under conditions of low Si
availability. It also varied iuvcxscly with tbc numbers
of other more heavily silicifiicd species, such as
Skclerorrema cosraram  not shown!, However, several
spccics with which it tends to co~cur and which have
also been proposed as iadicators of low Si availability,
occurred only infrequently on cithcr cmise aud could
not bc iacludcd. Instead C/iarraccros socialis was
observed only on tbc spriag cxuise aud only at stations
wiitb very low Si concentrations and very low numbers
of diatoms with higher Si requirements, such as S.
cosraisrm. Although this bad bcca observed earlier, it
was never quannfiicd Dortch uupubhsbed!, but suggests
it may be a good of Si Iinutatiou. Recent data from the
Bay of Brest supports this hypothesis  Ragueueau et al,
1994!. Obviously, many environmental factors bcsidcs
Si availability determine thc distribudoa aad abuadance
of particular species. Thesr,' data are part of an
extensive 5 yr data set  approx. 2000 samples! for this
region which is nearing completion aad which wiII be
analyzed more systematically for diatom species which
will serve ss indicators of Si availability for growth.

The highest% diatoms was found during spring
when all other indicators suggested pervasive Si
limitation. Given the coaclusiveness of the other
evidence, it seems unlikely that this discrepancy means
that Si limitation isualikely, Rather, for several reasons
it suggests that thc % diatoms is not a rehable mdicator
of Si limitation in this, system.

Tbc studies of Eggc and Aksues �992!, who
first proposed the relationship between Si concentration
and % diatoms, werc conducted ia large bags of natural
populations, to which high nutrient seawater was added
at I'icquent intervals. Thus, these bags represented
quasi-steady state chcmostats, making it easier to
observe possible relationships. Iu tbe plume of the
Mississippi River, growth is tnoxc similar to a batch
culture where tbc highest concentrations of
pbytoplaukton  or diatoms! arc caved just as the
limiting nutrien becomes depleted. Since riverine
inputs of both N and Si arc higher in the spring, the
yield of diatoms is higher, but they arc more hkely to bc
Si limited.



Table 1.Cotuparison of environmental conditions and pbytopiankton species composition from 0 to 5 rn in study area
 I'ig. 1! during spring and summer. SD=standard deviation; n=uumber of samples. '=means significantly different.
Student s t-test. p�.01.

Spring
April 24-May2
1993

Sumtucr
July 24-29
1992

Mean
SD

Sabnity
 '/oo!

27,56
3.805
51

23,48
4.564
68

521
7.831
51

25.11
16.449

68

Mean
SD

Chlorophyll a
 pg liter'!

3.85
4A63
50

6.63
12.312
67

Silicate  Si!
 pM!

Mean
SD
n

025
0.173

0.33
0.338
67

Mean
SD
a

Phosphate
 pM!

1036
16.550
67

137
2.112.

50

Dissolved Inorganic Nitrogen
 DIN, 1aM!

Mean
SD
n

3,79
3b94
50

0.39
0.438
67

Mesa
SD

Si/DIN
 by mole!

2,24 x 10'
127 x 10

56

520 K 10
3.88 x IGs
40

Total Autotrophs
 ¹ cells liter' !

Mean
SD
n

028
0.689

Diatoms/f otal Autotrophs
 %!

6128
22.951

56

Mean
SD
n

CyanobactcriaITotal Autotropbs Mean
 %! SD

99.10
1266

26'�
18877

In this system, which is nearly balanced with
regard to N, P, and Si riverine inputs and availability in
the coastal zone  Justic' ct al. in press!, the extrcme
consequence of Si limitation, dominance by flagcliates,
docs not occur. Instead, there is a switch to diatoms
with lower Si requirements, which would, of course, be
included iu % diatoms. Thus, % diatoms is not a
suf'Gcicntly scnsitivc indicator to be reliable.

Diatom abundance may be affected by some
other environmental factors, as weH.. Tbe association of

diatoms with spring blooms and palses of nitrate
suggests a high N requirement. However, during the
summer Good of 1993, spring-like DIN concentrations

ed on thc Louisiana shelf  Rabalais ct al.
1994!. Si ~trations e~ 40 ltM  DonCh
unpubbabcd!, but diatomconccntrations, although higher
than normal for s~, werc lower than thc usual
spring concentrations  Dortcb 1994!. The small coccoid
cyauobacteria which usually dominate in summer were
stimubttcd thc most by enhanced nutrient availabilitics



Table 2. Comparison of indicators of S.i limitanon during spring and suinmer. Specific criteria for Si limitauon
described in footnotes'~" and lrtiroducnon %=number of stations rnceting specified criterion for Si

sion/munber of stations with specified data avtdlable; n=number of stations with specified data available,
Sumtner
July 24-29
1992

Jndicator of Si Limitation Spring
April 24-May2
1993

Si Concentration and Si/DJN ratio' 4.0
50

q, 582
67

Si Uptake Kinetics' 25.0

4
q, 79
n 9

Species Composition

Rhi zo sole @i a fragi l iisi ma
10.0

38
33.0
51

330
n 51

Chaetoreros socia/is' OJJ
38

Si� lLM and Si/N'Specific Si uptake rate  V, hr'!<75% nuutimum specific Si uptake rate  V; hr'!
'Si S2 lLM and R. fragi Jissi~a  ¹ cells liter' !/total diatoms  ¹ cells liter '!'100 ! 10%
Si C2 lLM and C, sociaiis   ¹ cells liter' !/total diatoms  ¹ cells liter '!~100 ! 10%
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latroductioa
The Mississippi River is one of the largest rivers

in the wofhf, ranking sixth la terms of discharge and
seventh in terms of sediment load  Milhmaa snd
Mcade 1983!, The Miadssippi drains an extensive arcs
covering 4!% of thc contiguous continental USA
 Turner and Rabalais 199 I ! that includes agricultura!
lands and major metropolitan centers. An
understandmg of tbe dynamics of materials introduced
by thc Mississippi into thc Gulf of Mexico is ncccssary
to quantify the impact of tbe River on the coastal
ecosystem. The outflow of thc River contributes more
that 70% of tbc freshwater input into tbe Gulf of
Mexico  Dcegan ct al. 198 i! aud is a major source of
organic  Malcolm snd Durum 1976! and inorganic
materials  Pox et al. 1987; Turner and Rabalais 1991!,
The discharge of thcsc materials into the Gulf is likely
to s gnificantly affect tbe productivity aad trophic
dynamics of coastal eossystems. Rivcrbonc inorganic
a»tries appear to support thc high rates of primary
production me as»red ca thc Louisiana continental shelf
 Sklar aad Turner 1981; Lohrenx et al 1990!, aad tbe
subsequent dccompositio» of this freshly prcrdtaxd
orgaaic ma tcr in addition to organic matter introduced
by thc river rxwittibutes to the absented bypoxic
conditions doting the sumtner in bottom waters near
thc Mississippi River dc! ta  Rabalais ct ai, 1991!.

Decomposition of organic matter, inedistcd by
bacteria and alber heterotrophic organisms, is critical
to both nutrient supply and oxygen depletion ia the
Gulf of Mexico, Orgaaic matter decompositioa
resupplies mineralized autrients to primary producers
and also cxcrts an oxygen demand that contributes to
tbc devclopmeat of hypoxia during tbe amer in
bottom «aiers near ihe Mississippi River delta
Heterotrophic bacteria are tbe major consumers of
dissolved organic maucr  DOM!  Wright 1984! aud
dissolved oxygen  Williams 1984! whereas animals
also contribute to thc breakdown and mineralization of
particulate organic matter  POM!. Estiinatcs of

bacterial growth, total community respiration, and
autricnt mineralization rates arc thcrcforc critical to
uaderstanding thc cycling of key biorcactive elements,
such as C, N, P, and 0, in the Mississippi River
Plume/Gulf Shelf  MRP/GS! region, and thc
development of hypoxia in certain regions.

The dynamics of organic matter decomposition
depend on tbc chemical nature of thc organic substratcs
that in turn rcf!ccts their sources. Results from tbc
initial NECOP study indicate that "newly-producml"
autochthonous organic material in the plutnc is often
morc important to autrient mineralization snd oxygen
consumption than is orgaaic rnatter dclivcrcd direct!y
from the River. However, in the winter, organic matter
delivered from the river accounted for much of the
bacterial production. More seasonal studies werc
clearly aeeded to define the dynanucs of organic matter
auaeralization aad its effect ou nutrient and oxygen
dynamics in the MRP/GS.

Rates of degrsdatioa of organic matter by bacteria
and other heterotrophs must be measured to understand
thc effects of the Mississippi River on the cm!ogy of
the MRP/GS aad the development of hypoxia in
regions offshore from the plume. Dcgradarioa of river-
derived organic material msy supply uutricnts and
cause an oxygen demand in the region. Nitrogen
recycling by hctemtropbic organisms in thc pelagic
 Dugrhdc aud Goering 1967; Harrison 1978; Sclmcr
1988! and benthic regions  Rowc et al. 1975;
B!ackburu 1979! is a major process providing
ammonium nitrogen to primary producers in coastal
marine cn~nts.

Our initial NECOP investigation  Bcnner et al�
1992! focused on respiration/aramonium iegeaeration
experiments in large dark-bottle experiments and on
comprehensive spatial studies of bacterial and DOM
dynarrucs across tbc salinity gradrc»L Ia addition,
several analytical and bioassay approaches werc
developed and evaluated to smdy DOM/bacterial
dynamics  see above sections and Appendices!. A



major conclusion was that nutrient rccycliag through
DQM aad POM via bacteria and other heterotrophs
was a major factor providiag autrients to primary
producers in thc MRP/GS. Also. bacterial oxygen
demand was sufficient to cause hypoxia in waters
below thc pycnocline in a matter of weeks. There is
a clear aced for more spatial atid temporal coverage of
hctcrotrophic bacterial dyuainics Lo the MRP/GS, as we
observed quantitatively large differences ia process
rates among thc initial cruises at different seasons as
well as atnoag sites within a cruise. Using ncw
approaches developed during NECOP-l, we have
expanded these results to spatial!y and temporally
quantify the iinportaacc of comtaunity and
heterotrophic miner alizatioa of organic matter to
pb ytoplanktou aitrogca demand aad to oxygen
depletion ia tbe MRP/GS.

To achieve thc above goal, we have examined tbc
following hypotheses:

Remineralization of autochthonous organic
matter is a major source of nitrogen for primary
production in the eupbotic zoo.e and of oxygen
demand in thc bottom waters of thc MRP/GS
region,

2, Highest decomposition rates for autochthonous
organic inattcr occur in tbc euphotic zone near thc
regions of maximum primary productivity,

3. Heterotrophic bacteria grow more efficiently in
thc pluiae than in the river.

4, River-derived organic matter provides a higher
proportion of total bacterial substrate demand in
the winter than in the summer.

These hypotheses are. being examined by addrcssiag
the following objectives:

1. Determine nitrogen, regeneration rates aad
oxygen consumptioa/carbon dioxide production
rates seasonally at selected sites from thc
Mississippi outflow through tbe hypoxic region ia
thc MRP/GS.

2. Deteraiinc the abnndances, rates of productioa,
aad growth efficiencie of heterotrophic
bacterioplankton aad detcrmiac the importance of
bacteria relative to total-community nitrogen
cycling and oxygen consuinption rates at selected
sites.

3 Determine the seasonal concentration, chemical
nature, and likely source of labile organic

compounds, by bioassay and chemical/isotopic
analyses. to estimate the relative coambution of
compounds from diffcreat sources in removing
oxygen from the regioa of hypoxia.

Herein. we report on our tesults for four major
NECOP 'process' crutses �-8/90, 2/91, 5/9'2. aad 7/93!
and a subset of these data from other NECOP cruises
although. at this time, not all of the ~ample aaalyses
arc complete and data analyses are in-progress. During
each ' process' cruise, detailed studies were. conducted
for several key stations: the river mouth, two plume
regions. Ihc hypoxic region, and open Gulf water
 figurc 1!, Other. less detailed measurements, were
made on traasects covering thc whole salinity gradient.
Results, presented ia suauaary graphs, include
seasonal!y defined rates aad mechanisms of organic
matter mineralization/nitrogen regeaerationby bacteria
aad other hcterotrophs at different depths aad regions
ia thc plume and probes of thc sources aad
coiapositioa of organic matter being nuneralizcd. This
information will bc particularly critical to thc NECOP
Program's second and third main goals, i.e� to
deteriaine thc impact of autrieat-enhanced coastal
primary productivity on water quality  particularly
dissolved oxygen demand!, and to deteraune thc fate of
carbon fixed in highly-productive. coastal areas of thc
outflow regioa,

Approach
We made the followiag three complementary types

of aieasurcments to examine organic matter
degradation and nutrient regcaeratiott in the MRP/GS:

1, Commumty nitrogen rcgcaeratioa  ammonium
production! aad respiration  oxygea
consumption/carbon dioxide production! rates in short-
tcrm bottle experiments, conceptually described in
figurc 2.

Detcrininatioa of community metabolic rates by
measuring concentration changes of specific
compounds, such as ammonium. oxygen, or carboa
dioxide, ia closed bottles over time provides an
integrative picture of thc mineralization process and
proiidcs information that is directly relevant to nutrient
su,pply and oxygen removal processes in thc MRP/GS,
Nitrogen rcgcaeranon is important in auainc systems
siich as thc MRP%S because nitrogen supply rate is
often the major factor limiting prunary production
 R!ther aad Dunstan 1971!. Quantification of aiuogen
recycling rates in aquatic systems is hindered by the
fact that loag-lived radiotracers arc aot availablc for
nitrogen, instead, the stable isotope, "N. is used for
isotope dilution studies, Analysis of auunonium
re generation by conventioaal emission or mass
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spectrometry tncthod ieqturcs that aaunonium bc
removed from thc water, dried, aad coavcrtcd to N,
before analysis  BIackbura 1979; Capcron ct al, 1979;
Glibcrt ct al. 1982!. To sitnplify mineralization rate
mcasuremcats, we have developed a new HPLC
technique to directly fractionate aad quantify the two
isotopcsof ammoaiumaftcr directiajeetionofscawatcr
filtrate from previously spiked �4 rnM "NH,!
expcdiaental bottles  Gardncr et al. 1991!. Although
aot suitable for tracer level additions, that are required
for waters with very low rcgcaeratioa rates, the method
has yielded mcasurablc rates for MRP/GS plume
waters. The sinall sample-volurac requirements � ml!
make it particularly suitable for measuring changes
after experimental tnanipuiatioas  c.g. bacteria
additions, see below!.

There are still surprisingly fcw direct
nieasurements of respiration rates ia thc ocean
 Williams 1984! because of thc historical lack of
precision in determining staaII changes in thc
concentration of dissolved oxygen or COr in samples
over short time periods. Although much progress has
bccn made ia the use of oxygen electrodes  Laagdon
1984; Griffith 1988!, wc have fouad that they lack thc
needed rehability aad precision. The precision of ihe
classical Winklcr method for oxygen mcasuremcnts has
been enhanced considerably by the usc of photometric,
ampcrometric, aad potcatio metric techniques to
determine the cad pciat of the titration  Williams aad
Jeakiasoa 1982; Culberson and Huang 1987; Oudot ct
al, 1988!. The photometric method is the most precise
of these techniques but it c.annot bc used on turbid
samples. We used an automatic titration system with
a potentiometric detector that can accurately aad
prccisdy determine oxygea consumptioa rates aad
heterotrophic carbon mineralization rates in the water
column. In addition. wc measured sheet-term
respiration rates of labile DON using tritium-labclcd
amino acids. A high proportion of bacterial production
can be supplied by amino acids in marine systems
 Fuhrman 1990!.

, Bacterial abundaaccs, production rates, ancl growth
efficiencies,

Heterotrophic bacteria consume a large fraction
�0-40%! of primary production, primarily as dissolved
organic matter  DOM!, and may be important
components of food webs in aquatic ecosystcms  Azam
et al. 1983; Ducklow 1983!. Bacteria are important to
nutrien  cycling and therefore affect the total
productivity of a system. Thc measurement of
bacterial production is a powerful approach for
estimating the contributions of heterotrophic bacteria to
overall metabolism in ecosystcias. The supply of
bacteria] biomass potentially available to grazers caa bc

determined from rates of bacterial production, and if
the average growth efficieacy of the bacterial
population is known or estimated, production rates caa
be used io calculate the total utilization of organic
carbon and consumption of oxygen by bacteria. In
addition, rates of bacterial production caa be used as a
sensitive indicator of the response of bacteria to spatial
and teiaporal fluctuations in environmental conditions.
These measurements have allowed us to differentiate

the bacterial cotnponcnt of the nuner alization process
from that of the total hctcrotophic community,
Coiaparison of bacterial demand for nitrogen, carbon,
aad oxygen at different sites also provided intra-site
coinparisoas for bacterial turnover in differen regions
of the MRP/GS.

3. DOM  and DIC! characterization aad activity
measure inc at s.

Examination of the concentrations aad
composuions  chemical and isotopic! of DOM as a
function of salinity provides useful information shoat
the reactivity aad potential ecological role of DOM as
the river water passes through thc NIRPiGS. Isotopic
characterization and careful quantification of DIC
 dissolved inorganic carbon! ia relatively deep waters
 isolated frotn atmospheric exchange! aad in bottle
experiments has provided insights on thc origin of
recently mineralized organic carbon. Examination of
potential availability aad turnover rates of specific
labile components of the DOM  e.g, amino acids!
allowed us to compare the activities of these known
compounds at differea  sites, Bioassays of DOM by
measuring process rates after addition of various levels
of coaceatatcd bacteria provided further iaformatioa
about the nature of labile DOM at thc different sites.

Results
Summ;uy results arc presented in the followiag

figures complete with interpretative legends;
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Figure l. Generalized cruise plan, Each of the NECOP Process Cruises sampled along salinity transects from
the Mississippi River  later Including the Atchafalaya River! out to open Gulf water. Several rnid-salinity
stations were included. Major incubation studies were conducted at each site.
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Figure 2. Conceptualized incubation experiments. Qn the !uly 1990 and Feb 1991 cruises, both filtered �nUn!
and unfiltered incubation experiments were conducted. Ort later cruises only unfiltered incubations were run.
Process rates ineasured and summarized in following figures included: 1! O~ depletion, 2! DOC depletion. 3 i
remineralization of organic carbon, 4! NH4 production and assitnilation, 5! nitrification. 6! POC depletion anti
bacterial growth rates and abundance
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Figure 3, DOC results from four cruises are presented as concentration vs salinity. The lines represent a conservative
miaing model. data above the line indicates local production. All cruises show mid-salinity DOC production, prest4mab ly
from phytoplankton. River and open Gulf DOC concentrations remained within a narrow range for all of the cruises

Concentrations of DOC were measured by high- temperature combustion using a Shimadzu TOC 5000 analyzer and a Pt
catalyst  Sugimura and Suzuki 1988!. Water and instrument blanks were be measured daily, and DOC tneasurements
w»r» hlank-corrected as described hy Benner and Strom �991!, Water samples for the measuretnent of DOC were filtered
 combusted G V/V filter! and acidified  pH=2! immediately following collection using procedures that have been shown to
b» nonciintaminating  Benner and Hedges 1991!. Note, there is considerable controversy over the measurement of DOC
 se» Williams and Druffel l988!, and a workshop, sponsored by the National Science Foundation, the National
Oceanographic and Atmospheric Adnunistration and the Department of Energy, on the measurement of DOC and DON
was recently held in Seattle, Washington, to discuss recent developments m the field. As a part of this workshop. the
r»suits from a lar» corn artson of the DOC
d»term'

g p e DOC content of four different natural water samples were presented to hel
~ in» the magnitude and sources of variabihty in DOC measurements by different laboratories. A total of 34

e DOC . p

independent laboratories using 20 different types of insturments pattictpated ' th DOC . onctusiort1'rom that comparison was that o rator-de nde in t c corn arison. A ma orconctusiortp . J onctustort
a opera or- epen ent factors, such as blank determittation and treatment, ate more irrtportanr

sources of measurement variability than instrument design  Hedges et al. 1991!.
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Figure 4. Chemical chai'acterization of high molecular weight  HMW!DOM. HMWDOM was isolated from large
volumes �00 !! for thorough chemical and isotopic characterization  Benner 199! 'h Water samples were prefiltered
through 0.2 mm pore-size polycarbonate cartridge filters followed tangentia!-flow ultrafiltration system with 1000 !>a!ton
cutoff, The concentrated DOM was then diafiltered to remove salts and freeze-dried for chemical and isotopic analysis.
T7x; high mo!ecular weight DOC constituted between 25 and 50% of the total DOC.

Some suintnary analyses are presented as quanuty vs mlinity plots. The atomic C/N ratio of the HMWDOM are high
compared with POM  C/N - 9! and seasonally variable. Neutral sugar ana1yses were measured because carbohydrates
appear to be a major component of ultrafiltered DOM isolates and nray carry information about the biologica! sources and
diagenetic stage of this material  Cowie and Hedges ! 984bi. Lignin detcnninations  Hedges and Ertcl ! 982; Benner
et al ! 990b! provides sensitive characterization of these biornarkcrs of vascular land plants. Stable carbon and nitrogen
isotopes for the four cruises show the characteristic C-13 shift across salmity gradients, but much less change in the N-! 5.
The values are within a re!atively narrow range across time.

