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Spatal distributions of chlerophyll, bacterial abundances and production, communicy respirarion, and dissolved C, N, P
and Si were measured in the Mississippl River (MRP) and Archafalya River (ARP) plumes during July 1993, Dark bottle
incubations were used to esaomarte net flux rates of inorganic nutrients, comMMuUIUTY respiration, and changes in chlorophyil
concentrations in unfiftered water samples. Concentrations of roral dissolved N (TDN} and soluble reactive P (SRP) in
the Mississippt River were 35 uM and 3 uM higher, respectively, compared with those in the Atrchafalaya River.
Concentratons of dissolved organic carbon {DOC) and nitrogen (DMON) in the Archafalaya River, however, were 35 and
11 uM higher, respectively than in the Misstssippi River. Elevated chiorophyil concenrtrarions, bactenal abundances and
production, and community respiradon rates were observed at intermediate (5-23) salinities of both plumes. Property-
salinity plors indicated net sinks of dissolved N, P and Si at intermediate salinities consistent with photosynthenc
udlization of these substances within the plumes. The distrtbunion of dissolved P, N and chiorophyll suggested
phytoplankton-mediated wansformaton of rverine-NO; to DON art intermediate salinities of the MRP, and a similar
wransformarion of riverine SRP to dissolved organic P (DOP) at intermediate salinities of the ARP. Net regenerarion
of dissolved Si and NH; was observed in regions of elevared chlorophyll concentrations and net removal rates in
both plumes. Nimfication rates in the MRP were c. 10-fold higher than in the ARP. Estimates of C fixatnon by
nitrifying bacteria equalled or exceeded heterotrophic bacterial C production in the low salinity region of the MRP, but
were negligible compared to heterotrophic bacterial production in the ARP. Dissolved inorganic N:P, Si:P and
DOC:DON:DOP ratios suggested the potendal for [P limitation in both plume systems during the period investigated.
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Introduction

The Mississippi River ranks seventh in the world in
volume of annual discharge (Milliman & Meade,
1583) and has a significant impact on the biogeo-
chemistry of the northern Gulf of Mexico (Fox ¢r af.,
1987; Lohrenz er al., 19%90; Chin-Leo & Benner,
1992; Lopez-Veneroni & Cifuentes, 1994; Pakulski
er al., 1995; Rabalais e al., 1096; Lohrenz er af.,
1997). Historical data indicate thart fertilizer use in the

0272-7714/00/020173+12 $35.00/0

Mississippi  watershed has dramarically increased
nutrient lcading from the Mississippi River to the
Louisiana Shelf (Tumer & Rabalais, 1991) and has
contributed to the seasonal development of extensive
(6-16 500 km™) areas of hypoxic bottom water
extending westward from the Mississippi Delta Justic
el al., 1966; Rabalais er af., 1996).

Nutrients delivered to the Gulf of Mexico via the
Mississippi River systermn are rransported over a large
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FiGure 1. Locadon of the Red, Mississippi and Atchafalaya Rivers. Numerals indicate the location and salinities of stations
in the Guif of Mexico. The high salinity (34-3) stadon was located ar 27°16,5"N, 89°47.1"W.

spartial conrinuum originating in the upper Mississippi
River basins and terminadng on the outer Louisiana
Shelf. Inputs, removal or rransforrnarions of nutrients
may occur at any point along this conrinuum which
may subsequently influence nutmient cycling down-
streamn in the river {Anrweiler ez al., 1995) and along
surface plume salinity gradients on the Louisiana
Shelf (Pakulski er a/., 1994). Biogeochemical pro-
cesses in the lower Mississippi basins may thus influ-
ence the nutrient chemistry of the nver pror to
discharge into the Gulf of Mexico.

The Mississippi River discharges into the Gulf of
Mexico at rwo locations: the Mississippi Delta and via
the Atchafalaya River (Figure 1). The Atchafalaya
River ornginates at the confluence of the Red and
Mississippi Rivers through a diversion channel near
Simmesport, Louisiana (Figure 1). The U.S. Army
Corps of Engineers diverts 30% of the Mississippi
River to the Atchafalaya basin at this junction. The
Atchafalaya River passes through wertlands and the
shallow (¢. 2 m) warters of Atchafalaya Bay prior to
discharge into the open Gulf of Mexico. In contrast,
the Mississippt River below the Simmesport diversion
has been extensivelv channelized, reducing the
interaction of the river with historical floodplains.