Although not presented, wc have applied a bioassay approach to estimate the relative availabilities of DON in the rtver and
in the plume. Bacterial-concentration/addition experiments have provided information on the importance of bactena
relative to other heterotrophs in community minera!izatiorVrespiration and on. ihe arnotmr of "labi!e" DOfI! that is available
relative to microbial community growth requirements.
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Figure 5, ntc concentrations of particulate organic carbon  POC! for five NFCOP cruises are presented vs
salinity. Filled circles represent samples from transects of the Mississippi River, open symbo!s represent samples
of POC less than 20um  pre-screened!. Triangles represent samples from transects from the Atchafalaya River.
Thc lower left panel contains data from two spring 1992 cruises, April �M! and May �A and 5M!, where the
M indicates satnples from transccts of the Mississippi River and A from the Atchafalnya River. Note that the
scale for Fcb 1991 is twice thc other three panels. Several of the transects have a mid-salinity peak, presuttusbly
due to plurne productivity. River concentrations are rehtively high and seasonally variable, ranging from
approximately l� to twice the river DOC concentrations at the same times. The POC concentrations were
measured by capacitance rnanometry as part of stable isotope sample preperation.
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Figure 6. Oxygen consutnption. Community oxygen consumption was measured by a precise and sensitive automatic
titrating systcin  Mettler DL-21! for potentiometric end point deternunation of Winkler oxygen titrations. Respiration rate
determinations were conducted in conjunction with determinations of bacterial growth and DOC flux to estimate the flux of
carbon through the bacterioplankton. Time course experitnents were run to monitor the kinetics of oxygen consumptionduring short-term incubations �-12 h! in the dark. Triplicate 250-ml BOD bottles were analyzed at 3h intervals over a 12
h period �4 hours at 0 and 36 ppt salinity where rates are low!. Respiration rates are derived from the linear portion of
thc oxygen consumption curve and oxygen consutnption converted to carbon units assuming a respuatory quotient
 RQ=dCO2:d02! of 1,0. Several experiinents wil] utilize prefiltered �.0 mrn pore size! samples to estimate the
contribution of heterotrophic bacteria to community Oxygen consun1ption.

The calculaled rates for three cruises arc presented vs salinity. The open section of each har represents the contnbution
front dissolved materials  incubations using fillered water!, while solid bars or sections are values measured in unfiltered
waters. River and open Gulf rates are low for all periods. Maximum rates are at mid-salinity, where prImary production
is high and organic substrate is fresh', Rates in May were the highest measured to date,
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Figure 7. Carbt3» rerrtineralization rates Were calCulated by meaSuring increased cOnCentratiOnS of disSOlved
inorganic carbon in the incubation bottles, Coulometric measurements allowed us to measure changes with a
precision of 2uM of DJC- Tweleve to twenty four incubations were sufficient for accurate rate measurements at
all but the river and open Gulf end member stations. These latter rates were usually not significantly different
from zero. Carbo» isotopes were measiired on the DIC in the initial and final incubation bottles to provide
information on source«f the organic matter being mineralized.

The calculated rates for all four cruises are presented vs salinity, The open section of each bar represents
contribution froW the DOM as thyrse were measured in dark, filtered water bottles. The filled bars represent
total rates measured in unfiltered dark bonles, %maximum rates are at mid-salinity where primary production is
high and much of the organic rnaner is 'fresh', Rates were highest in May and July, l993, The July, l993 pmtel.
also contains rates from a ahnity transect from the Atchafalaya  hatched! as well as from the Mississippi.
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Figure 8, Nitrogen regeneration. Community organic-nitrogen mineralization rates were estimated by
measuring isotope dilution of "NH4 added to water samples using the B ackburn/Caperon model  B ackburn
l 979: Capcron ct al. 1979!. The ainmonium concentrations and isotope ratios were measured directly using a
new HPLC technique  Gardner 0t al, l99l!. The isotope dilution experiments were done on 60 ml samples
held under natural light for 2 to 12 hours. At some stations, experiments were also done on prcfiltcred  l mm
pore size! water to estiinate the fraction of regeneration produced by unattached bacteria
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The ca culated rates for three cruises are presented vs salinity. Maximum rates arc at mid-salinity where primary
production is high and much of the organic matter is 'fresh'. Rates werc highest in May 1992 and lowest in
winter. The rates for May 1992 were ineasured by autoanalyzer; the isotope dilution data are not yet available.
The panel for May shows thc rates for NH4 production  open boxes! as well as significant production of
NOz+NOa  filled boxes!, There appeared to be a significant amount of nitrification occuring I the mid-salinity
water column  Pakulski et al., submitted!.
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Figure 9. Bacterial abundances were measured by epifluorescence of DAPI stained samples  Porter and Feig,
l9go!. Bacterial production rates were estimated from rates of DNA and protein synthesis as measured by t~
rate of Iabella} thytnidine  TdR! t'uhrrnan and Azarn, 1982! and leucine  Leii! Kirchrnan et al, 1985!,
respectively. A duel-label method  Chin-Leo and Benner 199 la! was used to facilitate simultaneous
deternunation of these independent measures of growth. Rates for July and Feb are from Chin-Leo and Berxxaz.
�991b!.

Ite calculated rates for three cruises are presented vs salinity, Maxitnum rates are at rnid-salinity where pri~
production is high and much of' the organic matter is 'fresh', Rates were highest in May 1992 and lowest in
inter- Open boxes represent rates measured on filtered water, thus the contribution from DOM.
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Figure 10. Conceptual model of nutrient and labile DOM cycling in the NECOP region: a qualitative suinmaryof the information presented in the previous figures. River water DO%4, with a high C/5 ratio, is a poorsubstrate for recycling and rates are low. At intermediate salinities, primary production is high and the freshDOM is rapidly recycled by heterotrophs  open bars! and other organisms  hatched bars!. Open Gulf DO%concentrations are low and have a low C/N ratio; grazing may control bacterial production in these offshore
waters. Figure from Cotner and Gardner, l993.



PHYTOPLANgTON RATE PROCESSES IN COASTAL WATERS OF
TIIE NggTgERN GUI F OF MEXICO AND RKI.ATIONSHIPS TO

ENVIRONMENTAL CONDITIONS

Stcvcn E. Lohrcnz' Donald G, Redalje' Gary L. F ahnenstiel-, Michael J. McConnick, Greg Lang', Kota
Prasad' Xiaogang Chen', Diane' .A. Arwood' and Bida Chen'

'University of Southern Mississippi Center for Marine Science, Stcnnis Space Ccntcr, MS 39529
'NOAA Great Lakes Environmental Research Laboratory, Ann Arbor, Ml 4g105

lalruductiuu
Prunary pruducuon ou thc Lulusiaua contusental

shelf has been shown to be enhanced by nutrieut-rich
outflow from the Mississippi-Atchafalaya river system
 Riley. 1939: Thous and Simmons, 19'; Lohrenz c 
al., 1990!. Nitrate concentrations in the lower
Mississippi River b ave doubled since 1950  Turner et
al 1987: Turner aud Rabalais, 1991! lcadiug to
coramas that increases in primary production of fixed
carbon coupled to increased nutrieut loading  r j Nixon
ct al. 1984! could result in significant perturbation of
the northern Gulf of Mexico coastal ecosys em.
Possible consequences of this nutrient enhanced

production include increased sedimentation of orgnnio
matter  c.g. Hargrave, 1973, 1975; Srnctacck, 1984!
rcsultiug in greater likelihood for development of
hypoxic conditions in benthic environments  Rabnlais ez
al� 1992; Justic ct al., 1993! and associated recluction in
living resource yields, Thc impact of increased nntricar
loading on carbon burial and shelf/sea transport conlcl
also have implications for studies of the global cnrbon
cycle  eg., Walsh ct al 1981, 1989!,

prediction of the coupling between nutrient
loading, pnmary production, and export of ox.gnnic.-
matter froni the photic zone retluixes quantification of

A batt'actResearch describing phyto~n rate processes aud their relationship to environmental conditions in
summarized. Rclanouships between P-1 parameters and cnvironmcntal variables in the region of study wer'o
significant in some cases, but variation between crtuses made it difficult to generalize. Variability in ecologionl
variables such as growth rat» and ccU size appeared to contribute to variations in pigmeat-specific photosynthcsis-
irr~ parameters. Our findings did support the view that a limited sct of observations muy be adcguate to
characterize P-1 parameter disnibutions in a given region within a restricted period of time. Available ciata on
photosynthetic parameters, in uejunction with irradiance and biomass  chlorophyll!, provided input for s model to
estimate areal distributions of primary production in relation to characteristics of the Mississippi River outflo w plume
and adjacent waters, Areal distributions of daily water column-integrated primary production  mg C in' d '!,
estimated using thc P-1 mockl, were spatiaUy snd temporally variable, Variability in magnitude, timing and
circulation pattern of river ~e influcnced the observed distributions of primary production, Productivity
~ occurred at in~ate salinities, presumably a consequence of increased light availability and decreased
mixiagllditution rates. Highest ~vities were observed during periods of warming and stratification in spring
and late summer. Low productivities werc attributed to low temperatures and relatively high rates of inixing in
March 1991 and to reduced supply of river-borne uu trienis in September 1991. An ocean color model to estimate-
primary ~non was evaluated. Thc model used an approach outlined in Morel and Berthon �989!, but with site-
apcciftc empirical relationships to estimate the integrated pigment in the water column from satellite detectable
chloruphyU  CQ and site-specific trophic categories  oligotrophic to eutrophic! based on pigment concentration in
thc water column. Observed ~ production versus production estimated by by the satellite algorithm compared
«cU, Sinking rates of particulate orgauic carbon  POC! from the photic zone showed no significant relationship to
httcgratcd primary production, but was strongly correlated with suspended particulate matter concentration. In
addition. the ratio of primary production to poC export from thc photic zone was highly variable. This wnn
attributed, in part, to variations in phyioplankton spccics composition and grazing activities of nucrozooplankton nnd
mesozoop~ Taxon-specific gmwth and scdimcntation rates of dominant phytoplankmn provided evidence that
in the northern Gulf of Mexico, phytnplankton rate processes proceeded very rapidly with growth rates primarily
controUed by the supply of nutrients via the Mississippi River and the fate controlled primarUy by size and density
 sihcification!. ~ation of "C into protein as weU as analyses of chemical coniposition supported the idea that
phytoplankton in the plume aud shelf were growing at high relative growth rates and were adapted to low light
lc vela.



Table 1. Means and standard deviations  S J3.! of midday �000- 1400 h! values of photosynthetic parameters in theupper mixed layer. Units were as follows: P  gC g Chl g' h '!, ct'  g C Ig Chl a h! ' tlrmol quanta m' -s'] '!,
I,  trmo} quanta m s '!. N=numbcr of sampks.

+sFB

Cruise Mean SJ>. Mean SD, N

September 1989

April 1990

My-August 1990

October 1990

March 1991

September l.991

April 1992

May 1992

9,0 3.6

10.4 3.4

10,0 3.8

113 53

6.1 2.0

23.0 55

84 23

5.4 2.8

0.032 0.010

0,041 0.014

0.033 0.010

0.049 0,024

0.022 0.009

0.055 0.015

0.028 0,011

0.018 0.004

284 59

281 127

349 231

24j 74

303 142

429 83

370 213

325 221

17

10

Spatial and Tetnporal Variations of Photosynthetic
parameters in Relation to Environmental Conditions
in Northern t;uif of 1Vlesico Coastal Waters

The variable nature of primary production in
this region has complicated efforts to discern temporal
and spatial patterns of regiorral productivity and their
relation to possible controlling factors. Improved
temporal and spatial resolution of primary production

57

these proccsscs and tbe environmental and ecological
factors which regulate them. Large environmental
gradients charac eristic of rive-impacted coastal waters
lead to significant variation in phytoplanktoncorrununity
production, growth and the vertical flux of particulate
organic matter. Taxon-specific variations in
phyaop ankton production, growth and sinking may
affect the quantity and quality of organic material
reaching the sediments.

In 1990, tbe National Oceanic and Atmospheric
Administration Coastal Ocean Program initiated thc
Nutrient Enhanced Coastal Ocean Productivity Program
 NECOP! with a goal of understanding rrtccbanisms of
coupling between nutrient loading, magnitude and
distribution of primary production, and formation of
hypoxic bottotns waters on the Louisiana shelf. Here
we present a summary of our work investigating
ph!toplankton rate processes and their relation to
environmental condifions,

distributions has been achieved by using pbotosynthesis-
irradiance models  e.g,, Fee. 1973a,b; Harrison ct al.,
1985! Such approaches require knowledge of the
relationship of rates of pigment-specific photosynthesis
to light, re., the photosynthesis-irradiance curve  e.g .
Jassby and Platt, 1976, Platt ct al.. 1980!. Estimates af
primary production can then be made from infor matron
about biomass and irradiance distributions, thereby
allowing for more detailed sampling.

Environmental variability can act at thc level of
physiology within phytoplankton spccics as well as
through effects on species composition to cause
variations in photosynthesis-irradiance relationships.
Such variation contributes to uncertainty in estimates of
primary production dcrivcd using photosynthesis-
irradiancc models. Previous studies have demonstrated
that photosynthetic parameters may vary over a wide
range of temporal and spatial scales, «ith temperature
and light being the most commonly observed
environmental covariatcs  Plate and Jassby, 1976;
Harrison and Platt. 1980; Malone and Neale, 1981;
Falkowski, 1981; Cote and Platt, 19831 Diel penodicity MacCaull and Platt, 1977; Harding et ai., 1981. 1982>
and species composition and cell size  Malone and
Neale, 1981; Gaiicgos, 1992! have also been implicated
as factors contributing to variability.

Wh>le variation in photosynthetic parameters in
other coastal ecosystems has been examined, little is



Temperature  'C!

Fig. l, Combmed data for P,, and as from all cruises
plotted as a function of temperature  T!.
Closed symbols indicate results from
measurements conducted during midday �000-
l400 h!. Curved line is a subjective fit to the
high values and is described by thc equation,
p, = exp�.125 T!, p', and a transformed
to their natural logarithms were both
significantly correlated with temperature
 r =0.157, P<0,001, N=363 for ln P~ and
r =0.153, P�.001, N=363 for ln a'!!. Error
bars indicate +1 standard error of tbc estimate
and are shown only for tbe highest values.

hnown about their spatial aad temporal variatioa in the
northern Gulf of Mexico. Such data can be used in the
geaeration of modeled distributions of primary
production over se~ temporal scales and regional
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spatial scales  Labrenz ct al�1992 and in prep.i aad
may facilitate understanding mechanisms of coatro} at
thc ~ystcm level. Ia addition, inforination about the
distributions of photosynthesis-irradiance relationships
may be imitated into larger scale predictive mode!s
of ~ production  e,g., platt and Sathyendranath,
1988!.

On a series of 8 cruises conducted in the
northern Gulf of Mexico, efforts were made m
characterize temporal and spatial variability in
parameters of tbc photosynthesis-irradiance saturation
curve  P~ a, Q aad to rclatc tbc observed variations
to environmental conditions  Lobrcnz ct aL, in review!,
Experiments to cxaminc the importance of diel variation
in upper mixed layer populous were conducted ia
July-August 1990 and March 199}, During July-August
1990, P and l�showed significant increases aad a'
decreased during the photoperiod in both river plume
aad shelffslopc populations. Dunng March 1991, no
eotuastcnt covariancc of P-I parameter with local time
was found, although highest values of a' in the river
plmne were observed ia early inoraing. Seasonal
variation in P, and a  Table 1> were correlated with
temperature  Fig. I!, Spatial variations of photo synthetic
parameters in the upper mixed layer ranged 2-3 fold
within any given cruise, For exainple, during the July-
August 1990 cruise, values of P' aad carbon-specific
growth rates werc higher ia the river plume than in shelf
waters  Fig. 2!. In an effort to identify environmental
regulatory factors, variations of photosynthetic
parameters in tbe upper mixed layer were related to
principal components derived from environments!
variables including temperature, salinity, nutrieats,
mixed layer depth, attenuation coefficient and daily
photosynthetically availab]e radiation  PAR!. Greater
than 70% of the variation in the environmental variables
could be accounted for by two principal components; the
majority of this variation was associated with the first
principal component. which was geoerallv su'ongly
correlated with salinity, autrients, inixed layer depth,
and attenuation coefficient, Correlations of P, a,
and I�with the first principal coinponent were found lo
bc significant in some cases, an indication that spatial
variability in P-I parameters was related to river
outflow. Variation of P-I parameters ia relation to
depth and PAR were evaluated by regressions with
principal compoacnts derived from depth, temperature
and mean daily PAR. For most cruises, P', and li
were negatively correlated with tbc first principal
component, which was strongly positively correl«d
with depth and negatively correlated with daily PAR.
This was consistent with a decrease ia P' �and lk with
depth that could be related to decreasing daily PW
positive correlations of a with the first principal
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Fig, 2. Relationship of midday �000-1400 h! values
of P' and a' to growth rate. Filled symbols
indicate samples from the plume aad open
symbols were from shelf waters. Error bars
designate xi standard error.

component on two cruises, March 1991 aad April 1992,
indicated an increasing tread with depth. la conclusion,
relationships between P-I parameters aad envirorunental
variables ia tbe region of study werc significan in some
cases, but variatioa between cruises made it difficult to
gencrahzc. We attributed this variatioa to the physically
dynamic characteristics of thc region aad the possible
effects of variables that were not included in the
analyas ~ aa species cOmpQSitioa. Oilr fiadiags dO
support thc view that a limited sct of observations may
bc adequate to characterize p-l parameter distributions
m a given region within a restricted period of ti~,

Seasonal Variability in Coupling Between Primary
Production aad Outflow ol' the IVIississippi River oa
the Louisiana Continental Shelf

Information about thc spatial aad temporal
distributions of primary production ia the Mississippi
River plume and adj~at waters is required for an
understanding of thc extent to which distributions of
Productivity are coupled to nuuient inputs from the river
aad the importance of control by other factors. Previous
investigators have suggested that seasonal variations in
thc extent of the fiver-influenced region were likely to
bc substantial  c.g., Sklar aad Turner, 1981!. However,
isolating seasonal patterns f'rom time-series assessmeuts
of primary production of limited spatial extent are
complicated by the dynamic aud spatially heterogeneous
nature of ~ production in this region /Mamas aad
Simmons, 1960; Lohrenz et a!., 1990!, a consequence of
thc strong aad variable gradients in physical and
cheraical properties,

Available data oa photosynthetic parameters
 Lohrcnz ct al� ia review!, in conjunction with
irradiance and biomass  chlorophyll!, provided input for
a model to estimate areal distributioas of primary
production in relation to characteristics of the
Mississippi River outflow plmac and adjaceat waters.
Areal distributions of daily water cohuaa-integrated
primary production, estimated using the P-1 model, were
spatially aud temporally variable aad exhibited varying
degrees of coupling to rivcriac inputs  Fig. 3!. Highest
productivity was observed in July-August 1990  Fig. 3a!
aad regions of elevated priluary production were highest
at intermediate sslinitics  Fig. 4a!. Productivity was
uniformly low in March 199 l with thc exception of oae
area to the west of the low saliaity outflow water  Fig,
3b!. Productivity was also low during September 1991,
with thc exception of a limited region of enhanced
productivity in thc vicinity of the restricted plume  Fig,
3c! corresponding to intermediate saliaities  Fig. 4c!.
Finally, in April-May 1992 productivity was again
higher  Fig. 3d! ia the region of intermediate saliaities
 Fig. 4d!.Variability in magnitude, timing and circulation
pattern of river discharge influenced tbe obscrvcd
distributions of primary production. Thc pattern. of high
productivity at intermediate saliaities  Fig. 4! has been
observed previously in the Mississippi River outflow
regioa  Lobreuz ct al�1990! aad other coastal
ecosystcms, and presumably reflect increased light
availability and decreased mixing/dilution rates, Highest
productivitics werc observed during periods of warming
and stratification in spring and late summer. Lowproducnvitics were attributed to low temperatures aadhigh rates of mixing in March 1991 aad to reduced
supply of river-borne autrieuts in September 1991.



295

28.5

27.5
295

x 2'7.5
29.5

28.5

27.5

29.5

28.5

27.5 91.5 90.5 89.5 88.5
LON  Wl

Fig, 3. Areal distributions of water column-integrated
primary production estimated using
nonspectral photosyuthesis-irradiance model
 Lobrenz et al., 1992, and in prep.!. A!
July/August 1990, B! March 1991, C!
Septernbcr 1991, D! April/May 1992. Units
arc gC m' d'.

Primary Production in the Gulf of Mexico Coastal
Waters Based on a Remote Sensing Algorithm

Attempts to derive ocean-color based estiruates
of pigment and primary production in coastal waters
have been complicated by the contributions of signals
from non-pigment materials to the water leaving
radiance. An ocean color model to estimate primary
production was evaluated for coastal waters of thc
northern Gulf of Mexico  prasad et al., in press!- The
model utilizes C,  mg m'!  a variable that accotmts for
the pigment sensed by Ihc satcllitc sestsor!i
photosynthetically availablc radiation  PAR, J m d !
and a parameter, ttf  g Chl!', the water columa
chk+qkyllspecificcross-section for photosynthesis. C~
and PAR were treated as variable while ttf' was a sihe-
specific parameter in thc modeL The model uses the
appnaatk outlined in Morel and J3erthon �989!. batt
with site-specific statistical relationships to estimate ~c
integrated pigment in the water column from C axxd
site-specific trophic categories  oligotrophic. to
eutrophic! based on pigment concentration in the mater
column. Observed production versus catitxxated
production  mg C m' d '! for the pooled data compar~
very well  Fig. 5!. tjt varied between 0.054 to 0.063 sD
 g Chl! ', a range comparable to that observed in otlxer
rcg tons.

The Relationship Between Primary Production nzad
the vertical Export of Particulate Organic Matter in
a River f tnpacted Coastal Ecosystem

One of thc objectives of our study was
examine temporal variability in primary productiexa
relative to variations in rates of sinking of particulate
organic matter from the euphotic zone in two regiosts.
the Mississippi River plume and the innet G'ulf
Mexico shelf  Redalje et al� in review!. Qbservntiemxs
during four research cruises, July/August 1990, March
1991, September 1991 and May 1992, revealed th~
photic zone integrated primary production varied
significantly in both the river plume and shelf study
regions, with greatest variability observed in the river
plume region  Table 2!, In the river plume and the
adjacent shelf, highest production occurred
July/August 1990  8.17 gCm'd' for thc plurne atnd
1.89-3,02 gCm'd' for the shelf! and the lowest duristg
March 1991 �.40-0,69 gCm' d' for the plurne aztd
0.12-0.45 gCm '-d ' for the shelf!. The verncal export txf
POC from the euphotic zone, determined with free
floating MbTTITR4Z sediment trap systctns, also
varied temporaHy in both study regions  Table 3!, wsrh
highest values occumng in May 1992 �,~.04 gCrn-
'd' for the plume and OAOM.02 gCm 'd ' for thc shelf!
and lowest values occumng during July/August 19e�
�29&.02 gCrn-d' for thc plume and O.lgM.O I gCzrt-
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d ' for the shelf!. Vertical export of POC showed no
significant relationship to integratedproduction,
but was strongly correlated with suspeadcd particulate
matter concentration  Table 5!. ln addition, tbe ratio of

production to PQC export from thc photic zone
was highly variable. This was attributed, in part, to
variations ia phytoplaaktoa species composition aad
grazing activities of microzooplaakton aad
mesozooplankton.