Biological transformarions and hydrological pro-
cesses (e.g. triburary inflow, exchange with ground
waters) may aiter the organic and inotganic chemistry

of Mississippi River water diverted to the Atchafalaya
basin. Differences in the chemistries of the Mississippi
and Atchafalaya Rivers may subsequently influence
the development of biological communities in their
respective plumes and other processes on the inner
Louisiana Shelf. As part of the NECOP (Nutrient
Enhanced Coastal Ocean Productivity Program)
investigating processes associated with the develop-
ment of hypoxic bottom water on the Louisiana Shelf,
the influence of the Mississippi and Atchafalaya Rivers
on biological activity and nutrent cycling in the
surface watets of Mississippi outflow tegion during
July 1993 was investigated.

Methods

Sample collections and experiments were conducted
from 4-13 July 1993, aboard the RV Longhorn.
Stations in the Mississippi River plume (MRP) were
located along a transect onginating in the Head of
Passes in the Mississippi River and extending west-
ward from the Southwest Pass of the Mississippi Delta
(Figure 1). Samples from the Atchatalaya River plume
{ARP) were collected along a transect originating in
Atchafalaya Bay. Stations along each rransect were by
CTD survey and identified by salinity (e.g. station M7
for salinity 7 in the MRP, A23 for salinity 23 in the
ARP). Saliniries were measured with a Reichert
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refractometer. Stations along both transects were
located within the general area of hypoxic bortom
water formation during 1993. Because of the unusual
extent of fresh water on the Louisiana Shelf during the
studv period, the high salinity endmember for both
transects (M34.5) was located <. 170 km to the south
of the Mississippi Delta (Figure 1).

Samples were collected from bucket casts into a
clean (1 M HCI and sample rinsed) polyethylene
carboy and subsequently dispensed into clean 300 ml
glass BOD and 250 ml polycarbonate borttles. The
carboy was agitated to ensure dispersion of particles
while dispensing water to sample bottles. Bortles were
incubated in the dark at in sfry temperatures. Incu-
baton temperatures did not vary from inirial values
over the course of the incubations. At 3-6 h intervals
during each 12-24 h incubartion period, two triplicare
sets of bottles were removed for dissolved O, and
dissolved inorganic C dererminations. An additional
triplicate set of bortles was also removed at each time
point ro determine changes in nutrents, dissolved
organic C, N and P, chlorophyll concenrtrations, and
bacterial abundances and production.

Dissolved O, concentrations were measured by
the precision Winkler method (Qudot e al., 1988,
Graneli & Graneli, 1991) using a Merder DL-21
autotirrator equipped with a plarinum combination
electrode. The mean coefficient of variaton for all O,
determinarnions was 1:3%. Dissolved inorganic carbon
(DIC) was measured with a UIC Model 5120
coulomerter, using sampling procedures described by
Dickson and Goyer (1991). Samples for DIC analyses
were poisoned with 50 pl of saturared HgCl, at each
dme-point and stored (<4 h) in the dark until ana-
lysed. The mean coetficienr of vanation for all DIC
determinations was 0-21%.

Analyses for NH;, NO; , NOj , soluble reactive P
{SRP>) and dissclved reactive Si were performed
aboard ship using automated techniques (Hitchcock
& Whitledge, 1992) with an Alpkem rapid flow ana-
lyser. Dissolved inorganic N (DTIN) was estimated as
the sum of mean NHy, NO., and NO; concen-
trations within each rriplicate set of bottles. Qver the
extremely wide range of concentrations encountered
along the plume transects, mean coefficients of van-
ation (% CV) for all analyses were: SRP = 6%, reactive
5i=2%, NO, =7%, NH; =18%, NO; =3%.

Samples for dissolved organic C (DOC) and N
(DON) analyses were filtered through precombusted
(475 °C, 4 h) GF/F filters directly onto precombusted
glass scindllation vials using low (<35 mm Hg) vacuum
and frozen immediately. Dissolved organic C was
measured by high temperarure combustion (HTC)
with a Shimadzu TOC 500 carbon analyser (Benner

& Srrom, 1993), The mean coefficient of varation for
DOC analyses was 4%. Total dissolved N (TDN) was
measured using a modified Shimadzu TOC 5000
analyser coupled to an ANTEK-720 chemilumi-
nescent detector (Lopez-Veneroni & Cifuentes,
1994). The mean coefficient of vararion for all TDN
analyses was 9%. Concenrratons of DON were deter-
mined by subrracting mean DIN concentrations fromn
mean TDN values.

Samples for total dissolved phosphorus {TDP) were
obuained from the Archafalava River transect and at
M34.5. Total dissclved P was determined by dry
oxidation of filtered (GF/F) samples using the method
of Solarzano and Sharp (1980), with the exception
that 0-6 M HCI| was used to hydrolyze oxidized
samples. Dissolved organic P (DQOP) was determined
as the difference between sample SRP and TDP
concentrations. The mean coefficient of variation for
all TDP analyses was 19%.

Bacterial abundances were measured by epifluores-
cence microscopy of DAPI stained samples (Porter &
Feig, 1980). Bacterial production was mneasured using
[’H]-leucine incorporation (Kirchman er af., 1985;
Amon & Benner, 1998). Leucine incorporation rates
were converted to bacterial C assuming a conversion
factor of 3-1 kg bacterial C produced per mole incor-
porated leucine (Simon & Azam, 1989). Previous
research in the Mississippi River plume (Benner er af.,
1992) indicated that this conversion factor compares
well with empiricalty derived thymidine incorporanon
C conversion factors. Chlorophyll samples were col-
lected on plass-fibre filters (GF/F,), extracted in 90%
{v/v) acetone and quantified flucromerrically.

The NH;, NO, , NO, , SRP, DOC and reactive
Si data were analysed (paired Student’s ¢) to deter-
mine significant differences in concentrations berween
the two nvers. Mississippi River TDN samples were
analysed in duplicate (concentraton values=206-3
and 208-9 pM) which precluded statistical compari-
sons with the Atchafalava River TDIN concentrations
(riplicate mean + 95% confidence interval=152-6 =
19-2 uM). Because estimates of DIN, DON and DOP
were calculated as single values, we could not stansti-
callv compare differences in concentrarions of these
constituents berween the two rivers or during bottle
incubations.

Net flux rates of NH;, NO, , NO;, SRP, O,
consumption, DIC production and net changes in
chlorophyll concentrations were determined from the
slope of the time course least squares regression
line obtained from bottle experiments {except where
noted, Table 2 and 3). Slopes of regression lines used
to estimate flux rates were significant at P<0-05
(except where noted, Table 3). Where flux rates were
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TagLE 1. Chlorophyll concenmadons, net changes in chlorophyll concencrations (4 Chl}, initial
bacterial abundances and heterotrophic bactenal production measured during dark incubations of
unfiltered water from the Mississippi and Atchafalaya River plumes, July 1993. Positive and negarive
values for 4 Chl indicare significant {(P<0-05) net increases or decreases, respectvely, in chi

concentratons during expenimental incubadons

Station Chla 4 Chl Bacterial abundance Bacterial production
(salinicy) (ugl™ (ngl™'h™YH (10° cells ml ™ 1} (mgCl~'h™"Y
Mississippi River plume
0-50 ND 32 0-43

M7 077 -22 2:0 025

M15 9-33 —273 9-9 1-01

M23 0-25 N3 3-8 650

M34-5 0-015 ND 0-1 020
Atchafalaya River plume

AD 0-32 ND 2-0 1-50

AB 3-08 —-50 61 0-61

Al4d 1-23 —29 9-7 o062

A24 68 — 36 -0 2-02

NS=not significant.
ND=not deterrnined.

determined from initial and final concentrations, the
data were analysed (paired Student’s r) to deterrnine
significant changes in concentrations berween the two
time points. Data from BOD and polycarbonate
bortles were pooled for NH;, NO;, NO;, and
soluble reactive P (SRI™) flux measurements. it should
be emphasized that Aux rates reported herein are net
rates, and not all forrns {dissolved, parriculate, and
gaseous) and phases (organic, inorganic) of C, N, P
and Si were accounted for during bottle incubations.
As a result, the nuurient flux data reported herein are
not necessarily amenable to mass balance analyses.