Tsxou-Specific Growth aad Loss Rates for dominant
Phytoplautrtou Populations from the Northern Gulf
of MexicoTaxoa-specific growth and scdimentatioa rates
of dominant phytoplaakton were measured during two
cruises  summer 1990 and spriag 1991! in the northexu
Gulf of Mexico as part of NOAA's NECOP program
 Fabneastiel ct a1�1992, aad in review!.
Microzooplankton grazing rates were measured during
thc summer cxuise. Duriag each of thc cruises, a series
of stations from the Mississippi River mouth to the
hypoxia region  located ca. 50-100 km west> were



regiOh dunng the Smnlncr Cruise where surfaCC rate>
were close to or exceeded previous ls values for
several taxa. For all laxa, growth rates werc lower irs
the hypoxia region than ia lhe plume region and soluble
nitrogen concentrations explained over 50% of the
variability in growth rates. Diatom growth rates werc
similar to non-diatoms in the plume region but wca'<
SignifiCantly lower in the hypOXia region Suggeating th SSS
silica limitation may exist in this region, The fate caf
phytoplariktou appeared lo be controlled by size and tIsc
degree of silicification. Significant microzoopianlttesxs
grazing loss rates were noted only for small taxa  �0
Nm!. For microflagellates, microzooplanlctort grazing,
rates averaged 82%  range 42-214%! of the growth rest<
and sedimentation raTes were always �% of thc grovv tlt
rate. Sedinientatioh was au important lOSs fOr several
diatoms with significant taxon-specific and seasoxastl
differences noied. Large colonial diatolns, such
Ske lemnema COSialam and T/ialassiasi ra rrPS usa
exhibited thc highest sedimentation rates in tbc pluxtee
region during thc spring cruise�.2-1.0 d'! whereas ~c
lowest rates  �.01 d'! werc noted for Rhizosolessies
fragilissima ahd Ceratis/ina pe/agica in the hypcs~a
region during the sununer cruise. Our results suggest
ths.t in the northern Gulf of Mexico. phywoplaalcton ~
processes proceed very rapidly with growth routes
primarily controlled by the supply of nutrients via thc
Mississippi River and thc fate controlled pritaarily hy
size and density  silicification!.
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Fig, 5. Comparison of observed water cohunn-
integratcd ~ production versus that
estunatcd by satellite algorithm. Estimated
prOduetiOh Wa S COinputCd as
�/39!'PAReIC'ill', where til'  g Chl! ' is the
chlorophyll specific cross-section under each
lrophic catcgOry and the apprOpliatC Value of
water cohmn-integrated chlorophyH  IC, g m'!
 Pras4 ct aL., in press!. PAR is expressed in
units of J m' d' and thc factor 1/39 accounts
for the fact that the fixation of 1 mg of carbon
corresponds to a s.torage of 39 J of PAR.

The Effects of Favirontnental Factors its
Phytoplanlttoa Physiological State and Cheutie=ai
Coin position

In addition to their impact on photoayrsthe:~
irradiance par amclers and the relationship betwecxa

sampled to examine variability of growth and loss
pracesaes alOng a Strcng cnVilOnmental gradient,
Significant taxa- aud group specific differences werc
noted for both growth and loss rates. Growth rates
ranged from �. 1-33 d ' with highest rates m the plume

Shelf RegionPlmne Region

Total  8 tun Total  8 lsm

July/Au~ 1990

September 1991

May 1992

1.89 - 3.02

0.12 - 0.45

0.17 - 0,36

031 - 1.07

1 138.17 532

0.110AO - 059 027

0.86 - lh5 Oh7 - 0.99

337 - 3W nsi.

0.16 - 0.39
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Table 2, Photic zone integrated primary production  IPP; gC m' d '! for the simulated in situ primary productx~
experiments conducted on each cruise in both the river plume and adjacent shelf study regions. ie'slues are gim~
«l those experiments associated with the I'ree-floatmg sediment trap array deployments. ln addition, IPP results g~
«whole phytoplanltton population and for lhc < 8 tun size fraction determined with post-incubation s~
fractionation procedures are presented. nsI. = no data.



primary production and the vertical export of POM,
changlBg environmental conditions can lead to
variability in the chemical and biochemical composition
of the phytoplankton present in the river plume and
shelf regions. Seasonal variability irr river discharge,
and thus input of nutricnts to, thc plume and shelf
regions !cd to changes in thc patterns of incorporation of
"C into the major endproducts of photosynthesis-
proteins, lipids, small molecular weight intermediates.
and polyssccharidcs  Arwood, 1992!. Predominate
environmental conditions in the river phunc  e. g�either
nutrient-sufficient or phosphate-lirrdted growth and low
light adaptation! permitted phytoplanktonpopulations to
grow at or near their maximum growth rates, as
indiCated by high rclatiVe itscOrPOratiOn of "C intO
protein �!iTullio aud Laws, 1983; 1986; Arwood,
1992!. As thc nutrient fields become depleted with
distance from tbe phune, phytoplankton respond by
increasing thc incorporation, of "C into lipids and small
molecular weight intermediate compounds. However,
even under relatively nutrient-depleted conditions,
phytoplankton maintained the capacity to utilize thc
avaihtble nitrugen and synthesiZC prOtein.

Our results support the view that phytoplankton
in thc river plume and ad!scent shelf waters appear to
bc limited by the availability of PO, which is in
agreement with thc suggestions of Ammerman �992!
and Smith and Hitchcock �994!. Samples obtained
from the river phune and adjacent shelf waters were

Table 3. Vertical flux of POC  gC m' d '] aud PON
 gN m ' d '! out of the photic zone for the four NECOP
cruises completed thus far. The standard error and
nnntbcr of replicate samples are given in parentheses.

JRRUAttg 90

POC Flux
PON Flux

March 91

0.18 �.01; n=4!
0.03 �.002; n=g!

0.29 �.02; n=3!
0.06 �.003; n=6!

POC Flux
PON Flux

032 �.02; n=3!
0.05 �.002; n=6!

0.95 �,01; n=3!
0.16 �.009; n=6!

Sept 91

0.69 �.02; n=12! 0.19 �.01; n=6!
0.12  G.GG3; n=12! 0.03 �.001; nW!

POC Flux
PON Flux

May 92

POC Flux
PON Flux

!.80 �04; n=8! 0.40 �92; n=10!
0.27 �,008; n=16! 0.07 �.004; a=10!

Chl 11 SPM Kp+R SALIPP F�,, F~�NO, PO, SiO,

1PP 1.000

F�, 0.068 1.000

Fpo�0.091 0.996*
NO, 0.934» 0. 163 0.192 1.000

PO, 0397 0.832* 0802» 0375 1.000
SiOt 0.968' 0.073

Chl y. 0.865 -0.008

0.099 0.948» 0349 1,000

-0,001 0.748» 0.433 0.753*
0/62 1.000

Gg91 0506 1.000
0,065 -0.401 1.000

SPM 0387 0.883» 0.881' OA40 0.900' 0376

0.484 0141 0576 0,468

%338 -0.233 0, 1.14 -0,011
KRRR 0376 0.471
SAL 0,068 -0.029
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Table 4. Tbe Pearson Correlation matrix for mean values of selected rate processes  integrated primary production,IPP.' vertical export of POC, F~c; vertical export of PON, FR ~; surface concentrations of NOR, PO4, SiO, aud chla; mass of suspended particulate matter, SPM; diffuse attenuation cocfficient over photosynthetically avsilablcradiation KR��,' surface salinity, SAL; units are the same as in Table 3!. Correlation coefficient values which exceed
0,707 � degrees of freedom! are considered to be significant at the 5% lcvcL



given various nutrient eunchmcnt treatments  including
the addition of PO,, NO» SiO� trace metals and
vitamins iu various combinations which included or
eaebtded each of the cotupouents in standard f/2

concentrations; Chen, 1994!. Thc
phyto~n tespouckd with an incre'ue in in viva
fhtorescence when Po< had been added. Thc in vivofbatnnteettc» response of treatments without added PO,
stcae not diffetcut from that of the control treatments
 ag. rto nutrient additions!.

Chemical eotupcatition has f'requently bccn used
as an indicator of the physiological state of marine
pbytop4atktost. Ratios of cotupesition, such as C/chl a
and CN ahto provide useful information on
environtnetttal ~ on phytoplankton physiology.9'e htvestigiued the reispouses of C/chl a and C/N for
~ Of Skektonetaa costatatn snd Chaetoceros sp.
 which rsas ~ from the bfississippi River plume
on etulse PR920412! to variation in light and dilutionrata iu aeuti~tthtttous cultures in thc laboratory
Under ~y light bmited growth conditions, such astboseeexauttered by pcipulation in the river plum», ce Hs
wctu able to nuutttaiu high rates of growth and
prohtetiou through adjustiuettt of ceHular C and chl a
~  Cbui, 1994!. C/N ratios decreased with light
~ nd with irised growth rates. Tbc ratios which were
cnccatutcsed in the Md  e.g,. approximately 7-8, by
stoats! %etc sinntar to those which we found for the

dihttiourates aud lou est bght levels. This l~
4~ppac to the idea that phytoplankton in the plume and
~ half were ~ at high relative growth rates and
vtctn adaytc4 to hrw hght levels  Chen, 1994!.
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OPTICAL PROPERTIES OF MISSISSIPPI RIVER PLUME AND
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Abstract
Variations in attenuation of irradiance  total photosynthetically active radiation aud downwelling spectral

irradiance! werc related to other optical measuremcnts  beam c, solar-stimulated fluorescenc! aud to concentrations
of patticulatc and dissolved materials determined from analyses of discrete sampks. Four sampliag locations were
studied representative of conditions ranging from very turbid low salinity plurne water to very oligotrophic water over
thc siopc. Highest values of K,� over 25 m'! were observed at the sutface in a low salinity plume station, although
there was considerable scatter in tbc values, Lowest values were observed at a slope water station  < 0.8 m '!. Thc
utility of nteasurements of L�683 as an index of cblorophyn concentrations was found to be limited. Extracted
chlorophyll concentrations tended to bc overestimated in near surface waters and underestimated at depth. Profiles
of beam c revealed high values  ! 3 m'! in surface waters of the shelf stations. Spectral attenuation minima at shelf
stations were in the vicinity of 540-580 atn, Lowest values of attenuation were observed at the slope water station
where tbe attenuatioa minimum was around 490 nm. A spectral attenuation model reproduced measured spectra
remarkably well considering variations ia attenuation spanned over aa order of maguimde, It was evident that ia
shelf waters during this period, absorption aud scattering were dominated by dissolved organic carbon aud suspeadcd
particulate matter. objectives of this research included the following: I! to

understand thc predominate factors that mediate
attenuation of irradiance in coastal waters of the
northern Gulf of Mexico, and 2! to develop predictive
models for irr~ attenuation as iaput in
photosynthesis-irradiance models.

6 /

Introduction
Light is known to bc a critical paramctcr

regulating prunary production in turbid waters of the
Missisnppi River plume  Lobrenz et aL, 1990!. Optical
properties ia coastai waters arc complex and variable,
due to the high levels of tcrrcstrially derived
constituents that contribute to absorption aad scattering
of ixxadiancc, Information about the irradiance field can
be obtained by direct measurements with irradiance
smsem. Spectralrcsolubonof irradiance can provide au
indication of the type of constituents that contribute to
atteauation of irradiance. In addition, other optical
iastrumcatation  transmissomcter, fluorotneters! caa
provide information about distributions of optically
active materials with greater spatial resolution than is
possible using discrete sampling techtuques, Such
informatioa may bc useful in the development of models
 e.g., Gallcgos ct al�1990! that permit thc
characterization of irradiance field on the basis of
selected input variables,

Herc wc describe a series of data collected in
conjunction with the NOAA Nutrient Enhanced Coastal
Ocean Program  NECOP! during March 1991 in the
vicinity of the Mississippi River plume. Our efforts
focosed ort tbc dcscriptioa of variations in attenuation of
irradiance as related to other optical tucasurements
 beam c, solar-stimulated fluorescencc! and as related to
concentrations of particulate and dissolved materials
determined from analyses of discrete satnples. The

Methods
Data from four gcaczal locations occupied

during the 4-17 March l991 cruise aboard thc N/S
ilfalcolm Baldrige were cxamincd. Locations of stations
along with tbc type of measuremcat profile were given
in Table L

Profiles of tbc diffuse attenuation coefficien of
photosynthetically active radiation, K �00-700 nm!,
aad temperature were determined using a Biospherical
Instruments PNF300. This instrument also measured
upwelling radiance at 683 nm. L,683, Based on
assumed values of ibc absorption coefficient of light at
683 nm  a�83!, 0.48 m '!, spectrally averaged pigment-
spccific absorption  a*~ 0.04m '! and. quantum yield of
fluorescence  b�0.045  mol quanta!' !, an estimate of
chlorophyll concentration cau be derived from L�.683
 Chambcrlin et al�1990!,

An instrument system was used to provide
profiks of txxtductivity, temperature, pressure/depth
 Ncd Bmwn CTD! and beam attenuation coefficient
 beam c, m'!  SeaTcch l0 cm Path transmissometcr!.
Data were provided courtesy of T. Nelsea. B earn c data
were uot available at Station D.



Tabk 1. Times and locations of optical stations. UT~versaj time, Qp¹ is an event idenrificadon nuxaber
Lar N! Remarks

A 1608
1630
1707

91067238
91067239
91067240

Spectroradiometer
PNF-300
CTD 82

2M81
28.883
28.886

89.620

89.619
89.631

B 1720
2043
2303

91069296
91069302
91069308

28.750
28.791

28.755

PNF-300

Spectroradiometer
CTD 104

90.129
90.156
90,138

C 1624
1650
1708

91073380
91073381
91073382

Spectroradiometer
PNF-300
CID 119

28.909
28.909
28.909

89A90
89.491
89491

D 1557
1631
1644

91074405
91074406
91074407

28.244
28240
28238

PNF-300

Specn orsdiomcrer
CTD 124

88812
88.822
88.824

~! = hx   IM,,! ~ 1 M f 1 zr - z,,!

'where 1p, Q is tbe irradiance at wavekagth 1. and
deprh z,

Measuxexneats of difFuse spectral attenuation
were compared to estimates derived from s spectral

Sampka for analysis of suspended particulate
rnatter and pholoejnthctic pigruents were collected in
cenjundim with CTT! profihag usmg a rosette sampler
 General Oecauics! fiztcd with 10 L Niskin bottles.
Total suslrcndcd partkrxkze material was dcterxniucd by
pasiag a hnuwu vohrxnc though a pre-raised,
pte-weighed 47 nun OFB' filM followed. by rinsing,
drying and re-weighiug the filter. ChkrophyU u and
phaerrplgnxent analyses were performed on board ship
ustug aa e ' ~rc modifie froin Shoaf sad
Liam �976!, Sarupks were filtered on Whatman GF/F
gkss lber filacta, whkh were then immersed in 5 ud of
NQGtaccaune � 950! and ~ to extract in
~ fnr 1 h. After extracticn, sarnpks were
ccntrifrrgcd and fhrorescexxce was rncaruxied before snd
~ fkr acidifa~ using a Turner Model 10 fluororneter
 Holm-Haasea ct al�1965!. Calibratioas were made
urdng a Sigma chksophyll a standard.

Down welliag spectral irradiance wss
determined using a Li-Cor U-1800-UW underwater
spectroradioxncter. The imhumnr was deployed at

aad locatksxs givca in Tabk 1. A series of scans
� xun resxdutioa! were made at selected depths iu the
upper mixed layer and spectral attcauation at each
wavelength baud was caksxlated as follows:

attenuation model. The difFuse spectral attn"rsvp
coefficien, k, was calculated for sll wavebaads anixxg
the relation of Kidr �984! as described ia Galkgcrn ct
al. �990!. Thc model required that total spec-tra1
absorption  a,P!, m '! and scattering cocffxcients  ls ~!.
in'! br. determined. The total spectral absanptaosx
coefficient, s,Q,!, was estimated by samrxurtiorx of
absorption due to individual constituents. The spectral
absorption coefficient for particulate matter, a  X!, man
cs~ by substituting thc su~ particrzlsite
matter concentration for total suspended solids ia Esi. 6
of GaUegos er sl. �990!. The coefficient for absorpticzs
duc to phytoplsuktou was determined by multiplymg the
chlorophyll-specific absorption cocfficicnt, s~~P.!, that
was obtained frora Tabk 4 of GaUegos ct aL �990! by
thc measured chtorophyU acoaccarranoa. Vahxets rxf
spectral absorption of dissolved matter werc cstixnrstccl
by substituting dissolved organic carbon conccatrxrtiotsxa
 DOC! into Eq. 5 from Gallegos et sl. �990!. DC3C
concentrations at our sampliag locauons were cstiaustcd
from sahnity based oa a salinity-conemlrataexa
relationship detcrxnincd by R. Benner  unpublished! rxax
thc cause lcg immediately preceding ours, Estimskcd
values were 12 mg 1'  Station A!, 1 1 mg l'  Starirxsx
B!, and 1.9 mg 1'  Station C!. Thc absorption lay
dissolved organic matter at the slope water Statist Kx
was taken as zero because Eq. 5 &om Galkgos et al.
�990! was applicablc oaly for higher concentrations as
encormrercd in shelf waters. The scattering cocffxciesxt.
bp.!, was asranrsM to be invariant with wavelength axad
was calculated by sssuxumg that the oaly signifxcsrtsr
absorbing substance in the 720 nm wavebaud was disc



Tabic 2, Water sample data from optical stations. Symbols: Chl=cblorophytl, Phaeo=phaeopigments, SPM=suspendcd
particulate matter, S al= salinity, a4.=no data available duc to high salt blank, absorption due to suspcadcd matter at
Station D was assmued to be neg!igible.

Phaco SPM Sal REMARKS
 g m-3!

Cbl
 mg m-3!

Station Depth
 m!  mg m-3}

0540 25.4 cloudy skies, variable light
some wind and waves

plume water

0,28
036
0.49

1,37

153
0.69

1.4 263 clear skies, some wind and waves
good ship angle
sheif water

3.37
3,78
2.60
2.09
0.34
054

1.79
2.36
2.35
1.28
0.81
0.92

2 8 14
16
27

32

16.1 195 cioudy skies, some light variatioa,
2bl calxn seas with some ship roll

plume water

4.14
5,69
068
0.34
050
0.67

330
2.76
0,70
0.26
023
035

2 4 6 9 17
26

36 claudy gray skies, seas 1-2 rn
offshore, blue water

0.26
0.16

0,29
029
0.13

031
036
057
056
0,08

2 20
34
50
95

to water  i.e., a,�20!=a �20!=1.002 rn', cf, Gallegos et
al�1990!. The scattering coefficient, b�20!, was then
calculated from measured values of k�20} by
seaxrangmg Eq. 2 in Gallegos et al. �990! and thc
tesulting value was used for all wavebands. In tbc case
of Station D, detection Iuaits of tbe spcctroradiomcter
did not permit aa asscssmeat of k�20!, Instead,
b�50! was estimated from chlorophyll a ~ceatrations
using Eq, 18 of Morel �988!. This equation was
derived for case I waters. The resultiag values of b
wexe 2.19, 256, 33.7 aad 0.152 m ' for Stations A, B,
C and D xespectively. Tbe diffuse spectral attenuation,
k, was calculated for all wavebands using thc relation of
Kirk �984! as described in GaHegos ct al. �990!.

MAR 1991

Surface Sariaity
29.5

z
28.5

27.5
91.5 89590.5

Wrt  Wj

Results
Thc four sampling locations  Fig, 1! included

conditions ranging from very turbid low salinity plume
water  Station C! to very oligotropbic water over the
slope  Station D!. Extracted chlorophyll a concentrations

Fig. 1, Location of optical stations ia relation to
suxface salmity based oa availablc data
collected durmg tbe 4-17 March 1991 cruise
aboard thc N/S malcolm Baldrigo.



10 Mar 91OP¹ 9! 069296

K,�� m '!
1

8 Mar 91OP» 9�67239

1 �0  tn'!
0 1 2 3

0
0

0

10
a

20

IO
I

r00000303030

30
]Q 15 20 25 30

30
10 15 20 25 30

Tern pcratureTetrtpcraturc  'C!

0 l 2 3 4 5 6 7 80 l 2 3 4 5 6 7 8

Chlorophyll  + or * . Ig m '!Chlorophyll  + or ' . rrrg m '!

OP» 91 �3381 14 Mar 91
pp» 9�74405 15 Mar 91

x
0 1 "2

0

4, 0

10 I3,

20 ' ~ 0030

K,�� rn '!
0 2 0.4 0.6 0.8 1.00.0

0

20

308

40

Q 50

60

7030 '-
10 15 20 25 30 80

10 15 20 25 30
TCfllPCret lire

J

0 l 2 3 4 5 6 7 8
Tetnperature

L L

00 05 l 0 l5 20
Chlorophyll  + or ', mg m '! Chlorophyll  + or ' . mg m

Flg. 2-5 PrOfi!e of K tepar, tnperature, and chlorophyll estitnated from Lu683  +! and discrete analyses p! at StationA  ltpper left!, Station 8  upper right!, Station C  lower !eft! and Station D  lower right!.

70



Beam c  m '!

2 30
0

10

20

30
10 403020

Salinity

71

 Table 2! cxccedcd 3 mg m' at Stations B aud C, while
at Station D values were always less than 1 mg m '.
Highest values of suspcndcd partictdatc matter aad
lowest salinities werc encountered at Station C,
presumably strongly unpacted by river outflow.