Results

Chlorophyll concentrations in borh rivers were similar
(Table 1). Highest chlorophyli concentrations were
observed at M15 in the MRP and at A8 in the ARP
{Table 1). Chlorophyil removal rates were greatest at
MI15 in the MRP but varied little across the ARP
safinity gradient (Table 1). Bacterial cell abundances
were similar in both rivers and enhanced at inter-
mediate salinities in both plumes (Table 1}. Bacterial
producrion in the Atrchafalaya River was c. 3-fold
greater compared to the Mississippi River. [n both
plumes, the highest rates of heterotrophic bacterial
producton were observed at salinities >20 (Table 1}.

Oxygen consumption in boule experiments was
linear with time (dara not shown). At M7 and A24,
however, O, concenrrations declined asymptotically
over the course of the incubartions. At these owo
stations, O, consumption rates were determined

from the initial concentrarions and the first time
point. The shape of these wo O, curves suggested
that O, consumption rates at these staiions were
underestimated.

Community O, consumption rates were similar in
both rvers and enhanced at interrnediate salinjries in
both plumes (Tabie 2). Community DIC production
rates were similar to O, consumprion rates {Table 2).
In the MRP, highest O, consumption rates were
spartially coincident with elevated chlorophyll and
bacrerial concentrations at MI13, but not with

TapLe 2. Dark incubation dissolved O, consumption
and inorganic carbon (DIC) producdon rates from the
Mississippi and Atchafalaya River plumes, July 1993

Staton Q. consumption DIC production
(salinicy) (hMh~") uMh™hH
Mississippi River plume
MO 0-50° ND
M7 1-90" 1-75
M15 315 3-25
M23 0-95 097
M34-5 0-37° ND
Atchafalaya River plume
AQ 0-26 ND
A8 1-60 1-24
Ald 0-92 033
Al4 1-69+ ND

“Oxygen consumption crates determined from imirial and final
dissolved oxygen concentranons.
ND=not determined.
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were enhanced at intermediate salinires, whereas
DON concentrarions exhibited no consistent mend
across the plume salinicy gradient (Figures 2 and 3).

Net production of DIN, indicarting the remineral-
ization of organic N, was observed at low and inter-
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mediate salinities of both plumes (Table 3). Rates of
net DIN production in the MRP were 2 1o 5-fold
higher than at comparable salinities in the ARP. High
rates of net NH, regeneration were observed in
regions of elevated chiorophyll concentrations and
removal rates in both plumes (Table 3).

No significant changes in NO5; concentrations
were observed during botte experiments in either
river (Table 3). Net regeneration of NO, indicative
of nitrificadon was observed in the low salinity region
of both plumes {Table 3). Nirrate regeneration rates
in the MRP were c. 10-fold greater than those
measured at comparable salinities in the ARP, En-
hanced concentrations and net producton of NO,,
also consistent with nitrification, were observed at M7
(Figure 3, Table 3). Net regeneration of SRP was
cbserved in all stations in the MRP whereas only net
uptake of SRP was observed in the ARP (Table 3).
Ner production of dissolved Si was observed in the
Atchafalaya River and in the regions of elevated
chlorophyil concentrarions and chlorophyll removal
rates in both plumes (Tables 1 and 3).

Molar rarios of dissolved N:P and Si:P were >16:1
and =300, respectively, at intermediate salinities
of both plumes {(Table 4). Molar ratios of dissolved
Si:N were <1 in both mvers and generally increased
with salinity (Table 4). Ratios of DIN:DON and
NOQ, :NHj declined with increasing salinities, indi-
canng a transition from oxidized and inorganic forms
of N in the rivers to reduced and organic forms of N
offshore. The ratio of DOC:DON was higher in the
Mississippi River compared to the Atchafalaya River
but were generally similar in both plumes (Table 4.
Molar ratios of DOC:;DON:DOP indicated that dis-
solved organic marter in the Atchafalaya River and
piume was depleted in P relative to C and N (Table 5).