ProfiLcs of K  Figs. 2-5! exhibited high values
in thc upper water column and decreased with depth.
This was attributed to both thc spectral shift in
irradiance with depth  e.g., Kirk, 1983! as well higher
turbidity in thc surface layer  e.g., Statioa C, Table 2!,
Highest values of K were observed at Station C  Fig.
4!, aLthough there was considcrablc scatter in the
values, Lowest values were observed at thc slope water
Statioa D  Fig. 5!,

Chlorophyll cstimatcd from L,683  Figs. 2-5!
was generally highest near the surface and decreased
with depth. At Station A, chlorophyll cstimatcd from
1.,683 exceeded extracted ch!orophyLL concentrations in
surface waters, but undcrcstimatcdcxtracted chlorophyll
concentrations at depth  Fig. 2!. At Stations B, C and
D, chlorophyB estimated from 1.,683 was similar to

CTD 82 8 Mar 91

10 15 20 25 30

Te m peratlLre

Fig. 6, Profile of salinity  dashed line!, temperature
 dotted!, and beam c  soM! at Station A,

cxtractcd chlorophyB concentrations in surface waters
 Figs. 3-5!, However, at both Stations B and D, valttes
estimated from L,683 underestimated extracted
chlorophyll concentrations at depth. At Station C, both
estimated aud extracted chlotophyLI showed similar
decreases with depth  Fig. 4!.

Profile of beam c revealed high values in
surface waters at Stations A, B and C  Figs, 6-8
respectively!, Highest values of beam c werc observed
at Stations A and C, Sampling limitations of the
iastrurucnt package precluded resolution within the
upper 2-3 m, and there was a possibility that values
were higher there. At Stations B aad C, subsurface
layers of high turbidity werc observed that were
apparently associated with a benthic ncpbcloid layer,
Intermediate peaks in beam c werc observed at Station
C that did aot reflect pigment maxima  cf. Fig. 4!,

Average attenuation coefficient spectra  solid
lines in Fig. 9! were similar at S tatioas A and B, High
attenuation at short wavelengths was cvidcat ia thc
spcctrutn dctcrmiacd at Station C. Spectral attenuation
minitaa at Stations A, B and C werc in thc vicinity of
540-5&0 nm, Lowest values of attenuation werc
observed at the slope water Station D where ihc
attenuation minimum w as arotmd 490 nm. Thc spectral
attenuation model performed well  dash' lines in Fig.
9!. At Station D, there was a tendency of tbe modeled
values to underestimate mc~ attenuabou,
particularly at either cad of the spectrum.

Discussion
A wide raagc of water coaditions were

cncountcrcd in this study, Evidence of high turbidity in
river plutnc was demonstrated by the high values of K
 Fig, 4! aad high spectral attenuation  Fig. 9! at Station
C. Sharp vmtical changes in optical prof tcrtics were
cvidcnt and attributed both to high concentrations of
optically active constituents and bctcrogcttcous vertical
distributions, Spatial variauoa m irradiance attenuation
characteristics was evident from the comparison of the
different sampling locations, aad uaderscorcd thc
complex nature of tbc optical cnviroumcatin thi s coastal
ecosystem.

Tbc utility of mcasurermats of L.683 as an
index of chlorophyl! concentrations was found to be
limited. Extracted chlorophyll o concentrations tcadcd
to be overcstitnated ia near surface waters and
uadctcstim;ttcd at depth. Sutprisiagly, the station where
the best agrcetncnt was found was Station C, tbc tnost
turbid of our sampling Locations. The discrepancies
observed bctwccn estimated and extracted chlorophy11
concentrations ia thc surface waters was likely due to a
significant source of scattered L 683 that did not
originate from ch!orophyllf!uotcscencc. Underestimates
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CTD 104 10 Mar 91
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Ftg 7. Proae of salinity  dashed line!, tetnperature
 dotted!, and beam e  soUd! at Station B.

at depth were apparently due to errors in the asr,umed
values of coeKcients, For example, decreases in either
the spectrnHy averaged pigment-specific absorption
 a~+ or the quantum yield of fluorescence  Q,! would

the estimated chlorophyll  cf. Chamberlin et al �
1990!.

The spectral attenuation model performed
remarkably well  Fig, 9! considering variations in
attenuation spanned over an order of magrutude.
Mmates of the relative contribution of individual
constituents to total spectral absorption  data not showa!
revealed that absorption at wavelengths less than 600
nm was dotrunated by DOC at Stations A and 8, and by
DOC and SPM at Station C. It was also evident &>m
consideration of Eq. 18 from Morel {1988! that thc
cattcring coefficients that were derived for Stations A,

and C were substantially higher than could be
attributed to the observed chlorophyll a concentrations,
.e thus concluded that attenuation of PAR in shelf

Salinity

10 15 20 25 30

Tem pe rat u re

Fig. 8. Profile of salinity  dashed line!, temperature
 dotted!, and beam c  solid! at Station C.

waters during this period was controlled primarfly by
factors other than pigment concentrations. In s!opc
water Station D!, attenuation was underestimated by thc
znodeh This could be attributed to the fact that effects
of both SP!d and DOC terms were not quantified at tlris
location. SPM estimates were not avaUable at Station
D bccausc a high salt blank interfered with the
measurement and the crnpirical relationship to estimate
~ &om DOC was apphcable only in regions of higher
conccmtratioos as cncountcrcd in coastal waters.
Another factor that may have caused the model to
underestimate attenuation at Station D was that the Kirk
�984! relation was intended to provide an average over
the euphotic zone  to 1% light level!, Our data werc
from upper 20 m where atrenuation may have been
slightly higher due to more rapid attenuation of longer
wavelengths  cf, Fig. 5!.

Thc spectral attenuation tnodcl required inpttt
of SPM, DOC, and chlorophyll. In addition, an estimate
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1.0

Wavelength  nm!
Fig. 9. Attenuation coefficient spectra ca!culated  Eq. 1! from measured spectral irradiance  solid lines>, Scans

were averaged from the upper 8 m  Station A!, the upper 2 m  Stations 8 and C! or the upper 20 m  Station
D!, Dashed lines represent spectral attenuation estitnated from a spectral attenuation model as described io
Methods,
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of k�20! was used lo derive thc scattering mcfficient,
b. Ideally, it would be possible to obtain information
about these variables using high resolution sampling
techniques. For example, empirical relationships have
been found to exist between DOC and salinity  Benaer,
1994 and uupubhshcd!. Thus, a limited set of samples
across thc salinity gradient may be adequate to
chsracterire DOC on thc basis of salinity mapping. It
should bc noted, howeveurer, that the relationship
between DOC and salinity has been shown to bc
nonconservativc during periods of high primary
production  B caner, 1994!. Improved vertical
resolution of beam c may provide a conveaient means
of estiinating SPM  cf. Spinrad, 1986!, Such estiraates
would bc useful for the assessmeat of particulate
absorption, a,�!. In addition, empirical relatioas
between SPM and the scattering coefficient, b, may be
derived  cf. Gallcgos et al., 1990!. Such a relation
would ehminate the need for determining k�20!,

As new instmmeatation gnomes available, it
may be possible to better assess inputs required by this
and other spectral models. In view of thc strong impact
of irradiance on ~ production in this ecosystem,
advances ia thc ability to characterize the optical
environment should improve our ability to cstirnate and
predict productivity,

Acknowledge ments
This research was supported by
NOAA/Mississippi-Alabama Sea Grant No.
NA90AA-D-SG688, Project No. R/LR-25, LUMCOY
provided thc use of the LI-1800-UW. R. Bcancr and T.
Nclsen provided data. Wc ar» grateful for the technical
assistaace of D. Taylor, H. Carrick, and J. Cavaletto,
Wc also thaak the captain and crew of the N/S Male o/m
Bah/rige. USM/CMS Contribution No,

Benner, R. 1994. Concentration aad corapositioa of
dissolved organic matter in thc Mississippi River plume.
EOS 75:31.

Chamberlia, W.S�CR. Booth, DA.. Kicfcr, JA,
Morrow aad R.C. Murphy �990! Evidence for a simple
relationship between natural fluorescence,
photosynthesis, and chlorophyll in the sea, Deep-Sea
Rc'scarc/s 37:951-973.

Gallcgos, C, I.�D. L. CorreL, and. J. W, Pierce. 1990.
Modeling spectral diffuse attenuation, absorption, and
scattering coefficients in a turbid estuary. Limnology
ond Oceanography 35;1486-1502.

Holm-Hauscn, O., C. 1, Lorenzea, R. W, Holmes, arsd
1, D. H. Stricklaud. 1965. Fluoronietric determinatioa of
chlorophyll. J, Cons. perm. r'ne Erplor. /sf er, 30:3-15-

Kirk, J. T, O. 1984. Depcudcnce of relationship
between apparent and inherent optical properties of
water oa solar altitude. Limnology and Oceanography
3 1: 557-566.

Lohreaz, S. E., M. J, Dagg, and T, E. Whitlcdge, 1990,
Enhanced primary production at the plume/oceanic
interface of thc Mississippi River. Con/inen/al Shelf
Reseorc/s 10:639-664.

Morel, A. 1988. Optical modeling of thc upper oceaa in
relation to its biogenous matter content  case I waters!.
Journal of Geophysical Research 93:10,749-10,768.

Shoaf, W. T and B. W, Liam. 1976. Improved
extraction of chlorophyll a and b frota algae using
dimethyl sulfoxide. Limnology and Oceano grasp/sy
21.926-928

Spinrad, R. W. 1986. A calibration diagram of specific
beam attenuation, Jossrnal of Geophysical Research
91:7,761-7,764.



AN ISOTOPICALLY-CONSTRAINED MODKI- FOR DENITRIFICATION
AND NITROGEN BURIAL IN THF. CONTINENTAL SHELF OF THE

NW GULF OF MEXICO

Diego Lopez-Vencroai, Luis A. Cifueatcs and Richard B, Cpm

Department of Oceanography, Texas AezM University, College Station, TX 77843

A/sSlracl
Nitrogen isotope ratios of suspended particulate matter, dissolved inorganic nitrogen, «nd sedimentary

organic nitrogen werc used to estimate thc relative fr«ctions of riverine and upwclled nitrogen inputs, and the
advectcd, dcnitrifted and buried rutrogcn losses in the NW Gulf of Mexico continental shelf. Differen cases were
tested: ignoring and including riverine and shelf dissolved organic nitrogen  DON!, and assuming different isotopic
signatures for shelf DON. Our results indicate that DON needs to be considered in the nitrogen mass balance of the
NW Gulf of Mexico contincatal shelf because this is tbe major nitrogen species advcctod out of the region.
Depending on thc conquered scenarios, the Mississippi-Atchaf al ay« River sy stern contributes 30-70% of the shelf s
nitrogen. Our gross estimates suggest that less than 10% of the incomiu.g aiirogca is deaitrifrcd throughout the shelf,
but this value could possibly vary if spatial gradients or seasonal fluctuations were to be considcrcd in the model.

the region; thus a range of results arc obtained under
several constraints used ia our model.

7S

Iatroductioa Ia recent years considcrab/e attcntiou
has bccn drawn to the effects of the
Mississippi-Atchafalaya Rivers'nutrient loading onto the
aorthera Gulf of Mexicocontineatal shelf. Major aspects
of these studies include nutrient transfers into bioinass
 Sklar and Turner 1981; Lohrcnz et al. 1990; Dortcb ct
al. 19921, the development of hypoxic zones in the
region resulting from enhanced production  c.g. Rabalais
et a1. 1991; Turner aad Rabalais 1991!. and the ultimate
loss of these riverine nutrients via burial  Walsh 1981:
Eadie ct al. 1992! or dcaitrification  Rowe et al. 1992!.

Most research efforts under the NECOP
program have been focused on the vicinity of tbe
Mississippi and Atchafalaya Rivers outflow region
where enhanced biological activity and physicochemical
reactions occur. However, the iaflueuce of this
freshwater source on the northern Gulf of Mexico
continental shelf can be traced by a distinctive
westward-drifting low-salinity plume that extends along
thc Texas coastline  Dinael and Wiseman 1986; Dagg et
al, 1990!, Thc overall direct and indirect effects of this
major nutrieat iaflow on the NW Gulf of Mexico
continental shelf remain to be assessed.

Ia this study we combine measuremcats of
stable nitrogen isotope ratios and concentrations of
different nitrogen pools with other mass fluxes to
estimate the relative influence of ihe
Mississippi-Atchafalaya Rivers' nitrogen loading onto
thc NW Gulf of Mexico. Our results represent a
preliminary approach to applying stable nitrogen
isotopes to mass balance aitrogen inputs and outputs in

M ethods
S lady zone Th» samples used werc collected at

different locations and seasons, between the Mississippi
River outflow region aad 97 W longitude. Table 1
shows thc body of data sampled for the stable nitrogen
isotope ratios of particulate organic nitrogen  PON!,
dissolved inorganic nitrogen  as NO, !, aad sedimentary
organic nitrogen  SON!; the station locations of the
samples are shown in Fig. 1.
Slahle /V urogen ISo<Ope /beano MeaSlsrernenlS. SampleS
for PON were collected by prcssure-filtcriag 5-15 L of
seawater through a 47 mm GF/F filter inside an ialiac
stainless steel filter holder. In the laboratory thc samples
were combusted iaside an evacuated quartz tube with
CuO and Cu to convert all PON into Yi.

Samples for "N-NO, were collcctcd bv
filtering 1 L of seawater through a GF/F filter. The NO,
in the sample was reduced to NH, using Dcvarda's
reageat, distilled under basic conditions  pH 9-10! aad
trapped in zeolite  Velinski et al, 1989!. The NH,
adsorbed to the zeohte was then dried and combusted as
described previously.

Sediments were collected with a boxcore and
thc top 10 cm were subsamplcd, sliced into 25 cra
sections aad frozen.!n the laboratory, thc samples were
ground to a fine powder and ca 100 mg were combusted
by the Dumas method for nitrogen isotopic
measurements of SON.



Locations

 samples!

July 1990 22�9!

May 1992 24 91!

October 1992 23�9!

r~ pON 90G-10

92G45

92G-10

9095

30

25

50

39

25
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i um r o ocations snd samp s
collected for isotopic analyses of
particulate organic nitrogen  PON!,
nttrate  NO3!, and sedtmentsry org arne
nitrogen  SON! in thc Northwest Gulf
of Mexico continental shelf aud slope.

p~ter Cxutse D ate

89G-15 November 1989 4 �!

90G-04 February 1990 1 �!

90G47 May 1990 3 �!

90G-10 July 1990 2 �!

91G-02 March 1991 4 �5!

' N-SON 89G-15 November 1989 3 �2!

90G~ February 1990 2 �!

90G- iO July 1990 10�1!

91G-02 Match 1991 7 �5!

Nitrogen isotope ratios werc measured in a
Nucbdc RMS40 stable isotope ratio mass spectrotneter
against a nitrogen sumdsrd  99.999% pmity!. The values
arc expressed in 8 notation which is tbc permilc
deviation relative to atmospheric nitrogen  8"N = 0%.!:

5' N =  RJR�- 1! x 1000 where:

"NI"N of thc sample, and

"Nf"N of atmospheric dinittogea.

>irsolved Organic ¹rrogerr concerrrrrrriorrs Dissolved
organic nitrogen was measured by injecting tbc sample
mto a combustion column packed with au alumina
upport coated with 05% platinum as catalyst, and

oxtdtzed at 6800C with high purity oxygen as carrier
gas mside a Shimadzu TOC-5000 carbon analyzer, The.
g neratcd nitrogen oxides werc then reacted with ozone

&sntified against KNO, stlsdards of lmown
eon entrations. This system measures total dissolved

nitrogen, aud DON was calculated by difference Lopcz-
Vcncroni and Cifu.cntes 1992!,
Sat'irriry arrd Xrrrrierrrs In each cruise, samples for
salinity and autrients  NO,, N0�NH,'! werc drawn at
discrete depths and analyzed on board foHowiug thc
methods described in Biggs ct al. �982!.

Results and Discussion
Dara Rcducriorr The study zone was divided into plurne
and shelf compartme.nts by thc 33 psu isohalinc from
each cruise and further separated by the 92'% and. 94 trr'
longitudes. Average values for salinity, nutrients, DON
aud a weighted avcragc for "N-PON werc obtained for
each bin, and an overall weighted avcragc  whicb
considers the area of each compartment! was thcrt

Fig 1. Location of stations sampled for stable nitrogen
isotopes. Top panel: Stations sampled for water coltjrnrt
particulate organic nitrogen. Bottom pane.l: Stations
sampled for mater-column nitrate  E! and organic
tu.trogen m sedunents  J!.
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Fig 2. Frequency distribution of the stable aitrogcn
isotope ratio of NO,  top panel!, SON  middle panel!
aud PON {bottom panel! in the NW Gulf of Mexico.

calculated  Table 2!.
Frequency histograms for the isotopic rarios of

tbc niIrogea Pools that are considered here arc showa ia
Fig. 2. The nitrogen isotopic signature for NO3-
collected off the slope. betwcca 100 aud 200 m depth
had an avcragc value of 2 0 ~2.9%, {weighted average
of 2.1%.!, with extreme values between -4.4 to +7,8%..
This contrasts with "N-emiched values of tbe riverine
NO; cndmernber � "N = 8.8 ~1.7%., n = 9! at tbe
outflow of the Mississippi River in thc summer of 1990,

The 25 cm slices of each core were averaged
for each location, aad then an average 6' N for SON
was obtained for tbc upper 10 cm of the sampled

sediments �.1 ~1.2%.!. The range of isotopic values
for SON varied from 35 to 7.2%.  Fig 2!.

The average stable nitrogen isotope ratio for
water column PON over tbe continental shelf was 6.4 y
2.8%.  weighted average of 6.7%.! with a range of
values that varied from -2.2 to +19.2%.. As with the
isotope ratio distribution for NO, and SOY, the
frequcacv distributiou of 5 "N-PON followed a normal
curve suggesting that our samples are represcutativc of
the nitrogen isotope distribution from the differen
nitrogen pools of the study zone.

hf odel Eqaurions Thc following equations were used to
obtain sal , water, nitrogen and stable nitrogen isotope
balances for the NW Gulf of Mexico continental shelf.
The water balance for the shelf  Qs! was calculated
from:

In equation �! thc shelfs water flux ls the sum of
rivcrinc Q, aad upweHedjoffshorc {Q�! inputs.
Evaporation predominates over precipitation in the. NW
Gulf of Mexico  Diaucl and Wiseman 1986; Cochranc
and Kelly 1986!, but the difference between the two is
oa the order of 103 tn' S ', which is negligible when
compared to the annual riverine inflow of about 3.7 x
104 m' S ' {Cochrauc and Kelly 1986; Turner and
Rabalais 1991!.

Thc salt balance for the shelf  Ss! was obtained
from:

Ia Equation �! thc shclfs salinity flux is
balanced by offshore upwclling/advcction  Su! because
thc second term of thc right-hand side is zero,

The aitrogen balance iu the shelf {N,! was
given by:

Q,N, = QPr+ Q.Nu - V,kP, - Vsk,N, �!

Equation {3! is a nitrogen balance for shelf waters with
riverine and upwelling inputs, and denitrification {N,!
and burial  Ns! losses. The k, aad k, terms are rate
constants  t'!, and V, aud V, have units of volume.

The stable nitrogen isotope balance was
calculated from:

Q.N,5, = QP,5, + Q�N�5, - V,k,N,5, - Vgc~N,6, �!

Equation �! is the stable nitrogen isotope ratio
balance in the shelf �,!, with upwellirig and riveriae



Average v ues. or inity aud or sever water-co urun nitrogen pools in the NW G o Mexico
continental shelf during cruises 90G-10, 92G-05 and 92G-10.

C

Region'

Averageparameter 1 p

% Area

ls 2s 3s

23 49

Salinity 33.6635.68 29.84 35.69 30,S6 35,59

7.64 5.94 838 6.45652 737 6.68

5.92 2,99 }S2 1.14 0.40 1,07

PON 3 08 1 06 2 10 0 68 2.67 0.77

25.83 17.44 1632 14,05 12.14 9.18

130

14.83

NG! 438 223 0.71 GM 0,20 0,82

DON 19k 1 14.76 14, 11 13.09 1 L66 8-32

1.05

13.24

26.93 15.74 14.9718.53 12.80 14.3 1 10.96

2.S3PON+DlN 8,47 3A2 3.94 1.75 3.10 2.03

Region 1 is to the'Regions divided latitudinally by the 33 psu ishohaline where p is   33 psu and s is ! 33 psu
E of 92'W, Region 2 is between 92'W and 94'W, and Region 3 is to the W of 94 W
'Wcightcd average of all compartments into which thc study zone was divided
'Weighted average = S [PON] a "PON!, / S�[PON-,
jSN� TDN+ PON

f,+f,+f,=l �!
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inputs, and outputs fr om dcnitrification and burial, Here
8, is the result of PON denitrification, that is: 8, = 8,
- a, where g is thc frar~nation factor associated with
denitrification  ca -25%�Mariotti et al. 1981!.

Finally, the fractions  f! of buried, denitrifted
and exported nitrogen and isotope ratios arc thc only
outputs considered here:

M del Varrahles We considered an annual average
input of 1.4 x 104 m' S ', which results from

53% of thc Mississippi snd 100% of the Atchafalaya
Rivers' flux into the NW Gulf of Mexico con~
«}f  Diunel and Wisemau 1986!. The rivers' NOs'
inPut was considered as 111 uM &am the Mississippi
and 77 uM from the Atchafalaya  who's average is 69%
of the Mississippi's annual average, Turner and Rabalais
}991! and total riverine nitrogen was calculated from
Turner and Raba}rus' �991! empirical equation  from
thetr Fig 5!. Thc differenc between total nitrogen and
mtrate was considered as rivcriue DON,

The s.table mttogcn isotopic composition of the
h'gh rnolecu}arwcight fraction of DON was provided by
Dr Brim Eadie  unpubhshed data!. These data were

collected from four NECOP cruises along thc sahuity
gradient, but only thc rivcrinc and oceanic endrnernbers
werc used ia our calculations.