Discussion

Nutrient chemisiry of the Mississippy and Awchafalaya
Rivers, Fuly 1993

During the summer of 1693, extensive flooding in
the upper Mississippi River Basin mobilized and

Frgure 3. Properry-salinity plots of dissolved organic and
inorganic nuuients in the Mississippi River plume (closed
arcles) and Archafalaya River plume (open circles). (a)
soluble reactdve P (b) dissolved organic P (c) dissolved
reactive Si {d) dissolved organic carbon. Error bars=95%
confidence inrervals. Where confidence intervals appear to
be absent, the symbol is larger than the bars. No confidence
intervals were derermined for dissolved organic P values.
**=Concentrations in the Mississippi River significanrly
different from the Archafalaya River (P<0-05, paired
Student’s ).
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TABLE 3. Net flux rates dissolved mmorganic N (DIN), NO;, NO;, NH{, soluble reactive P (SRP)
and dissolved reacave Si during dark bottle incubadons of unfiltered water from the Mississippi and
Atchafalaya River plumes, July 1993. Positive values=net production; negative values=net uptake;

NS=no significant flux

Stadon DIN NO; NO; NH; SRP Si
(salinity) @Mh™ (mMh™) @Mh™H @Mh™Y eMh™) @MhTH
Mississippi River plume
MO +20 NS* NSs® NS§* Ns# NS§*
M7 +550 +530 +40 —-24 +19 NS
Mi15° +530 +61 +2 +439 +2 +110
M23 - 90 +3 -3 - 38 +5 NS
M34-5 - <10 NSs* —-2° - 10* NSs* NS?
Atchafalaya River plume
AD - 50 NS NS - 28 NS +230
AB” +210 +51 —-20 +243 -7 +270
Al4 +50 +12 +7° +54 -2 NS
A24 +70 NS +1 +35 -1 NS

“Plume chlorophyil maximum.

“Net flux rate determined from initial and final concentrarions.

P=0-10,

TaBLE 4. Molar rados of totai dissolved N (TDN}, total dissolved P (TDP), dissolved inorganic N {(DIN), dissolved organic
N (DON), dissolved organic C (DQC) and inorganic N, P and Si from the Mississippi and Archafalaya River plumes, July

1993

Srtarion

(saliniry) TDN:TDP TDN:SRP DIN:SRP DIN:DON Si:DIN Si:SRP NQ,:NH; DOC:DON

Mississippi River plume
Mo ND 38 35 82 0-5 18 233 30
M7 ND 43 36 5.2 0-7 24 78 14
MI15 ND 1024 576 13 0-7 374 40 13
Ma23 ND 780 74 01 7-8 571 0-1 16
M34-3 66 100 7 0-07 2-8 19 o4 12

Azchafalaya River plume
AQ 56 36 46 47 -7 34 116 i6
A8 75 739 145 2:1 2-4 353 24 28
Al4d 72 163 45 0-4 54 245 2 15
A249 77 102 21 003 53 112 3 15

ND=pnor determined.

rransported substantial quantides of fertilizer and
other agricuirural chemicals to the Gulf of Mexico
(Goolsby et al., 1993; Whitledge, 1993; Boyles &
Humphrie, 1994; Goolsby, 1994). Nitrate concen-
tratons in the Mississippi River during the present
study were ¢, 3-fold higher than typical July values (35
year mean ¢. 70 pM; Bratkovich & Dinnel, 1992} and
reflected the enhanced input of dissclved N from the
upper Mississippt Basin. The difference in NO, con-
centrations berween the Mississippi and Atchafalaya
Rivers (67 uM) was ¢. 2-fold greater than the average
annual variation in Mississippi River NO; concen-
trations (c. 35 uM; Bratkovich & Dinnel, 1992). It is

thus uniikely that differences berween the owo rivers
could be arributed to short term (hourly, daily)
variation in NQ, concentratons.