Our slope water salinity and NO3- average
concentrations werc cstimatcd from 0 - 200 ru depth
observations at those stations where 8"N-NO, was
collected  Fig. 1 and Table 1!, This salinity �6,02 psst!
and NO, �.5 uM! averages reprcscnt thc offshore
advcction/upweUcd component onto thc cantincrttal
shelf. The vertical salinity and XO, distribution profsles
for these stations is similar to those presented by Sahl
ct al. �993! at various trausects along the
Texas-Louisiana continental shelf.

From thc given water and uitrogen rav~
fluxes, and the average YOs concentration for s}ape
thctmoclinc- waters, different scenarios were tested to
estimate the advcctcd, buried and dcnitrified losses. }rr
the region. These arc disctrssed below and thc rests}rs
are summrrrized in Table 3.

Case 1. Riverine and shelf DOIV are ignored.
case, NO,' is the only nitrogen species iaput considers}
to affec thc shelf s nitrogen budget. Here, a cotrtbirr
average concentration of 94k uM NO, eater via r}ac
Mississippi-Atchafalaya River system, 55 uM NQ,



a e, A vcct, ent
different assumptions.

and un tutrogca or e

Case Nitrogen inputs
% upwellcd % riverine

97
71

74

5
19

1
-2

9

References

1: DON is ignored 46 54
2: Same 15N-DON in shelf and river 33 67
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eater from the slope via upwefling/advectioa, and tbe
nitrogen concentration exiting is 2.8 uM  wcightcd
average for shelf PON and DJN, Table 2!. In this
scenario over 70% of the mtrogca needs to bc buried,
1% would bc dcaitrjficd, aud about 25% of the
incomiag nitrogen would be advcctcd out of the region,
mostly as PON.

Case 2. Rive'rine and shelf DO/V are considered, both
with the sante isotopic ratio. In this case the DON pool
is included, with an invariant fi "N value of 4.5%.
 average at 0 and 33 psu! in both thc shelf and river
waters, Mc riveriae total nitrogen input would incrcasc
to 158 uM with aa isotopic signature of 7.1%. �0%
DON aad 60% DIN!. The nitrogen con.centration
advected out of thc shelf is 15 uM  DIN + PON +
DON! with aa isotopic value of 4,9%.. Under thcsc
constraints, 5% of tbc incomiag tutrogen is buried, no
denitrification occurs, and an external source is required
to balance the nitrogen flux aad the isotopic signature.

Case 3. Rive nne and shelf DO/V are included, ear h wtth

different isotoptc values. In this case thc DON riverine,
shelf aad offshore pools of varying isotopic sigaatures
are included. No method to isolate DON from the salt
matrix ia oceanic samples is currently availablc, thus 8
"N values of bulk oceanic DON are inexistent. Reported
values for Ihe isotopic composition of this pool consist
of specific molccules  B enner et al. 1989! or of the high
molecular-weight fraction�  Eadie unpublished!. F tom the
previous two cases, however, it is evident that DOV
seeds to be considered to balance thc nitrogen fluxes ia
thc region,

To estitaatc thc isotopic sigaature of DON we
assumed that a fraction of tbc incoming riverine DON
is labile  c,g. 20%, Sharp 1983!, thus tbc riverine
nitrogen input is increased from 96 uM to 110 uM.
Measurements of stable isotope values for NH,' in thc
plume region averaged 9.8 ~4.0%.  n = 8!. Tbe mean
5 "N for bacteria  coHectcd by both thc bioassay aad
nucleic acid methods, Co%a and Cifueates 1993! was
82 ~,2%.  n = 18!. If it is assutned that bacterial

o extco continen e, eshmat under

Nitrogen outputs
% dcnitrified % buried % advected

nitrogen sources include DON and NH,', aad that
15-20% of their nitrogen requirements arc met by DON
 Wheeler and Kirchman 1986!, then a 5 "N of 6-7 %.
for DON would isotopically balaacc tbc bacteria, This
cstimatc is similar to the 5 "N of shelf PON. Under
thcsc assumptions about 9% of the nitrogen would be
denitrified and 19% would be buried.

These preliminary estimates obtained using the
above approach throughout the NW Gulf of Mexico
con tmcntal shelf are based oa somewhat general aad
simplistic assumptions. Furthcrtnorc, these preiitninary
results do aot consider spaual gradients not seasonal
variations which have been showa to occur ia a variety
of biological  e,g. Lobrenz et al, 1990!, physical
 Cochrauc and Kelly 1986; Dinnel and%'iseman 1986!,
and chemical  Rabalais et al, 1991! parameters, Our
results, however demonstrate the utility of measuriag
stable nitrogen isotopes of diffetcat reservoirs, aad
reinforce the concept that DON has to be considered as
a major nitrogen pool in tbc region.
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lntroduc tlon
Inadequate understaadiag of tbc factors

regulating recruitment, the process through which eggs
are spawned and fish hatch, survive, and grow to a
harv eatable size, is a major obstacle to izapro ved fishery
raanagetnent  Sisseawine 1984; Anderson 1988!. It is
geaerally accepted that fish recruitmcat is regulated
duriag tbc early life history with three main factors.
transport, predation and feeding success, interacting to
determine recruitment success. Eavironmental features
ia the sea like the Mississippi River discharge have
major consequences for all thrcc of these factors, cithcr
by influeaciag tbe distribution aad concentration of
suitable food {I asker 1978; Sherman et al, 19S4;
Govoni et al. 19S9; Grimes and Fiaucaac 1991! or by
transporting larvae io areas of good or bad food supply
aad predator fields  Fortier and Leggett 1983; Frankand
Leggeit 1982; Leggett ct al. 1985; Crccco and Savoy
1984!, For example, with less tban 40 copepod aauplii
or 10 copepodiics pcr liter  Blaxier 1965; May 1974;
Arthur 1977: Hunter 1981!, prey densities in the open
ocean arc low compared to couccatratinas eacountered
in the Mississippi discharge plume, which has up to
1000 copcpod aauplii 1 ' m surface froatal waters  Dagg
and Whitledge 1991!. Tbc variables most affected by
such changes in food supply are probably growth rates
aad larval stage duration  Cushiag 1975: Wcracr aad
Gilliam 1984!. While direct starvatioa might cause
recrrutineat failure under some circumstances, increased
predatioa on larvae during a longer larval period is the
more likely consequence of reduced food supp! y  Houde
19&6; Anderson 1988!.

The northern Gulf of Mexico ia the vicinity of
tbe Mississippi River is the most productive region in
the Gulf of Mexico. Portions of the cotitinental shelf
affected by the river have long been noted as regions of
high phytoplankton stocks aad productivity  Riley 1937;
El-Sayed 1972!, and more recently Lohrenz et al, �990!
reported extraordinarily high phytoplaakton production
  g C m d'! in the immediate viciniry of the
discharge plume. Copepod aaupliar densities off the
Mississippi Delta have been reported io be 28-150 1', up
to 10 tiines greater than deusities observed off Florida

or Texas  Dagg ct al. 1987!. In the immediate vicinity
of tbc discharge plume, Dagg and Wbitlcdge �991!
found naupliar densities up to 1000 I ' during summer.
Similarly, average larval fish densities around thc
Mississippi River discharge  Govoai et al, 1989; Ditty
1986; Grimes and Finucane 1991! are up to 20 times
grca ter than densitiesreported along Loop Current*oats
ia the open Gulf of Mexico  Richards et al, 1989!.
Among thc nation's most productive fishing grounds,
these rich waters annually yield approximately 2.4
billion pounds of fish valued at more than $7&0 tniliion
at dockside  estimated total economic impact of $234
billion!, This harvest represents 40 percent of the total
domestic harvest of fish  O'Baaaon, 1993!. In addition,
this region is also a major recreational fishing area.
providing 35%  in number! of thc total U.S. recreational
catch  Essig et al. 1991!,

Thc biological production associated with tbe
plume varies along environmental gradients. Thc highly
productive 6-8 km wide froatal zone where plume and
shelf waters meet is characterize3 by a strong salinity
gradient and hydrodynamic convergence which may
account for observed concentrations of fish larvae
 Govoiu ct al. 1989; Grimes and Finucaac 1991: Govoai
aud Grimes 1992!, Thc froatal zone also contains
coacentrations of phytoplaakton  Grimes and Finucane
1991: Lohrenz et al. 1990!, copepod aauplii  Dagg and
Whitledge 1991! and fish larvae  Govoni et al. 19S9:
Grimes aad Finucane 1991! well above the already high
ambient levels encountered in adjacent plume. and shelf
waters. Observations of this elevated biological activity
are consistent with fronts in other regions  Yoder et al.
1981; Paffeabofer et al. 1984; Sakamoto aad Tanaka
1986!.

Several factors suggest that the Mississippi
River is the ultimate source of much of this biological
productivity, Thc river discharge is large and much of
it remains on the broad shallow shelf for several
months. River waters contain high concentrations of
dissolved nutrieuts, aad thc open Gulf docs aot appear
to be a significant source of shelf aitrogea  Dagg et al.
1991!.



Due to this high biological production, it has
b n hvpothesizcd that fish larvae in the vicinity of the
d;scb~«plume in general, and the frontal zone in
~cu!ar, would utilize potentially rich food resources

~ consume a superior diet, grow faster, and thus
~fience a shorter stage duration, and survive better.

However the saine bio logic al and physical factors that
concentrate larval fish prey may also concentrate their
predators.

Studies conducted spccificaHy to evaluate thc
growth and mortality elcrncnts of this hypothesis suggest
that there may be a pewth cffcct, Observed growth
rates of king mackerel,
 DcVries et al. l990! and Atlantic bumper,
gggras~KL'1 ~'fggttta.  Locffier 1990! were higher
off the Mississippi Delta than elsewhere in the Gu!f.
While DeVries et al. �990! coukl not demonstrate
similar growth differences for Spanish mackerel,
Siaalthhgut?lit'elk QQQdJhhlg, morc rcccnt results show
that Spanish rnadmel  Grimes and De Vries,
unpublished! aud yellowfin tuna, IhtlQtttLR QhQQttga
 Lang et al, 1994! grow faster at intermediate salinities
�8-31%!, ic� in the frontal waters, as compared to
adjacent shelf and plume waters. Daily instantaneous
mortality rates for both king and Spanish mackerel
larvae have been found to bc higher in the vicinity of
thc discharge plume as compared to other Gulf of
Mexico locations  Grimes and DcVries, unpubhshcd!,
supporting thc element of the hypothesis that larval fish
predators as weH as prey may b» concentrated m thc
vicinity of the discharge plume.

Recent rcsuhs have indicated that thc positive
growth effec may be at least partially artifactua, i c. an
upward bias in observed growth race due to the effect of
size-selective mortality, Grimes and lscly  in press!
back-calculated growth histories of wild king mackerel
and wild and lab-reared gulf menhaden larvae
 Ntgymdittyttlznt!tg! usingotolith mictostructure. Back-
««atcd sizes at agc werc larger for older larvae,
possibly the effect of sclectivc mortality on thc smallest
larvae at agc. Furthermore, thc analysis demonstrates
that for the king mackerel example thc selective
morta!ity cffcct may bias observed growth rates upward
by as much as 25%.

There is little pubhshcd mformauon rdev ant to
the dict and feeding ecology elenicn«f « ~~
hypothesis. Govoni and Chester �990! invcstigatcd the
diet of spot, ~ttggtntta gtlttlhl~ but were unablc to
demonstrate a trophic advantage for larvae in the plume.
powell et al. �990! used morphological., gut content
volume and recent growth criteria to evaluate the
nututional condition of spot larvae and could not
consistent!y demonstrate an advantage for larvae in the
plume.

sow94 W

Fig, 1, Map of the Gulf of Mexico in the vicinity of
thc Mississippi River discharge plume, Solid
lines represent transects sampled from 4 to 13
May 1992. Xumbers indicate first and last
stations along each of the six transects.

The purpose of this study is to thoroughly
evaluate thc larval fish feeding element of thc
hypothesis. Ia this paper wc report results of analyses
to determine diet; time of feeding; diet differences
amon.g plume, front and shelf water masses; and diet
overlap and diversity among water masses for the
striped anchovy ~i~i~ ~@~.

Materials and Methods
We conducted a cruise to thc Mississippi River

discharge plume aboard thc NOAA R/V Chapman frosn
4 to 13 May 1992, Fifty-two stations were sampled
along six 15-25 km long transects off the major passes
in thc river system to allow us to examine dict and
feeding diffcrcnccs at different time and space scales
 Figure 1!. Two of these trausects, which began near
Southwest Pass and extended westward, were designs
to measure downstream differences  permanent time
scale and fatfield/km spatial scale!. The other four
trausects were North-South transccts desigrsc.d to
measure differences at the turbidity fronts
 ephemeral/hrs and nearfield/m!, as well as variations
among water masses in the vicinity of the plume
 permanent and nearftcld/km!.

Ichthyoplankton samples were collected in 40
minute surfaoe taws with a 1 X 2 m neuston net �.947
mm mesh! and a l X 1 m Tucker trawl �.335 mm
mesh!. AH samples from one East-West transect were
preserved in 95% ethanol for 24 hours  for growth and
mortality estimations! and then replaced with fresh
ethanol. All other samples  for gut content microscopic
analysis! werc preserved in 10% buffered formalin
solution for 24 hours, after which the solution was
drained and replaced with 95% ethanol, Microplankton
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Surface salinity profile for a North-South
transect sampled during May 1992 off the
Mississippi River plume, Stations l29 aud 130
were labeled at plume water statioas. 131 as a
frontal water station, aad 132 and 133 as shelf
water stations.

chosen for dict analyses. Larval stripccl anchovies w~
measured to 0.1 mm standard length  SL! with the aid
of a dissecting microscope �0x! and an ocular
micrometer, Thc gastrointestinal tracts of the larvae
werc removed, with no morc than 30 larvae cxamincd
*om any one station. Food items were teased from the
gastrointestinal tracts and identified to the lowest
possible taxonomic level using various zooplankton
ideatification references  Smith l977; Owre and Foyo
1967; Newell and Ne weil 1963; Omori aad Ikeda 1984;
Fraser 1962!. They were thea counted using a dissecting
aad compound microscopes �60x-320x!.

For both qualitative and quantitative analyses of
larval feeding patterns, percent by number and
frequency of occurrence werc calculated for consistently
rccogaizcd taxonomic categories in each water mass
using all food items, These two values were then
plotted against one another to dctcrmine the relative
importance of different prey items, A chi-square
contingency test was calculated for tbc most important
prey items to evaluate thc statistical significance of
spatial variations in dict contents among plume. front,
and shelf waters  Windell and Bowcn 1978!.

. To measure the dcgrcc of diet similarity
bctwcen water masses, three pair-wise comparisons were
made to measure diet overlap using Horn's �966!
modification of Morisita's Index �959!:

 which represent food availability for diet sclcctiviiy
estimations! were collected at each station with Niskin
bottles. They were filtered through a 35 uni sieve and
then prescrvcd in 10% buffered formalin solutioa.
Surface water samples for chlorophyll a deiermiaatiou,
werc collected with Niskin bottle casts, and
environmental data for hydrographic profiles were
determined with CTD casts. These data were used to
create salinity profiles of each sampling transect, and
samples from each station werc designated as belonging
to plurne, front, or shelf waters based upon these
profile  Figure 2!,

In tbc laboratory ichthyoplankton were sorted
and identified using standard taxonomic references
 Fabay 1983; Lippson and Moran 1974; Hildebraad and
Sbroeder 1928; Hildebrand 1943!. The cngraulid~
Qi~llta  striped anchovy! was the most abundant lari al
fish in the samples. In addition, striped anchovy are
particularly important prey species ia the Gulf of
Mexico  I'inucane, et al. 1990!. Consequently, it was

S
KP- ,+
i=1

S
E P,�'
i=1

was calculated for plume, front, aad shelf water masses.
This diversity coefficient  B! varies betwccn 0  least

In this etluation P�-i represents the relative free}uency of
prey category i in water masses j aad k, while S is thc
total number of prey categories found in the two water
masses being analyzed. The values for C�range from
0  no overlap ia diets betwcca the two regions! to 1
 complctc overlap!.

To measure diet breadth  diversity! within each
water mass, Lcvins' �968! index for diet diversity,
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Fig, 3. Length-frequency histogram for larval striped
anchovies, ~ ~@~~1, coHccted in aad
~ the Mississippi River discharge phune
in May 1992,

diverse asscmhlagc of prey! aad S  most diverse
assctnblagc!. To analyze the evcaness component of the
distribution within a region, B was divided by thc S
prey categories available in tbe diet Thcsc sca!cd
values range from 0  the most uneven distribution of
prey items! to 1  the most even distribution!,

Resutts

A total of 479 larval striped anchovy were
examined in this study. The lengths for all water
masses combat ranged Rom 5.0 to 29.9 mm SL, with
a mesa of 17.7 aun SL. Plume larvae were 74 to 27.0
mm SL  mean = 185 mm SL!; fnmtal larvae were 52
to 29,9 mm SI.  meaa = 175 mm SL!; aad shelf larvae
were 59 to 260 mm SL  mean = 17.9 mm SL!  Figure
3!.

To determme the time of day of striped
anchovy fccding, the percent number of stoma' with
food for each station was plotted against tbc time at
which thc station was sampled. Tbe highest percentage
of larvae with food in thc stomachs was consistently
found ia the morning bours between 0600 to 0800
hours, suggesnng that most feeding occurs at that time
 Figure 4!,

Overall the dict consisted of a wide array of
prey items. Prey catcgorics iacluded various crastaccaas
 amphipods, ehLdoceraas, cOPCpOdS, OS~ Ctc.!,
diatoms, eggs. larvaceans, aad polychacte larvae,
Several food items werc found only in thc plume, ie�
chaetognaths, amphipods, aad my sids, Tintiauids were
found only in the frontal zoae, AU prey categories in
the shelf, however, were also ia at least one of the other
two water masses. Thc larvae m shelf ~aters atc half

as many prey items as did those in the plume or f ~+
waters. Shelf anchovies ate primarily diatoms whl
anchovies ia the other two water masses co~
mainly diatoms aad copcpods  Table 1!.

Using both quantitative measures of the dict
frequency of occurrence and number of prey items I
copepods aad diatoras were the predominant foods
consumed, These two categories occurred in 8334% of
the guts and accounted for 60.64% of the total prey in
plurne waters, occurred in 71.28% of thc guts aad
accounted for 69.49% of the total prey in frontal waters,
and 87.51% of the guts snd 81.17% of thc total prey ia
shelf waters.

There were clear drfferences tn the qnanttttes of
the major prey catcgorics by water mass  Table 1!,
Diatoms occurred morc frequently �2.86% of the guts!
and were morc abundant �936% of total prey items! st
plume stations, They werc also morc frequent �1'%!
and morc abundant �529%! ia tbc shelf. At frontal
stations copepods werc tbc most frequent �851%! and
thc most abundant �8.02%! prey items found, We used
chi-square contingency analysis to evaluate diffcreaccs
in the two major prey categories among water masses.
Thc analysis indicated that the frequency of prey in the
two catcgorics was aot iadcpcadcat of water mass, ie.
tbc frequencies were significantly different
 X' = 20.68; df = 2; p = 0,00003!,

Diet over!ap measures  C1! indicated that
phunc and frontal striped anchovy possessed morc
similar diets, while shelf and frontal larvae had the most
dissimilar diets  Table 2!. The value for the plume-&oat
comparisou was quite high �.91!, indicating almost total
overlap ia prey categories for these. two areas,
Similarly, the vs!ac for the plume-shelf comparison wss
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Fig. 4. Plot of percent number of striped aach" »'
with focx} for each station versus tbe ri~
which each station was sampled.



the relatively inequitable distribution of prey among
categories.

Wc plotted pcrccnt frequency of occurrence on
percent by number for all prey categories to obtain aa
index of relative importance of tbe differen food
categories in larval anchovy diets. ln all three water
masses, copcpods and diatoms were the two major prey
items, with diatoms most important ia plume aad shelf
waters aud copepods most important in frontal waters
 Figure 5!. All otber food categories werc much lower
in importance when their percent frequency of

high �.75!, indicating a high degree of similarity of
diet. The front-shelf comparison �55! showed the least
amount of overlap between water masses.

The two tneasures of dict diversity  B and B/S!
were consistent in showing that larvae ia the plume
consumed a morc diverse assctublage of prey than those
in either tbe shelf or the front  Table 3!, Striped
anchovy larvae in the plume coasumcd many more prey
types than larvae in front or shelf waters, resulting in a
high B  richnes! value, however thc evenness measure
of diversity  8/S! was proportionately lower because of

Percent frcqucncy of occurrence aad percent autnber of prey
categories for larval striped anchovy  N=42 guts with food in the
plume; N=101 guts with food in tbe front; 5~32 guts with food in
thc shelf!.

Table 1.

Plume Front ShelfPlume Front ShelfPrey Itetn

4,76
69.05 6435 18.76

2.38
4.76 0.99

40,48 48.51 15.63
238
2.38 1.98 3,13

16.67 12.87

Diatoms
Ceatric
Pennate

42,86 22.77 71.88
4.76 0.99

38.10 21.78 7 188

3936 21.47 7529
3.19 1.13

36,17 2034 7529

Dinoflagcllates 7.� 1.98 3.13

7,14 2.97 9.38

238 2.97

7,14 2.97

Eggs

Hydromedusac

Larvaceaus

Plaat Material 0,99

Polyehaete Larvae

Radio larian

7.14 6,93 6Z5 3.19 3.95 235

2.38

Salp

056 2350,99 6,25

85

Chactogaatha
Crustaeea

Amphipoda
Cladoc era

Cop epoda
Mysidacea
Ostracoda
Unidentified

2.13
3830 57.62 7.06

1.06
2.13 1.13

2128 48.02 558
1.06
2.13 1.13 1.18

10,64 7.34

3.19 1,13 4.71

425 1 h9 5.88

2.13 159

426 1.69



Table 2. Diet overlap  situ il arity!
between water masses for larval
striped anchovy.
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Table 3. Dict diversity  B! and evenness
 B/S! of distribution of prey
among categories, Values were
calculated using numbers of
prey.