Water quality dara pubiished in the Unired States
Geological Survey (USGS; Danun et af., 1994) indi-
cated that NO; +NO,; and DON concentrarons in
the Mississippi River did not change appreciably be-
low the Mississippi-Atchafalaya junction during June
and July 1993, whereas there was a downstream
decline in NO, +NQ; and an increase in DON
concentrations in the Atchafalaya River during this
period. Concentrations of DON were ¢. 2-fold higher
and toral P ¢. 2-fold lower m the Atchafalaya River



180 J. D. Pakulski et al.

TaBLE 5. Molar ratios of dissolved organic C, N and P in the
Archafalaya River plume, July 1993

Stanion

salinicy DOC:DON:DOP
AD 21750:1345:1
AB 1051:37:1
Al4d 1340:92:1
AZ4 1244:82:1
M34-5 2080:163:1

compared with the Mississippi River. Concentradons
of dissolved Si in borh rivers were similar. These sup-
porting nutrient data suggested that the Aichafalaya
basin was a ner sink for NO, and total P and a net
source of DON. As Mississippi River flow and nutri-
ent concentrations were abnormally high, however, it
was uncertain whether the differences in the chemis-
tries of the rivers was rypical or a consequence of the
unusual conditions prevailing during the srudy period.

Biological activiry

Although higher concenrrations of dissolved N and P
were present in the Mississippi River, chlorophyil
concentrations, bacterial abundances and communiry
respiration rates in both plume systems were similar.
Amon and Benner (1998) however, reported bacterial
abundances and tn situ fluorescence distributions from
the MRP and ARP from a much larger set of data
collected during the present study. The sparial distr-
butions of pigment fluorescence, bacterial abundances
and production reported by Amon and Benner (1598)
were identical to the distributions of chlorophyil and
bacteria reported herein. These data indicate that
concentrations of bactera and chlorophyll were
maximal in the low (<10} salinity region of the ARP
and in the mid-saliniry (10—20) region of the MRP. As
rurbidity and light penetration are important factors
influencing the distribudon of photosynrhesis on the
Louisiana Shelf (Lohrenz er /., 1990), and results in
enhanced photosynthesis at intermediate (¢, 5-30)
salinities, differences in rturbidity berween the two
nvers may have facilitated the development of a low
salinity chlorophyll maximum in the ARP and a
mid-saliniry chlorophyll maximum in the MRP.

In both piumes, enhanced heterowophic bacterial
production was observed at higher salinities relative to
the chlorophyll maxima. The potentially greater avail-
abiliy of labile substrates released during grazing
(Lampert, 1970) or from nutrient !imirazion of pri-
mary production (Ittekkot er af., 1981) at intermediate

salinities may have contnbuted to enhanced hetero-
trophic bacterial production at higher salinities in both
systems {Amon & Benner, 1998).

The distribution of chlorophyll, O, consumption
and DIC regeneration was similar to those reported
previously in the MRP (Benner et af., 1992; Pakulski
et al,, 1995). Enhanced respiratory activity at mid-
salinities indicated rhat respiradon in both plumes was
supported primarily by primary production within
the plumes rather than inputs of terrigenous organic
marter. Oxygen consumption rates in the MRP were
similar to values measured during July 1990 (0-7-
1-3uMh ™!, Benner ¢ al., 1992); May 1992 (0-6—
365 UM h ™!, Pakuiski er al., 1995), and June 1993
(1-41 pM h ™!, Pomeray ez al., 1995) but were sub-
stantially higher than O, consumption rates {<0-03-
0-53 th_l, Pomeroy er ai., 1993) in the pelagic
waters of the north-east Gulf of Mexico during June
1993,

Nitrogen cycling

Substantial differences were observed in the cycling
and fate of N berween the two plumes. In the

“low salinity region of the MRP, NO; and NO;

accounted for all of the DIN regenerated in bottle
experiments. The low rate of net NH uptake relative
to net NO, production at M7 further indicated that
nitrification was tightly coupled to the mineralization
of organic N. As the nitrification maximum preceded
the chiorophyll maximum along the MRP saliniry
gradient, nitrification in the low salinity region of the
MRP may have been supported, in part, by the
transformation and mineralization of terrigenous N.
In contrast, NHj was the principal end product of
commumrty N metabolism A8, indicating that N oxi-
dation was a relatively less important process in the
low saliniry region of the ARP.