Water Mass fl

0235.1 l

0.10Front

0.081.73

Di sea salon

Thc analysis to determine time of feeding
suggests that most feeding occurs in the early morning
hours 0600 to 0800 and falls off rapidly afterward.
Since thc gut contents we analyzed came from surface
 ucustou! satnplcs, our conclusion regarding feeding
time is not uncquivocaL Subsurface larvae, if present,
could have been actively feeding at other limes.

Although the dict in gcnerai consisted of quite
a wide variety of prey types  Table 1!, it was clear that
two types, cope pods and diatorns, comprise the bulk of
thc dict. Combine@ these two prey types alone
accotmtcd for 70% of the number of prey consumed.
Frequency of occurrence data. show a similar
predominance of diatoms and copepods, ocr~8 in 37
aud 41% of guts, respectively. Furthermore, plots of
percent frequency of ocxxtrresrce on pcrccut by number
for copcpods for each of the three water tnasses clearly

80
oy 60
FO 40

20
0

80
60
40

~ = DIATOMS
~ = COPEPC!DS

!

20'-' ...J.or

20 4P 6P 8P

%NO

Fig. 5, Plot of percent frequency of occurrence
versus percent number for rhe two major
prey items found in the stomachs of larval
striped anchovy, Diatoms are represented by
the darker dots and copepods by thc lighter
dots.

showed that copepods were most important in the d et
of larvae m the front.

We believe our results suggest that the diet
consumed by larval striped anchovy in thc frontal zorte
ruay be superior to the diet of p!umc and shelf larvae.
The ratio of C;N in diatoms is approximately 4: j.
 Vinogradov 1953!, which is ouiy slightly less thats the
ratro m. copepods  Durbm and Durbin 1984; Stoecker
and Govoni 1984!. However, the copepods recovereci
in the diet werc much larger than thc diatoms, arsd
copcpods occurred most frequently and were
numerically most abundant in the front, Consequently,
we belicvc that larval anchovy in frontal waters were
consumiug a more nutritional diet than those in plutrae-
or shelf waters.

That similarity statistics show nearly complete
diet overlap  and the highest among the three watez
mass comparisons! between plume and front samples its
not surprising. This interface is the region of strotrgeat
horizontal density gradients which, along with wind arse 
tidal shear, create strong hydrodynamic convergence
 Govoni and Grimes 1992!, au active mixing force that
would promote similarity of prey assemblages.

Earlier work did uot demonstrate that the
potential trophic advantage is actually conferred tcs
larvae associated with thc Mississippi plume. Spot
larvae collected in plurne waters atc twice as many foo4
organisms as did larvae in sheif waters  Govoni au4
Chester 1990!, However, organisms consumed withira
the plume were mostly small  tintinnids, copepo4
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Abstract

Surface and cored sediments fronts from the NECOP study area were analyzed for physical <coarse-graincompositioa!, biological  foraminifera aug'   aminif ra! aud chemical  organic and inorganic! properties. Results of angry~ f~surface samples indicated s atial atternsp ' p ms of benthic foramimfera dictated by sedimeat accumulation rate and regiorLsof seaseaal hypoxia, The latter also correlated~lated well with the disu'butioaof sm~c authig~cglaucomtc Temp evariability, detcrrnincd from care s leamples, indicated transitions ia benthic foraminifera community structure vvtthnpcore iacreascs in hypoxia tolerant assenibasseniblages. Transitions in glauconite abundance, organic carbon, and otherchemical parameters stron I correlated t iag y cd temporally with increases ia fertilizer application io the United States"

HypOtheaiS l: COIJIM!JJVITY STROCI JJRF. - OBSERVF'Er
RIVER lfIE .V LJTR IEPr'T F JVHAHCFAI EFI T, TO OF TII F R W ITIS
slLICO Jv OEcLIVF., IIAS PRVM V TFrr A SH Jl'r IJv TitE
BFVTH<iHIC CO&JVILJIVIT!' STRJJCIURE DF TFTE
MISSISSIPPu'LOLrfSIAHA SHEIF AIVD I HIS SPIIFT Is
PRESERVED IH THE. SEDIMENT RECORD.

Hypothesis 2: IIYPVXIA IHDICATORS - ILY-PRODIICTS OF
HYPOXNIAIvnXIA I YFHTS IIAYF. LEFt CHARACTERISTIC
irfARKERS WHICH PRODIJCE A I'WE HISTORY OF SIICa'
FVFHT'S IJV T' HE SEDIRIEIVT RECORD,Hypothesis: AHTHROJPc>oavlc HLJTRIEvr IIvPUTs IIAvE

I:.vlfh HcED coh s I A I. o l'EA Jv PRV DLJ cTIvl TY
S I JR S Eg I JE JV T I rrl PA C7 5 V JV C Cr A S TA I. O C FA v Wh TER Q OA I I tr
AHD YIFI.I OF I~IHO RESlr LJRcfls.

Hypothesia 3: CARRVH ACCJJAIOLATIOH
AHTHRVPOC'FHIC,vL'TRIFJvT t1YHAlvCERIEIIT IJv THE
COASTAL. ZOJVE HAS PRODL'CE'D PROPCJ RT IOIVA j
EHHAHCERIEJV T OF PRIRIA R Y PR ODI JCTFVITY A JVD
CV VCofrffTAHT CARBVIv BHRIAL fH THE SHFLF SEDIRVEPIT
DEPOCFHTERS.

Llnfortunately, mcasurcments of Mississippi
River water quality only go back for a few dccadcs and

l a trod acti on.

Thc Mississippi River basin drains
approximately 41% of the contiguous United States aad
with it comes the byproducts of both natural continental
weathering and anthropogenic activities. Basiawide,
these signals coalesce aad transition seaward entering
the Gulf of Mexico at two point sources, the Mississippi
Birdfood Delta aad the mouth of the Atchafalaya River.
With the development of farmiag ia Amerimerica's
e and, agricultural ruaoE has also been transported

seaward and perhaps the most significant has been
eahaaced nutricat loading, primarily as a byproduct of
man's iacrcasing use of artificial fertihzer. Recent
measurements of Mississippi River water iadicate risin
IevcIsofnutrient coacentrations and fluxes  Bratkoviche rtsuig

aad Dianel. 1992! that are implied to result from
agricultural sources. Within the Louisiana/Texas
continental shelf, recent observations of declining water
quality have suggested linkage betweea river aad
continental shelf water qualities. To test this, thc
NECOP Program's central hypothesis was formulated to
address this potential linkage, specifically:

coastal water quality less than a decade, and as «ch fadl
short of the time history of continental agricultural
influences. The sediments however can potentially
provide a record over decadal to century time scales aJtad
therefore act in a maaaer analogous to a long tirrae-
serics record of aatural aad anthropogenic influenees-
Within thc Louisiana shelf cnvironrnent, this has been
conclusively showa for anthropogenic lead  Trefry et al.,
l984!. To assist in addressiag the NECOP central
hypothesis, the Retrospective Analysis Group has tested
the following hypotheses relative.  o thc sediment recoxd:



< l-ocations of surface grab samples examined in the study, B, Locations of cores recov ered and analvzed
lB ptas study,
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Fig. 3 Map of tbe diversity  SWDI, see text! of benthic fo~era from tbe surficial sediments in the study area.
Lower values  e.g. -0.4! indicate lower foraminifera-community diversity and visa versa.
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this text, H will be referred to as the Shannon-Wiener
Diversity Index  SWDI!. Smaller values  e.g. -0.4!
indicate lower diversity aad visa versa.

Results indicate that tbe lowest values of tbe
S WDI  Fig. 3! coincide with sediment accumulation-rate
highs  Fig. 2! thus suggestiag that diversity may be
strongly influence by sedimeatatioa patteras. Spatial
plots of all the identified foraminifera species indicated
only a coherent pattern between accumulation rates and
KgiKurui!Ldla Zi!ran  Pig. 4!. As suggested by
cotnparison of this distribution and that of sediment
accumulation rate  Fig. 2!, ~~gng1111i JJ@ ~a strongly
correlates  r = 059, n = 38! with sedimeat accumulation
rate indicating a toleraace for such envirotunentaI
conditioas, Although spatial coherence between
accumulation rates aad + jggg1111ggg ~ is high, the
relatively low abundance of this species along the
northern edge of the study area caanot help account for
thc relatively low SWDI values in this region.

Comparison of tbe surface distribution of tbc
benthic foraminifera g~inglln LtLggggILI  Fig. 5! with
mbrnent accumulation rate patterns  Fig. 2! show low
correlation  r = 0,01, n = 38! indicating that tbe

distribution of I1	1itnl!nc11tt !nL!~gtLL' is not directly
controlled by this process Ho~ever, the areas where
SII11ILLL1Clll LkKgggi comprise the dominant  i.e.
-50�5%! species of the foraminifera population
corresponds to the highest occurrences of hypoxia  ix.
69 out of nine years, Fig. 6! while offshore, where
hypoxia bas never been observed, 5glinLL'nn11IL gLgxgntLL
percentages rapidly diminish. As such, these data
dearly establish the present-day association between the
benthic foraminifera Ei~i~ggi~and seasonally
h vpoxic environments.

Ia addition to comtnuaity structure, wc tested
our by~thesis oa characteristic markers of
hypoxia/anoxia within the sediment and found evidence
which supported the trends «stablisbed by bcatbic
foraminifcra. During microscopic analysis of the 63pm
fractions, a grain type was observed whose very-high
abundance was litnited to tbc 63pm fraction. These
grains exhibited coloration in various shades of green
and raagcdfrom 63-200!ua in diameter. Iaitial cbc.mical
analysis indicates a composition consistent with tbe
solid-phase glauconite. Analyses, using SEM/EDA,
indicate a major-element composiTion of Si, Al, Fe. K,



Ept.4yrninella vittea

29.3
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Fig. 4. This figurc illustrates the surface distribution of thc benthic foraxaiaifera ~~aejjn ~ expressed aspercentage of the total benthic foramiaifera population in each station sample.
aud Mg, which corresponds well with the known major
e!cmeat composition of glauconite, which has tbe
general formu!a of:

K�,Pi�Al,!  Fe"~g&"!,O,NOH!,  Odm,
This ongoing chemical and physical study ofglauconite, koln the shelf region adjacent to theMissinappi Riva', is based on our network of grab

satnp!cs �8! uniformly coveriag the area of Fig. 7 as
wel! as at the Mississippi River mouth and upriver
 Hood et. al, in prep!. Results to present indicate thatshelf g!aucoaitc is chemically and physical!y  size!distinct kom the river-borne population and enriched in .Fe, Mg, and K relative to norma! shelf sediments.lVforcover, oomparisoa of this figure with Fi . 6

1g.indicates the highest percentage of surface g!auconife isobserved in areas of documeated hypoxia  Nelsen et al.1994!. Glaucomte grain-size-distribution data indicatethat tbe river-deti ved compoaent accouats for only 15%.The latter observation imp!les that whde changes indischarge. channelization, aud damming of
d
Mississippi RlvCr alay ultluce taodiftcatiunS

ul cetrital fraction of g!atux1nite present on tbe shelf, such
vsculd ~ a on!y a tahe change ia Ihc anent poixdaticn

Surface sediment concentrations of organic carbon ran~
kom 057% at statioa H-10  aearshore at western edge
of sample grid! to 1.91% at statioa F-10  aearshorc
northern edge of grid at -89,8 N!. For comparisoa,
Mississippi River suspended matter averages about 1S-
1.8% organic carboa. The trend for organic carbon
values, seen in Fig. 8, shows a path of more organic-
rich sediments along an hypothesized transport pathway
kom the mouth of Southwest Pass to the northwest as
observed during Iagrangiaa drifter studies, Lower levels
of organic carbon to tbe west are found in somewhat
coarser-grained sediments, Treads for seditnent X aad
P are comparable with those for organic carbon.
Cored Sediments.

While suxface samples allow span~relationships to be evaluated, age-dated cores prova e
the tetaporal ConteXt Of primary interest to the NECOP
Ptogram, Coriag objectives were to recover
interpretable sedimentary sequences &om both the areas
of sc~ hypoxia aad areas outside the sensosudhypoxia. The former allowed study of time history of
hypoxia indicators while tbe latter provided a control
Condition for cotnparison. 1nvestigated parauneters
included ~-kactioa >63 inn! abundances of quartz,
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Fig, 5, This figure illustrates the surface distribution of the benthic fo~era 5gfiggia~ ggggggmj expressed as

Hypoxia Frequency: 1985-19$3
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Fig, 6, These data illustrate the frequency and disuibution of hypoxia that has occurred at each satnpling station
over approximately the last decade  l985-1993! based ou cxisnng hvpoxia tuoni«~g data  N. Rabalais.
personal communication aod seasonal hvpoxia distribunca maps!.
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Fig, 7, Me surficial distribution of authigenic glauconite expressed as a percentage of the coarse �3m! sediment
fraction,

Organic Carbon «k
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tg- g. A cant' tttap showing concentrations of organic carbon  %! in surficial sediments �-2 cm! fran the

Louisiana continental shelf.



g!auconite, and benthic forannnifexa comtnunity
corapOsitinn, COmmunity Shifts and diveraity Changes as
well as organic carbon, stable carbon isotopes and
organic tracers. These parameters provided a data base
for understanding environmental changes from
-}9 O- 1990.

Core site selection was based on two criteria:
I! areas known for the presence and absence of
documented seasonal hypoxia and, 2! a region in which
sediment accumulation rates are adequate to a}low
decada} to century time-scale resolution. Sediment
geochronology was doac by r" Pb to both establish an
intact and interpretable sedimentary sequence and, once
established, provide a temporal framework for
sabscqucnt analyses.

Core 10  Fig. I B! is the closest to a distributary
jnnuth  -33 km!, and ia an area of documented persistent
seasonal hypoxia  Raba}ais et al., 1991!, A sediment
accumulation rate of 0.55 crn yr'  i.e. Fig. 9A: 1 cm 2
years! at this coze site allowed analysis back to about
tbc turn of tbc century. Thus, it was ideal for observing
changes, if any, in sediment components duc to
aathropogeoic iafluences during the last -90 years. Tbe
Stat}on 7 core was recovered near the shelfedgc -42 km
horn the mouth of S.W, Pass  Fig. IB!, It bas aa
established geochronology of -1900-1980  Fig. 9B! aad
was therefore ideal for comparison of aoa-hypoxic
 Station 7! with seasonally-bypoxic  Core 10! shelf
conditions since just after thc turn of the century.

Detai!ed � cm intervals! analysis of the
sediment's coarse fraction �3m! indicated a complex
aad variable record of quartz within Coze 10  Fig, 10A!,
A. linear trend analysis of these data indicates aa upcore
decline  -8267%! in lithogenic quartz abundance that is
consistent with declining trends of sand transport for the
Mississippi River  Meadc and Parker, 1984!. In
contrast, Lhc total coarse fraction displays an increasing
apcorc trend  Fig. 10A! indicating that the abundance
ebanges of this portion of total sediment is control}cd by
factors other that lithogenic quartz,

A plot of glauconite abundance in Core 10
 Pig. 10B!, along with s linear tread analysis of these
data, iadicates an upcore increase in this component
consistent with the trend in total coarse pcrcen  aad
antithetical to tbe lithogenic quartz trend  Fig. IOA vs
B! Conditions at the Core 10 site are known to be
favorable for authigenic glauconite  g}aucony/verdine
facies: shallow rnarinc, free access to sea water, aad a
sediatcnt rich in constituent clemcats!. Studies of tbe
geologic record document the close association of
g}aneonitization episodes and anoxic episodes in shelf
settings  Breberet, 1991!. Morcovcr, we believe
colnpelling evidence exists for thc role of anthzopogeaic
inpul in enhancing the. formation of hypoxia with

Fig. 9. Excess '"Pb curves for. A. Coze 10 from an
area of chronic seasonal hypoxia, B. core at
Station 7 oa thc outcr shelf and not in an area
of documcntcd seaMand hypoxia.

concolnitant formation Of authigenic glaucOaite in Core
10. This is suggested by a transitional increase of -23x
in mean glancoaite ab~ after thc late-1930's to
early-1940's time horizon  Fig. 11A, arrow!.
Specifzeally, below the transition. average glauconite
abundance accounts for -5.8% of the coarse fraction
while above this horizon it accounts for -13.4%.

Our study of benthic foraminifera from Core 10
augments aad confine treads and interpretations based
on glauconite data as will bc shown next. Evaluation,
using both light and electron microscopy, indicates that
post-depositional processes have aot altered the benthtc
foramiaifera tests in Core 10, Therefore, detailed
identification aad tread aaalysis was feasible down. to
core base  -1900! for both total foraminifera abundarKC
and species idcatificatioa. Relative to thc former, Fig,
10B contains a plot of for~era abundance aad a
hnear trend analysis for these data. As with glauconite
data, an upcorc increase mimics the increasing coarse
percent trend and is also antithetical to the Iithog~c
quartz tread  Fig. IOA!. Ia addition, a total of 49
benthic fOrammifcra spCclcs werc identified from seven
levels in this core. Contrasting trends of upcorc species
composition variability eraerged. One assemblage,
Ephtuauudin yiILnth IILLliJuiILglla ILL~ Brit;LiiLLLL

5uaim8a npiLLL
3MLLLzLLLit QiL6iLQ5QLLLLLLL!L RQU4  referred to hereafter as

r�



Fig. 10. Disoibution and trends of sedUnent coarse �3tnl fractiott componettts in Core 10 showing. A. total coarse
fraction  solid! and quartz  dashed!, and B. glauconite  solid! and benthic foraminifera  dashed!,

> I A. Glauconite grain abttndance, B. the Shannon-Wiener Diversity Index for benthic forarninifera for Core
10 compared to: C. the application of ferti$izer in the United States for the vears 1900-1990,
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Group A!, displayed an upcore increase m group
abundance, as a pcrcentagc of total foraminifcra species,
from 52% at 42-43 cm  -1910! to 90% at 3-4 cm  mid-
1980's!. Gmup A was dominated by hypoxia-tolerant Q

and 3 ~gzgyni which changed from 22% and
27%   = 49%! at core bottom, to 15% and 58%   =
73%! at core top, respectively. In contrast to this,
agglutinated, nuliolid and hypoxia-intolerant hyaline
foratninifera species  Group B! decrease upcore,
Specifi upcore decreases, as a percentage of total
foratninifera population, arc: I! agglutinated - 17% at
4243 cm  -l910! to 15% at 3-4 cm  mid-1980's!, 2!
miliolids - 9% at 42-43 cm to 1.1% ai 3-4 cm, 3!
hypoxia-urtolcrant hyaline - 17% at 42-43 cm to 7% at
3-4 cm.

The ostracodes arc an additional benthic
population of interest in Core 10. This group is known
tobe sensitive to variability in environmental pararncters
such as salinity, temperature, substrate, and availability
of food supply  Athersuch et al., 1989!, Preliminary
results of our study of Core 10 indicate that diversity as
weH as population abundance of ostracodes decreases
upcore  Alvarez-Zarikian et al., in prep.!. These
findings suggest that the ostracode population may be
more sensitive than the foraminifera to the onset of
hypoxia, and is an important potential indicator of
histodcal low-oxygen conditions.

Thc significance of these population changes is
evident when compared to thc current surficial
distributions of these same species, and their
environmental settings. Considerable environmental

' ht has been gained from contemporary distributions
« the faraminifera species in Groups A and 8, obtained
from the surface grab samples, which is relevant to Core
10, Detailed comparisons of areas of documented
hypoxia and surficial distribution of foraxmnifera
uidicatc that Group A species dominate the hypoxic-
arca populations. In contrast, members of Group B arc
either absent or form a very-minor component of
hypoxia-arcs samples, Thc latter become more
~t in better oxygenated areas. In general, the
foraminifera asscmbhige observed in the lower portion
 >25 cm, carly-1940's! of Core 10 resembles that from
aon-hypoxic area surface grab samples. In contrast,
scar core top, the assemblage is similar to that observed
ia surficial samples from hypoxic areas. In order to
exarmne quantitatively the extent to which thc benthic
foramhtifcra population may have changed over time,
tbe SWDI was cakulated for each of tbe seven levels
exambred in Core 10. The resuhs, shown here in Fig,
11B indicate that the diversity decreases frotrr near -19
at core base  -1900! to -0.70 at the core top  -1991!. The
greatest change occurred between 1930 and 1960. It has
been established in previous studies that variation m
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Fig, 12. Organic chemical data for. A, NECOP station
2, B. SCOP Core 10, aud C. NECOP station
17.

population diversity can bc used to measure the degree
of perturbation by man  Patrick, 1983!. Therefore, we
believe that the water quality variability  iz, hypoxia!
phys a rale in our observ ations. This was
independently cor firmed hy in-depth observations of
organic-carbon and rutrogen chemistry in Core 10 and
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other oores within the study area which will be
preserued nexr.

Surface organic carbon concentrations  first
panel. Figs. 12A<! were grearer tbsn 13%, similar to
previously reported values for the northern Gulf shelf
 Shohes, l976; Entaeroth, 1982! and thmugbout the
teccrd of this century until a relatively constant
badtgrc¹tnd level of approximately 03% is reached
below a depth ceneqmnding to approximately 1945.