Based on the distributions of DIN, DON and
chlorophvll, Lopez-Veneroni and Cifuentes (1594)
concluded that Mississippi-derived NO, was trans-
formed into phytoplankion-derived DON at inter-
mediate salinities in the MRP. In the present
investigation, concentrations of chiorophyl! and DON
in the MRP were enhanced, whereas concentrations
of DIN were depressed, relative to those expected
from the conservative mixing. These distmibutions
were similar to those reported by Lopez-Veneroni and
Cifuentes (1994) and also suggested that DON pro-
duction in the MRP was inediared by photosynthetic
uprake and rransformation of Mississippi River NOy
at intermediate salinities. Similar distributions of
DIN, DON and chlorophyll, however, were not
observed in the ARP.



Microbial metabolism and nuirient cyciling in river plumes 181

The DOC:DON ratio in the Atrchafalaya River
was lower than the Mississippi River and reflected
the higher concentrations of DON present in the
Atchafalaya, Molar DOC:DON ratios in the MRP
were similar to those reported by Gardner and
Stephens (1978} for a south-eastern U.S. estuary and
to C:N ratios of high-molecular-weight DOM col-
lected in the MRP during the present study (Eadie
et al., 1995). The distribution of DOC:DON ratios
observed in the MRP presumably reflected the higher
C:N rtarios of terrigenous organic martter in the
Mississippi River and irs subsequent dilution and
mixing with marine DOM with increasing salinity.

Elevared chlorophyll removal rares were associared
with NH regeneration in both plumes. Micro- and
meso-zooplankion are often abundantr at intermediate
salinifies of the MRP (Dagg & Whitledge, 1990;
Fahnenstiel er al., 1992) and can consume a substan-
tial porzion of plume primary production in the sum-
mer months (Dagg & Ormner, 1992; Fahnenstiel et al.,
1992). Gardner ¢r of. (1994) repored that organisms
in the > 1 pm size-ftaction were responsible for >70%
of communicy NH] rtegeneration in the MRP. The
distributions of net NH regeneration and chlorophyll
removal rates suggested that zooplankron grazing
mediared regeneration of NH} in both plumes.

Highest rates of nitrification in the MRP were
observed in low salinity waters characterized by rela-
tvely low bactenal and chlorophyll concenrtrations,
whereas highest rares of nitrificarion in the low salinicy
waters of the ARP occurred where chlorophyll and
bacteria concenrrations were relatively low. Turbidity
inhibits photosynthesis at low salinities in the MRP
(Lohrenz et al., 1990). As nitrification is sensitive to
photoinhibition (Hooper & Terry, 1974; Ward, 1985;
Horrigan & Springer, 1990}, rurbidicy may have facili-
rated the development of nitrification in the low
saliniry region of the MRP {Owens, 1986; Lipshultz
¢t al, 1985). Phytoplankron and heterotrophic
bacteria, however, can out-compete NH; oxidizing
bacreria for available NH; (Ward, 1985; Verhagen &
Laanbroek, 1991) and may influence nitrificarion
where light availability is sufficient to support photo-
synthesis and where high concentration heterotrophic
bacteria are present. Differences in the intensiry and
distribution of nirrificarion berween the two plumes
may thus have resulted from a variety of factors,
including reduced phoroinhibition of nitrification in
the wurbid low salinity region of the MRP, and
competition for available NH] among nimmifying
bacreria and other organisms in the low salinity region
of the ARP.

There were substantial differences between the two
plumes in the contribution of nirrifying bacteria to

community bacterial production. Ratios of C fixaton
to N oxidization by estuarine NH] and NO;J oxidiz-
ing bacteria range from 0-07-0-18 and 0-002-0-04,
respectively (Owens, 1986; Feliatra & Bianchi, 1993).
Assuming that NQ,  production was equal to NHJ
and NO, oxidation rates, C fixation by NH; and
NO; oxidizing bacteria at M7 and A8 was esti-
mated to be 0-46-1-1 and 0-001-0-03 pg C1™'h ™},
respectively. Heterotrophic bacteria production at
these rwo stations was 0:25 and 061 pgC1~'h™},
tespectively., Carbon fixation by nicifying bacteria art
M7 was thus porentially 2- 1o 4-fold greater than
heterotrophic bacterial production. In concrast, C
fixation by nirrifying bacreria at A8 was equivalent to
<3% of heterotrophic bacterial producton. This com-
parison suggested that autotrophic C fixarion by nitni-
fying bacteria equalled or exceeded heterorrophic
bacterial production in the low salinity region of the
MRZP, but was negligible relative to heterotrophic
bactrerial producrion in the low salinity region of
the ARP.