The organic carbon isotope ratio data is shown
in the second panel for each core  Figs. 12A-C!. The
surface intervals are isotopically light aud inay be
coutatninated or contain materials  such as labile,
isoiapically light lipids! that are rapidly remineralizcd
near the sediment-water interface, and thus are not
char eteristic of the materials that are eventually
crauohdated. Below the first cm, the "C values from
Co» 10 are heavier  more marine! near the surface,
thea get lighter downcore to a relatively constant value
below the early 1960s horizon. The overall downcore
change in "C is small, less than 1%r, but real.
Triplieates  split seditnent samples! of three depths for
Cote 10 aud two depths for station 2 provide an average
~ tandsrd deviation of 0,06%». The ~ in "C at
Core 19  within the region of recurrent hypoxia! is
larger than thai of station 2. At this station thc 'C
peaks at the 1930s level, although tbe overall profile is
virtually constant. The profile for station 17  Fig, 12C!
appears to be an inverse of Core 10, a progressive
increase in "C values downcore implying a decrease of
terrestrial component dowucore,

Tbe nitrogen isotope recomb in all three cores
 third panel, Figs. 12AZ! decrease downccm 6om
heavier values to a relatively constant value below the
mid 1960s, %'ith this tracer, the decreases downcore
were approximately the same, approamately 15%.
Del-"N has been used with success in identifyin

gsources of ~tary  Coaldey et al., 1992! and
organic  vau Dover et al., 1992! uittogen Del-"N is
also known to fractionate biologically  DeNuo aud
Epstein, 1981!. becoming heavier as it moves into
higher organisms.

The change in the "C of the redirnent CaCO,
illustrated in the forth peel of Figs 12A-C,

Although there have been some species shifts in tbe
forarauiifera in the core from Core 10, Nelsen et al.
�994! report that lhIIjttgttt JIa ggg~gjagxggli andKyittrttttirtcLlrt xittaa have been the predominam benthic
forammifera, averaging 42 and 23 % respectively of tbe
total populations throughout its' length. Less than 5%,
of thc biogenic carbonates ct¹rld be attributed to pelagic
forauurufera and virtually no non-bio~c carbtuuues
were observed  Hood and Bladtwelder, pers. coaun.!.
Beguuung around 1940. the "C of this carbonate

material became lighter by approximately 04%a, with
a similar change at station 2, but smaller at station 17.
If primary production increased in the past century, we
would expect to see lighter carbonate carbon as more
isotopically light organic matter deco~ in the
bottom waters and was incorporated into benthic
foraminifera tests, Thc filled circles in tbe data for

Core 10 are values for ~ tttncllg ~gggttj sorted by
Terri Hood.

Summary and Conclusions.
If benthic foraminifera population studies and

glauconite abundance trends are viewed together, a
coherent picture begins to emerge. These trends are
temporally linked to known anthropogenic loading of
fertilizer application  Fig, 1IC! during this century
 SAUS 1991-1975; Berry and Hargett, 1987!, Thus, by
inference they arc linked to the resulting urereases in
nutrient flux down tbe Mississippi River  Bratkovich
atid Dinnel, 1992!. Our working hypothesis is that the
upcore increase in glauconite abundance, coupled with
decreased benthic foraminifera species diversity, is
related to anthropogenic forcing. AIthough benthic
foranundcra were analyzed for only seven levels, a
comparison of Fig. 11A vs. B indicates that tbe more
diverse pre-1940's populations  mean SWDI = - 1,06!
coincides wirh low glaucouite values. After the early-
1940's, less diverse benthic foraminifera populations are
reflected in a reduction in the SWDI  metm = W.68!-
This upcore diversity decrease coincides with highly
elevated glauconite abundance values. These transitions,
at -1940, temporally coincide with the urflcctioa point
for increase application of fertilizer in the United S tates.
We propose that this relationship is the first evidence of
bnkage betweea the abundance of an authigenic phase
 glauconite!, biological species shifts, and an
anthropogenic input factor,

Cores represcntiag approximately 100 years of
accumulation also have increasing concentrations of
organic matter over this period, indicating increased
accumulation of organic carbon, rapid early diagenesis,
or a combination of these processes. Stable carbon
isotopes and organic tracers show that virtually all of
this increase is of mariac origin. Evidence from three
cores neat' the river mouth, two  stations 10 aud 17!
within the region of chronic seasonal hypoxia aad one
nearby but outside the hypoxic region  station 2!
indicate that changes consistent with irtcreased
productivity began by approximately the rnid-1950s
when tbe inorganic carbon ia benthic foratninifera
rapidly became isotopically lighter at boih stations-
Beginning in the mid 1960s, the accumulatiou of
orgamc matter, organic d' C and d' N all show large
chatiges in a direction consistent with iricreased
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SEDIMENT METABOI ISM AND HETEROTROPHIC BIOMASS
ASSOCIATIED WITH THE MISSISSIPPI RIVER PLUME
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Mississippi delta  Twilley et al� this volume!, The
invertebrate biomass was low, but the bacterial biomass
w as high and cells were active to relatively great depths
ia these sediments  Figurc 2!. Downstream in the
plume, biomass of the bacteria was extremely high
 Figure 2! during hypoxic periods, If this biotaass
rcprescnts growth from the prccediug spring, a period of
about 90 days, theo daily production would aiaouat to
ca. 200 to 300 mg C m'd', a healthy proportion of
daily delivery of carbon to the sediments  Cruz-Kaegi ct
al. In revision!. During this period a fairly large
fraction of thc carbon is fixed into bacterial cells,
accordiag to these estimates, in relation to sulfate
reduction or oxygen demand, the two dominant
mechanisms for rciaineralizing organic matter. On the
order of 10 ce lls are responsible for the reductio-a o f ca.
onc nM SO, cc 'd '  Figure 2!,

Integration of sulfate reductioa in thc deeper
cores amounted to ca. 0.6 mM m h ', std. dev.E! 03,
whereas oxygen demand in the same spots was only
0,69 mM mah ', std. dev =027. DIC flux averag cd l . 14
mM m'-h' std. dev.=027! in the smne locations,
however, suggestin.g that a combination of sulfate
reduction and oxygen demand were respoasible for the
remiacralizstion of organic matter. Aa average of 110
mM ~ m 'h ' was regenerated into the bottoni water,
but it cau be estimated indirectly from the suia of the
nitrogen fluxes that 70 mM NQ, m '-h ' was consumed
by deuitrification. A comparison of these fluxes
suggests that utihzatiou of all the dominaat terminal

Iutruduetieu
The M~pi River system inaxiduces large

quantities of nitrate and fresh water on thc the narrow
continental shelf of Louisiana  Dirmel aud Bratkovitcb
1993!. One effect of this is high ~ produc tioa on
the continents shelf  Rcdaljc ct al, In press! Secondly,
the hydmgraphic stratificatio results in the bottom
water going hypoxic  Rabelais et al., 1991!. The
~ of the present study has been to describe aud
coritrast thc elfccts of the high input of plant detritus
versus debilitating low oxygeais on the biomass of

funcnonal groups of organisias along with
ttaut rates of processes on and in the sea floor,

Mettiods

Iu situ chambers werc used to measure fluxes
of metabolic compounds  sinks and products! across thc
sediment - water iuterface. These have been compared
t«ulfate reduction rates measured with "SO,-labelled
mcubatioas in sediments to depths of over a meter, The
stations werc located aear thc delta where accumulation
's high  ¹1 aad ¹4, Figure l!, and downstreain ia the
plume where hypoxia is most prevalent  C aud D
Stations, Figurc l!.

Results

Although concentratioas of organic carbon are
not tugh in the area  ca, 1.0 to 1,8%!  Trefrey et al� this

mne!. carbon burial is rapid due to accumulation of
otue lithogcnic suspended matter adjaa ai to thc

Abstra«:
Sadist metabolic processes associated with the Mississippi River plume are altered from those in typical

~tinentai shelf sediments due to high sediment accmnulation rates near the delta and intermittaut seasoaal low
oxygen conditions. Measurements have been made of sediment oxygea demand, inorganic nutrieat aad DIC
friction, and organic tuttegen fluxes across the sediment water interface using in sufi chambers. Sulfate reduction
nttcs within the sediments have been estimated with ship-board iacubations of "SO, iu sediment subsamples from
cores at the sarue sites where ia nru chambers were set. Direct counts of bacteria down the sediment column where
thc sulfate reduction measuremcnts were made allowed the estimation of anaerobic respiration per unit biomass, both
pf which on avcragc declined rapidly with depth. The largest biomass was found during hypoxic periods ia the
bacterial aymponcat rather than in the invertebrate component during normoxic conditions. The secondary producnoa
of sulfide oxidlzers during hypoxic periods coasumes large quantities of metabolic carbon dioxide generated within
the scdimmts, thus "re-fixing" organic matter remuieralized by anaerobic heterotrophs. photosynthesis on the bottom
and the ~acc of oxygen demand on oxygen conceatratioas during stratified oonditioas could contribute to small
diurnal variatious in oxygen ia thc deep low-oxygen water aad diminish the rate at which the deep water goes
hypoxic.



Fig. l Locations of GOMEX core samples from which biomass of bacteria, meiofauna and ~auna have beenassessed  in Cruz-Kaegi, Rowc and Harper ln revision!, Core incubations of 'S04 aud In situ chamber flux
data werc taken at Sta. I, 4, C6B 2nd D2A.
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electron acceptors matches the production of metabolic
by-products fairly well.

During periods of stratification, bottom water
light transmission increased, and primary production
occurred directly on the sea floor. An average rate of
ca.93 mg 0, m-d'  std.dev., »-� 34.8! was estimated by
cO2nparing OXygen demand in Clear and Opaque itt sit rr
chambers  Dortch et al. In press!.

Discussion
The ecosystem adjs':nt to the Mississippi

ef6uent is tnodtfitcd in ways which force the rates of
processes aud the biota in the scdimcnts to bc different
from typical continental shclvcs, WhiLe scdiruent
photosynthesis has been observed with our chambers,
this rate w as relatively small compared to surface water
column nutrient-enhanced productivity. However,
bottom and near-bottom photosynthesis may bc enough
to prevent hypoxic conditions from tLuniug anoxic,
which would in turn aUow toxic sulfide to penetrate the
water colutnn.

Biomass of bacteria durmg hypoxic conditions
reached high levels, 'Nese can be heterotrophic

Distribution of bacteria aud invertebrate
biomass at hypoxic area stations at various
levels of bottoru water oxygen, C7 was in a
mat of Beggiatoa sp. sulfide oxidizing bacteria,
whereas D2 was in black reducing mud without
8 sutficial tost{from Cruz-Kacgi et al.,
revision!, GVS was taken at siroilar water
depths, but far to the west of the other sarnpl«
 sce Figure 1!.
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Table l. Ab!mdaacc of macrofauaa, mciofauna and
bacteria at two areas of the Texas-Louimem Shelf {from
Cruz Kaegi et al. Ia revision!, Values in parentheses
are standard deviatioas.

Table 2. Macrofauaal, mciofanaaL aad bacterial biomass
at two areas of thc Texas Louisiana Shelf {from Cruz
Kaegi et al. In revision!. Values ia parentheses are
standard deviations,

anaerobes {sulfate reducers, D2 ia Figure 2!, but the
highest biomass encountered was in the sulfide oxidizers
{C7 in Figure 2!, thus suggesting that considerable
carbon can be stored in living forms for traasient
periods of days to months, even though this is derived
from carbon dioxide rather than organic matter.
have no information oa how this living carboa might be
transferred to other components of the ecosystem, both
living and detrital. We do aot know if these populatiorrs
are top down or bottom up controlled, but the few
invertebrates which colonize these sediments {tnostly
slnaU polychaetes aad raeiofatma! during periods wheu
oxygen concentrations allow it, do not accessarily
appear to be species which selectively prey oa bacteria.

In roast ecosystems, oxygen demand is a good
indicator of total heterotrophic metabolism in scdi~,
Ia these sediments however oxygen did not ~unt for
total metabohsrn principally because low oxygen
concentrations inhibit oxic respiration. In these cases,
DIC flux measurements have proven to be useful as a
measure of aet reactions, but we must assume that both
chcmolithotrophic and heterotrophic reactions are going
on simultaineously at different redox potentials ov«r a
aarrow depth range, as well as ia and out of sbiological
features" in the surficial sediments,
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The disttibutioa aad characteristics of bottom water hypoxia was documented on tbe Louisiana sb« for1985-1993. The infiucnces of the Mississippi River werc especially evident during the. late spring and susarrmrfloodiag of 1993. Tbc temporal aad spatial linkages between freshwater inflow  and subsequent nutricat flux! aaduct surface water productivity aad bottom water oxygen deficiency are clear, These relationships led us to exatiiiaelong-term chaagcs in Mississippi Rivernutrient concentrations aad flux,autrient structure on tbe adjacent continentalshelf, aad responses of components of tbe ecosystem to long-term cbaages. Significant increases in Mississippi Rivernutrient eoucentratioas and loadiags of mtratc and phosphorus aud decreases ia silicate have occurred this centisry.aad accelcratcd since 1950. Coase'qucntly, inajor alterations have occurred in the probabJc limitation of specifiautrients, autricnt ratios, aad overs!] stoichiomctric nutrient balance m the adjacent continental shelf sys«in-Coasequenccs of shifts in nutrieat balances in tbc systein are manifested in cbaages in silicate-based pbytopbinktonresponse aud trophic structure, phytoplankton community structure, sediment carboa accuraulatiou, aad indicatorsof bottom water oxygen stress,

latroductloa

Oxygen-depleted bottom waters arc scasoaally
dominant features of thc Louisiana continental shelf
~ djaceat to the deltas of the Mississippi and Atcbafalaya
Rivers {Rababiis et al., 1991; 1992a, in press!. Tbe
areal extent of bottom-water bypoxia � 2 mg l'
dissolved oxygen! ia mid-summer may cover up to
9PR km2, with spatial configuration varying
interanaually. More frequent sampling along a transect
on the southeastern shelf, and continuous time series
data off Terreboane Bay, document hypoxic bottom
waters as early as February aad as late as October, with
widespread, pers'isteat and severe hypoxia/anoxia from
mid-May to mid-September. Spatial and tctaporal
variabibty ia tbe distribution ofhypoxia exists and is, at
least partially, related to the amplitude aad phasing of
ibe Mississippi River discharge and, consequently, to
autiient flux to the coastal waters and subsequent flux
of carbon f'rom surface waters to tbe lower waar
column aad scabcd. physical features of the system.
e.g., large-scale circulatioa patterns, strong aad
persistent density stratificanon, aad destratifieation duc
«wmd-mixing events from Jocal winds, tropical storm
activity aud therma} fronts, also control tbe dynamics of
hypoxia. Tbe influeace of ibc Mississippi outflow was
especially dramatic during ihc late spring aad summer
of 1993 wbea sustained freshwater inputs and autricat

flux occurred when flows arc usually lowest  Rabalais
et al., 1994!. In tbe first part of this paper we present
conditions of bypoxic environments ia 1993 coinpared
to long-term averages,

Seasonal dynamics of nct productivity in the
northern Gulf of Mexico are coherent wiib the dysiaanics
of freshwater discharge  Justic' et al., 1993! Tbe
surface layer in tbe Gulf shows aa oxygen surplus
during February-July; the maximum occurs during April
aad May and coincides with the maximum flow of tbc
Mississippi River. The bottom layer, on tbc contrary,
exhibits an oxygen deficit throughout tbe year, but
reaches its highest value iu July which is also tbc period
wbca surface-to-bottom density differences arc greatest.
Cross correlatioa analysis shows that the correlation
between Mississippi River flow and surface oxygen
surplus peaks at a time-lag of one month and that
highest correlation for bottom oxygen deficit is for a
time-lag of two months  Justic' et al�1993!. These
findings suggest that the oxygen surplus in the surface
layer depends on nuuieats coining from tbc river rather
tbaa onnutrients that have beea regenerated ia tbe water
column or from the sediments. An oxygen surplus also
means that there is an excess of organic inatter derived
from primary producnoa which can be redistributed
within the system, some of which will eventually reach
the lower water column aad scdimei.ts, The



developtneut of summer hypoxia is associated with the
decay of organic matter accumulated during spring
phytoplankton blooms. These findings demonstrate a
close coupling between ri ver borne nutrients, nct
productivity and hypoxia, as weil as the iinplications
that anthropogeuic nutrieut loads can alter a coastal
xnarinc ecosystem.

The close linkages between freshwater inflow
 and subsequent nutrient flux! and uet surface water
Introduction and bottom water oxygen deficiency led us
to document long-term trends in nutrient structure
 riverine and continentaJ shelf!, and the responses of
various components of the ecosystem to these changes,
These results are presented in the latter sections of this
paper.

Methods
Data for hypoxia distributions and related water

column features were drawn from mid-summer
shelfwide cruise for 1985-1992, and siinilar monthly
data for Station C6A, C6B, or C6 an the southeastern
Louisiana shelf. Standard water column profile data
werc obtained from a Hydroiab Surveyor II, Hydrolab
Surveyor 3, or a ScaBird CTD system. All dissolved
oxygen probes were calibrated and quality controlled
with Winkler titrations; conductivity was calibrated by
discrete measurements on an AutoSal salinometer,
Chlorophyll a concentrations werc determined
fluoroinetrically  Parsons et al., 1984!.

While the influcncc of the Mississippi and
Atchafalaya Rivers is far-ranging, we have limited our
discussion of long-term effects discussion to tbe arcs
influeucedby the immediate and extended plumes of the
current birdsfoot delta, in the Mississippi River bight
west to about 90'30W  the entrance to Terrebonuc
Bay!, We refer to aur completed research and data
syntheses and coinparisons ta data in the literature
 Rabaiais et al., submitted!.

Results and Discussion
Characterisncs of hypoxia �993 vs. long-term

averages} Above normal freshwater inflow and nutrient
flux fram the Mississippi and Atchafaiaya Rivers from
late spring well into mid-summer, when flows are
usuaUy lowest, were clearly related in time and space to
hypoxic water formation and maintenance on thc
Louisiana-Texas shelf in 1993. Mouthly monitoring
cruises along transect C and the deployment of the
msttument mooring at station C68 occurred in March
through November 1993. These data were compared to
monthly data collections in 1985-1986 and 1989-1992.
At the site of the insnument mooring, hypoxia occurred
for much of the record  Fig. i! in April and f'rom late
May through mid-June, Heavy winds and seas,

resulting from the tropical depression which crossed the
Gulf of Campeche and came ta shore on the south
Texas coast, reaeratcd thc water column in late Junc.
Hypoxia was re-established in early July at station C6B,
and hypoxic/anoxic conditions prevailed through carly
October. Subsequently, a series of frontal passages with
high winds aud seas, thermal coohng of the surface
waters, and subsequent breakdown in the strength of
water column stratification, lead to the dissipation of
hypoxia. Surface water sahnities were inuch lower at
station C6B in 1993 compared to pn:vious years,  Fig,
2! as a result of sustained freshwater inputs of the
Mississippi and Atchafaiaya Rivers, Nitrate
concentrations in surface waters are normally cievatcd
in spring �985-1992!, but continued at higher than
normal ievels through sununer 1993. Siiuilarly, siJicate
and phosphate concentrations were also higher than
normal in suinmer 1993. Surface water chlorophyll a
concentrations arc also elevated normaUy in spring, bnt
continued at much greater values through October 1993
 Fig. 2!. Bottom water dissolved oxygen follows au
annual decline through the spring with lowest average
values in June-August  Fig, 2!. During 1993, bottoin
water dissolved oxygen values were similar, until the
peak in flooding in August and September, when
extensive areas rcmaincd anoxic for cxtcnded periods
 Figs. 1 aud 2!.

Qn a sbelfwide scale, surface water signanue s
of less saline, nutrient-rich, and high chlorophyll a
biomass waters paraUelcd thc sustained aud high
freshwater outflow of the flooded Mississippi River,
Persistent westerly and southwesterly winds for much of
July through mid-August retained large volumes of this
fresh water on the Louisiana shelf and upper Texas
coast, Results from duce cruises in July 1993 that
inappcd bottom water oxygen deficiency indicated that
thc bypaxic water mass extending onto thc upper Texas
coast in early to mid-July was pushed back onto the
Louisiana shelf in late July. Thc size of the area
mapped during the July 24-29 NECOP Hypoxia
Monitoring cruise was approximately twice as large as
the average area mapped in previous mid-sununcr
cruises �985-1992!  Raba}ais et al�1994!. Saliniiies
between 15 and 25 ppt covered much of the
southeastern shelf surface waters, where vaiues averaged
25 to 30 ppt, and surface tvater salinities for additional
areas of the shelf were lower than the long-term
mid-summer average  Fig. 3!. During late Ju!y 1993.
surface water nutrient concentrations were especially
elevated on tbe southeastern shelf  Rabalais et ai.,
1994!, along with chlorophyll a biomass  Fig. 3!.
Lower thail long-term average bottotn water dissolved
oxygen values v erc found over most of the Louisiana
inner shelf along the 20-m isobatb  Fig. 3h which
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refitted sn mtegration of surface water characteristics
over tbc preceding 3-4 weeks.
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It»er Water quality data for thc lower Mississippi
River. previously elaborated by Turner and Rabalais
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�991!, indicate that the mean annual concentration of
nitrate was approximately thc same in 1905-1906 and
1933-1934 as in thc 1950s, but it doubled in thc last 35
years, The mean annual concentration of silicate was
approximately the same in 1905-1906 as in thc carly
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Fig. 2. Comparison of 1985- 1992 moatbly averages at
station C6, C6A or C68  prcfexcatially selected
order! to 1993 monthly average. at station C6B
for surface water salinity  upper panel!, surface
water chlorophyll a  middle panel!, and bottom
water dissolved oxygen  bottom panel!.

1950s, thea it declined by 50% The concentration of
silicate increased from 1985 to 1988, whereas thc
concentration of nitrate decreased slightly in that period,
Although thc concentration of total phosphorus appears
to have increased since 1972, variations between years
arc larg c. Tbe silicate-nitrate ratios have changed as the
concentrations varied  Turner aud Rabalais, 1991; ia
press!. Thc silicate: nitrate atomic ratio was
approxixnately 4:1 at the beginning of this century,
dropped to 3:1 in 1950, and thea rose to approximately

43:1 during thc next ten yeaxs, before plumxnenng to
1:1 in tbe 1980s, There has bcca a modest rise ia the
recent three to five years, as a result of tbe sinmltancous
increase of silicate aad dccrcase of nitrate
concentratioas.

Tbc proportioas of dissolved Si, N and P in the
lower Mississippi River have changed historically in a
way that now closely approximate tbc Rcdfield ratio
 Si: Nsp = 16:16: 1!  Justic' et al., ia press a,b;
submitted!. We compared the data for two periods:
1960-1962 and 1981-1987. By applyiag the Rcdfield
ratio as a criterion for stoichiometric nutrient balance.
oac can distiaguish between probablc P-deficient,
N-deficient. aad Si-dcficicat rivers, and those having a
we JJ balanced uutricat structure. Thc nutrieat ratios for
the Mississippi River �981-1987 data base! show an
almost perfect coiacidence with thc Redficld ratio
�ustic' et al� in press a,b; submitted!. Thc proportioas
of Si, N aad P have changed over time in such a way
that they now suggest a balanced nutrient structure.

The seasonal patterns in nitrate aad silicate
concentratioa have also changed during this century
 Turner and Rabalais, 1991; ia pxess!. There was no
pronounced peak in nitrate concentration earlier this
century, whereas there was a spring peak from 1975 to
1985, prcsuxnably related to ~ agricultural
activities  i.e., fertilizer application! timed with
long-term peak river flow. A seasonal suxumer-fall
maximum in silicate con~tratioa, in contrast, is no
longer cvidcnt. Consequently thc seasonal signal of
silica:nitrogen atoxaic ratio has also changed, Tbe
seasonal shifts in autricnt conccatratlons and ratios
becomes increasingly relevant in light of the close
temporal coupling of xivcr flow to surface water aet
productivity aad subsequent bottom water oxygen
dcficien,cy  Justic' et al., 1993!.

JV555rxenr Sfr29csure Ojadjncenl Connncnral Shelf
We analyzed extensive nutrient data sets from the
northern Gulf of Mexico to demonstrate that coastal
nutxicnt structure may reflect long-terxn changes in tbe
proportions of dissolved Si, N and P in riverine loads
 Justic' ct al� in pxess a,b; submitted!. Comparison of
the reconstructed data with the available historical
nutrient data  Thomas k Simmons 196 !. Turner and
Rabalais in press! showed a rcasoaable agrccmeut.
Comparison of measured and reconstructed autrient data
revealed long-term changes in propoxnoas of autricats
in thc surface waters  Justic' et al. in press a,b;
submitted!. The reconstructed nutrient ratios for 1960.
ou average, scattered further froxn thc center of the grid
than the recent data. By applying the Rcdfield ratio as
a cxitcrioa for balanced nutrient stxucture, it appeared
that P and N deficiency decreased while Si deficiency
increased. Equally important, recent nutrient rados
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~at tered very dose to tbc Redfield ratio, suggesting au
sinsost perfectly balanced nuuient structure,

Because stoikioaw'.txic limitation ~ anlv
w bether Iinutatiari is likely. probable limitation  Dortcb
anal %'bitlcdge, 1992! was also assessed basses y conlpaGIlgthe ambient nutrient concentratiaus th m ks'aus wi me ks fornutrient uptake aud. in tbe case of Si, a thresh I
oi upt . lots of relative Ixotiuencies  lustic' ct al
m press al showed thai dissolved N concentrations inthe surface layer of the northern I".iulf of Mexico during
I3% of the cases. Reactive P was below O.l pV, '
17% ofthece ases. wbik reacti ve Si concentrati Ious owelthan yM occurred in 25% of tbc cases,

C hanges in phyioplanixon species composiriors
Tbe changes in riverine and coastal nutrient
concentrations aud ratios over time suggests that thcrc
should be observable changes in phytoplankton species
composition. Published reports of ph ytoplankton species
composition for 1955-1957  Simmons and Thomas,
1962! and 1972-1973  Fucik, 1974; Ward et al., 1979!
were compared with recently obtained data   1990-1993!
 Doxtch et al., 1992,;unyubl. data!  Rabalais et sl
submitted!. Thc qualitative comparison indicated the
following:

�! Demonstrable changes have occurred in the
diatom and non-diatom species composition booxn the
1950s aud 1970s to present. Some heavily silicified
diatom species are either uot observed at aII in rcccnt
sainplcs or are much less dominant.

�! Simiiarlv, more lightly silicified diatoms.
especially at higher salinities, are documented for the
19lOs and present, but not for 1955-1957.

�! Methodological differences precluded
conclusions about changes in non-diatoms, but the
pbytoplankton at C6A and C6B in 1990-1993 werc
often numerically dominated by small flageilatcs and
cyauobactcria, Also, several species with ixuportance to
buinau health arc now present but were either absent
before ox have increased in dominance,

Sdicate-based phytoplankxon comirtsiniry
responsv Bien �958! first docmnentc-d the dilution and
non-conservauve uptake of sihcate m tbc Mississippi
River plume by sampling from tbc river mouth seaward

1953 and 1955, A notable charactcxistic of the
inixing diagram is that the concentration of silicate often
falls below the conservative mixing line, thus indicating
uptake. Uptake can be statistically modeled as a
deviation from this mixing line, which we did for 31
adcquateIy sampled data sets  Turner and Rabalais in
press!. We found that tbc concentration of silicate at
the 20 ppt nuxing point declined in thc last several
dcciules during the winter-spxing  Jan-Apr! and suxxtxxxer
mouths  Jun-Aug!; however, there was no disccrxtibie
change during thc fall-winter xnonths  Oct-Dec!. We
normalized for tbe cf'fects of vaiying concentrations in
tbe riverine cnd-member  e.g., Lodcr and Rcichaxd,
198 I! and compared the cstimatcd net silicate uptake at
30 ppt as a function of silicate riverine cnd-inember
iudic
concentrauon. Non-conservanve uptake of silicate wasicatcd in all data collections. Tbe net uptake  at 30
ppt! above dilution ranged from 1 to 19% of thc
mtercept concentration, aod tbe data groups for before
and af«1979 axc remarkably similar. Further, the net
» 'cate uptake appears to bc even higher after 1979,
than befoxe 1979. In other words, although silicate
concentrauons have dcclincd in tbe past few dccadcs,
e n«uptake has stayed thc same, or even increased.
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Biologically bound sihca and carbon
aces tttu latinn Wc documented that surficial sediments,
directly downstream and beneath thc surface
riverine/estuarine dilutioa plume, reflcctcd the in situ
primary production. aud subsequent transport of organics
froin surface to bottom waters within thc Mississippi
River bight  Rabalais et al., 1992h; Turner aad Rabalais,
1994!. We further quantified thc silica in the skcictal
remtuns of diatoms sequestered as biologically bound
silica  BSi! in dated scdisneat cores frota thc saiae
region  Turner and Rabalais, 1994!. The general pattern
that einerged was an equilibrimn accumulation of BSi
from 1800 to 1900, then a slow rise, followed by a
more dramatic rise in the past two decades, The pattern
iu %BSi changes parallels the documented increases in
nitrogen loading ia thc lower Mississippi River over thc
same period that tbe silicate concentrations have bccu
dccrcasing, lf tbc assumption is iaade that thc BSi:C
ratio at the titne of deposition reruaiucd constant this
century, then the increased BSi deposition represents a
significant change in carbon deposition rates  up to 43%
higher in cores dated after 1980 thaa those dated
bctwcen 1900 to 1960!. Wc concluded from our
analyses  Turner and Rabalais, 1994! that the organic
flux of diatoms from surface to bottoia waters beneath
thc Mississippi River plume increased this century.
These changes were coincidental with changes ia
riverinc iutrogen loadings and resulted in higher organic
scdimcntation in bottom water layers,

Consequettces of /typoxic bottom water
fortttation and severiry Wc used dominance treads of
benthic foraminifera to determine their usc as indicators
of reduced oxygeu levels and/or carbon-enriched
sediments  Sea Gupta et al., 1981; Sen Gupta and
Machaia-Castilio, 1993!. Soine downcore shifts ia
species abuadauces at Station G27 in the Mississippi
River bight  where mid-summer hypoxia frequency was
50-75% during 1985-1993, Rabalais et al�submitted!
werc interpreted as foramiaifcral responses to increasing
oxygen stress  Sca Gupta et al., 1993, 1994!, In thc
context of modern hypoxia, species distribution ia dated
scduacnt cores revealed stratigraphic trends in the
Auuaoaia parkinsouiaaa/Elphidium spp. ratio th at
indicate au overall increase ia oxygen stress  ia intensity
or duration! in the last 100 years  Rabalais et al�
submitted; Sen Gupta ct al� in prep.!. In particular, the
stress seems cspccially severe since the 1950s. Thus,
thcrc are indications that oxygen ddicieacy stress
incrcascd as nutricat loads and carbon flux to the seabed
increased.

Suiamary of Lung-Term Tread»
Mississippi River nutrient coacentratioas aud

loadings to the adjacent continental shelf have changed

dramatically this century, with an accclcratioa of these
changes since the 1950s. The concentrations of
dissolved N aad P doubled aad Si deere.ascd by 50%,
thc dissolved Si;N ratio dropped Som 4:1 to 1:1, aad
seasonal trends have changed. The resulting nutrient
structure in the receiving Gulf waters shifted towards
stoichiometric nutrientratios that arc more balanced than
previously, N aud p are indicated to be now lcss-
limitiag to phytoplanktoa growth, while some increase
ia Si luaitatioa is probable, Ia spite of a probable
decrease ia Si availability, tbc overall system response
appears to be increased productivity, as. evidenced by �!
equal or greater aet silicate-based phytoplankton
community uptake of silica, and �! accumulatioa of
biologicaily bound silica in sediments. The increased
%BSi in Mississippi River bight sediments that parallels
iacrcascd N loaciing to the system is direct evidence for
the effects of eutrophication on the shelf adjacent to th»
Mississippi River, Individual pbytoplsnktoa species
compositioa shifts  heavily silieifled diatoms--!
lightly- silicifieddiatoms; diatoia- � > noa diatom! wouM
indicate some population-level responses to reduced Si
supplies and/or changes in nutrient ratios. Finally, an
aaalysis of benthic foraminifcra iadicatcs aa increase iu
oxygen deficiency stress this century, especially since
thc 1950s. Increased bottom-water hypoxia could result
from increase organic loading to the seabed and/or
shifts in material flux  quantity and quality! to thc lower
w ater column.
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Intradnctton

Oae of tbc major objectives of the Nutrient
Enhanced Coastal accrm Pxoductivity {hIECOP!
Pxogram ls to imderstand the fate of aittneats aud
cagauic matter in tbe Mississippi River Plume and
adjacent continental shelf. It is hypothesized that the
antbxopogenic nntnent eaxichment has significantly
modified the ia situ production of biomass leading to
altered oxygen dyaamics in this region, and as a result
has impacted rcgioaal fisheries and, potentially, the
global carbon cycle, The rate and efficiency of material
cychag through both benthic aad watcr~olumn
commuaitics arc ceatraI to tb» ultimate fate of inoxgaaic
autrients aad orgaaic matter within the LIAR region,
~ ad land-auugin ecosystcms in generaL Of particular
imfextaace to uadcrstandiag ccosystcm response to
autncnt cab~ment is an understanding of those
processes directly concerned with the input,
rcmincrallzatioa, aad loss of nutricnts, The coupling of
tbese pea,sacs is ccatral to uadcrstanding tbc linkages
of nutricat cari*ment to tbc development of hypoxia in
this xegioa of tbc Louisiana shelf ecosystem. Previous
studies of deporution suggest that thc proximal region of
the Mississippi Ri vcr phune is a zone of extreme input
of aoocbthonous particulate material to the seabed,
Much of this material appears to bc remineralizcd or
transported out of tbc region. Aa important focus of this
report is to determine tbc relative coatriburions of
deposition, regeneration and redistribution, and burial to
tbe fate of sediments and antrients in the Louisiana shelf
ccosystcm.

Ma thodalogles
Dr.pasrrrrrrr rrrrrf Brrria/. - This study utilized

naturally occurring  ' Th and " Pb! radicnuclldes to
determine rates of deposi rion aad scdimentatioa, These
radionuclldcs are very particle-reactive  ic�rapidly
sorbed onto particle surfaces! and have pxoven to be
very useful as particle tracers  Bxucckcr et aI. 1973;
Santschii et al .. 1980!. Bccausc of natural radioactive
decay. these radionuchdes arc particuhtrly useful in
euuaining rates of sedixncntary processes at two titne
scales based ou thar balflivcs. "Tb �4 day half-life!
is used to examine processes that occur oa a time scale
of days to moaths  e,g., sediment deposition reJatcd to

flood aad storm events!, while "Pb �2 year balf-Iif'e!
is used to examine processes th at integrate over a period
of 10 to IOO years  e.g., sediment accunudation during
the past century!.

Box core samples were collected from 42
stations in Mississippi River plume region. Additional
cores were collected from selected stations within this
grid after high and low discharge periods for
measuremcnts of "Th. Large diameter �6.5 cm!
subcores werc taken from box cores at each sampling
stahon. Each core was carefully extruded and
simultaneously subsectioned at prccisc 05- 1,0 cm
intervals. Yie]d tracers  'nU/""Th, Po! were added to
the dried core samples, then leached with a combination
HNO�HCl and HCIO, solution. Thorium and atranium
arc isolated and purified via iott exchange methods,
plated onto stainless steel planchets and counted on a
Iow-background beta detection system  McKec et al.
1986!. "'Po is spontaneously deposited onto silver
planchets and "Pb is measured via thc poloniuxn
method  Nittrouer et al. 1919!. The deposition and
accumulation  burial! of carbon, nitrogen and
phosphorus ia bottom sedixnents was calculated from th c
followmg equation  Hatton et aI. 1983!: A = Cd x R x
D x 104  g m' yr '!; whcrc A is the rate of nutrient
deposition or burial, Cd is the dry mass nutrient
conceatratian, D is bulk density, and R is the
sedimentation rate  dcterxnined by ' Th or "pb!.

Brrrxhr'c Regerrcraiiorr - A benthic flow thxough
micxocosm system  Miller-Way and Twiiley 1991! was
used to quantify ambient flux of autrients across the
sediment-water interface. Thc IIow through system
consists of three basic componaits: I ! intact sediment
cores of 30 cm height aad 15 cm diameter coI!ected
from box cores, 2! supply reservoirs of Rtercd �2 Am!
ambient water collected from depth using thc ship' s
CTD system, and 3! the peristaltic pump which supplies
each core with ambient water at precisely controlled
flow rates. A homogeneous water cohunn is achieved
using miniature stir plates which drive an internally
mounted Nalgenc stir bar. Cores are incubated in the
dark onboard ship at ambient conditions, A nutumnm of
three successive time determinations of process rates
was made on triplicate cores, Flux rates were calculated
using mflucnt g! and effluent  E! concentrations by thc



Sedimentation at Station B50
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Fig, 1, laterannual estimates of sediment deposition at
station B50 on the Louisiana shelf based on
' Th romsaaumcralsindicatcLaSERcichisel,
and the 100-yr average accumulation rate for
this station based oa " Pb  dashed linc!.

following crluatioa; �-E! V I A = Flux; whcrc V is thc
flow rate aud A is thc surface area of thc core. At the
ccssatioa of each rua, sedimeat samples were analyzed
for total carbon, nitzogca aad phosphorus, Total carbon
aad nitrogen was dctermincd using a LECO Elcmcatal
Analyzer, while total phosphorus was determined by
dissolving ashed samples with HC1 aad assaying for PO,
concentratioas.

generally less at downficld stations. During tbe low low
period, river discharge decreirses by about 85%,
resulting in reduced riverine input to thc shelf

Depositioarates �00-day dmc sade! within the
plume region of the Mississippi River  Fig. 1! are 5-10
times greater than tbe scdhneat accumulatioa rates
�00-year dme scale! determined using "Pb. The
contrast in fate of tnaterials dcpositcd to the scabcd
based oa relative rates of depositioa aad burial indicate
that a substantial portion of these materials may bc
rcdisuibutcd, Redistribution tnay occur frotn the shelf to
shelf slope, or to more distal parts of tbe dispersal
system aloag the shelf. Redistribution of materials
delivered during high river flow leads to a more uniform
distribution of particulates throughout the dispersal
system,

Seasonal deposition of allocbthoaous organic
matter during spring provides thc predominant
mechanism for sustaining peak rates of benthic
regeaeration in the pltuac tegioa of thc shelf Duriag
April, ammonium regencratioa in tb» plume region
 station B50 and C50! may exceed 500 umol m' h ',
compared to fluxcs of less than 200 mnol m' h' during
low,Ever discharge in September and October, Further
downficld  stations D50 snd E50!, ammomum
regeneration is generally less tbaa 200 urnol m' h'.
Season differences in benthic regeneration arc most
evideat nearest thc mouth of the Mississippi River,
while rates are more constam both temporally and
spatially in morc distant regioas. The link between
sediment deposition aad benthic auirieat regeaeralioa is
dearly demonstrated in results of silicate flux at near
and far - field stations on the Louisiaaa shelf  Fig. 2!.
Fluxes of silicate across th» scdimcn -water interface to

Results and lliseussiou
Thc plume region of river-dominated land

margin ecosystems arc sites of high sedimentation of
allochthoaous carbon, nitrogen and
HOwever, autricat retention may vary Within the plume
region, particularly during high flow, depending on
rhffercaces in depth aud circulanon. A conunoa
observation in river-do~ cnviroameatsis that most
« tbe scditneat discharge is initially dcpositcd near the
river mouth; sedimcutation rates decrease with
urcreasing distance from the river  De~et al. 1985;
Nittrouer et al. 1987!, Deposition rates cakulatcd from
samples collected in April of tluec consecutive yeats
range from 69 to 436 gdw m' d' near the mouth
 station 850! of southwest pass  Fig. 1!
rater anauid variaaoa reflects rhffcreaccs ui cumulM~
discharge during tbc 3-4 months prior to samphng.
Rates of deposition for suailar discharge periods werc

i cps
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Benthic fluxes of silicate to the water column
reladve to sediment deposition rates  based on
'"Th! for differcat stations aad cruises on the
Louisiana shelf.
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Fig. 4. Mass balance estimates of sediment, carbon
aad nitrogen in a 5416 km' region of thc
Mississippi River plume based on riverine
inputs of particulate raatcrial and burial �00 yr
time scale!.

mateat of sediment load, res~tively  Tracy et al,
1991!. The annual input of sediment, carbon, and
nitrogen �.14 x 10", 0.114 x 10", and 0.0 16 x 10" g
yr', respectively! were divided by study area  Fig. 3! to
determine loading in units of g m' yr '  Fig. 4!, All the
scdimettt input from the river caa be accounted for by
the accumulation of sediment in the study area of thc
Louisiana shelf  Fig. 4!: indicating that while there may
be areas of excess deposition followed by redistribution,
most of the sediment retrains ia this region of thc shelf
This has important implications to the mass balance

Fig. 5. Mass balance estimates of sediment, carbon.
and nitrogen during high river flow at station.
C50 based on inputs ' Th!, burial   "'Pb!, and
biochemical reactions in the scdunent  flux
studies!. Redistribuuoa is based oa scdimeat
excess between input and accumulation, and
particulate coacmtrabon ia surface ~nts
of 1 4% carbon aad 0.175% nitrogen

cstirnates of carbon aad nitrogen  Fig. 4!; thc deficit
between input and accumulation is associated with
biochetaical processes rather thaa export Burial of
carbon is 59% of riverine input of particulates, while
nitrogen accurnulatioa accounts for only 31 % of
nvcrine input The deficit ia carbon indicates that the
contribution of the particulate carbon to respiration of
this study area is 263 gC m' yr ', or 0.072 gC mt d ',
other sources of respiration in the system are from DOC
inputs aad is siss production, This preliminary mass
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Fig, 6. Conceptual model of tbc fate of organic matter in the plume and mid-shelf region of tbe Louisiana shelf
mesystem.

Nitrogen burial is only 13% of seasonally high input
and a huge percent is redistributed  Fig. 5!. Tbc bal ance
of nitrogen at C50 during April, 0.077 gN tn' d', is
similar to direct estimates of anunonium regeneration of
OD67 gN m d' �00 umol m b '!. During high river
flow, only a small portion of materials deposited in
near-field locations to southwest pass arc stored or
biochemically processed; a majority of ruaterial is
transported to other locations on the shelf

] lg

balance of sediment, carbon aud nitrogen, give insights
into tbe metabolism of this region of tbe Louisiana
shelf. Even though temgcuous organic matter is uot as
biologically rcactivc as its marin«counterpart, Ibe
recycling of a small portion of thc annual discharge of
the Mississippi River � x 10" gC; Malcolm and Durum
1976! may have a major impact on coastal ocean
productivity.

Comparison of seasonal inputs of materials to
the scdimtmt based on Tb-234! relative to burial  based
on Pb-210! indicate tbe seasonal nature of
benthic-pelagic coupliug  Figd!. Sediment input �! to
station CSO, about 15 km from tbe mouth of southwest
pass at a water depth of 50m, was about X3 gdw m d '
during high river flow. However, only 43 gdw m' d'  or
16% of input! is buried  B! at this station. Tbe

cr is redistributed  R! to other locations on thc
shelf. Thc redistribution of carbon aud nitrogen was also
estimated for C50 using the vahe for sediment
redistribution together with smface sediment
concentrations of carbon aud nitrogen  Fig, 5!. The
biochemical fate  BC! of carbon aud ni rogcn cau be
estimated by the following: BC = I -  B + R!. For
carbon, 14% of tbc input is buried aud majority is
rcdistributcd: thc balance is 0.75 gC m' d', which is
similar to direct measures of respiration at this station.

Conceptual Model ol' Shell' Processes
Thc interrelationships among rates of tnatcri al

cycling through both benthic and water-column
communitics play an important role in thc ultimate fate
of inorganic nutrieuts and organic matter within land
margin ccosystems  Fig. 6!. Tbe coupling of benthic and
pelagic processes contributes to elevated rates of

productivity in land margin ecosystems- by
rccychug uu rients in the coastal zone. High
concentrations of suspended sediments and nutrients
introduced Rom the river are quickly deposited to the
seabed in tbe near proximal zone of the plurne region
Autotrophic production in this zone is limited by
turbidity aud reminetalization in the water column is
minor compared to the loading of organic nutricnts. This
zone is represented by high deposition rates to thc
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