Due to low rates of in sitw NH and NO; oxidation
{(Ward e¢r al., 1982; Lipshultz er af., 1985; Berounsky
& Nixon, 1990; Feliatra & Bianchi, 1993; and others),
low growth efficiencies (Owens, 1986; Feliatra &
Bianchi, 1993), and low cell abundances (Ward,
1984), nitrifying bacteria are not generally considered
to contribute significantly to community bacterial
production in marine systems. The present study and
previous work (Pakuilski ez al., 1995), however, sug-
gested that carbon fixation by nitrifying bacteria may
ar rimes comprise a substantial portion of bacterial
production on the inner Louisiana Shelf.

Phosphorus cvcling

The spatial distribution of net SRI? regeneration sug-
gested that terrigenous P was an important compo-
nent of the MRP phosphorus cycle. As only net
uptake of SRP was observed in the ARP, however, it
was not possible to evaluate the role of terrigenous I
in the Atchafalaya system. Depletion of SRP in the
regions of elevated chlotophyl! concentrations indi-
cated that phytoplankron assimilation influenced the
distriburtion of SRP ar intermediare saliniries in both
plumes. In the ARP, SRP concentrations declined
whereas DOT concentrations were enhanced at inter-
mediate salinities. The distriburions of SRP, DOP and
chiorophyll suggested a transformation of riverine
SRP to plume-derived DOP in the ARP,

Sificon cycling
Lirtle is known regarding water column Si regener-
arion in marine systems (d’Elia ¢t af., 1983). Whereas
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reacrive Si concentrations in both rvers were similar,
net Si regenerarion rates suggested active cycling of
terrigenous Si in Archafalaya River but not in the
Mississippi River. Silicate regenerarion rates measured
in the present investigation (112-270 nM h ™ ') were
nearly an order-of-magnitude greater than values (4—
17nMh ™) reported from the Wadden Sea (Van
Bennekon e¢r al, 1974). Although regeneraton of
dissolved Si occurred wirthin both plumes, property-
salinicy plots suggested that diatom production was
the dominant process influencing the distoibution of Si
within the piumes.

In borh plumes, Si regenerarion was associated with
elevated chlorophyll concentradons and removal
rates. This suggested rhat Si regeneradon was medi-
ated by diatom grazers. Recent work, however, has
indicated that bactenal hydrolysis mather than diges-
tive dissolution may be rthe principal mechanism
responsible for Si regeneradon in marine systems
(Cowie & Hedges, 1996; Bidle & Azam, 1999). Bac-
terial hydrolysis of biogenic silica in zooplankton
fecal material may thus have contributed to net
regeneration of Si in the plumes.

Potenctal nutrient Imitacion in the
Mississippi-Aichafalaya outflow region, Fuly 1993

Diatom production often depletes Si over large areas
on the inner Louisiana Sheif in the spring and summer
{Dortch er al., 1992; Nelson & Dorich, 1996) and has
been impiicated i the development of hypoxia in the
region (Turner & Rabalais, 1994). Reduced SitN
ratos {<1) at low concentrations (<1 pM) of Siand N
may result in Si lunitarion of diatom production in
Louisiana coastal waters {(Dormch & Whidedge, 1992).
In the present investigation, Si:N ratios <1 were
observed only in the MRP where both Si and DIN
concenrrations exceeded 15 uM. At higher salinities in
both plumes, Si:IN ratios were >1 and concentrations
of Si generally exceeded 1 pM. Elevated concen-
rrations of dissolved Si and favourable Si:N rarios
suggested that Si availability was sufficient to support
diatom production over much of the inner Louisiana
Shelf duning the study peniod.

Ratios of DOC:DON:DQOP, N:P and Si:P* generally
exceeded Redfield values (Redfield er al, 1963} in
both plumes. Property-salinity picts further indicated
that dissolved P was depleted at lower salinities rela-
tive to disselved N and Si in both systems. Previous
research (Ammerman, 1992; Chin-Leo & Benner,
1992; Smith & Hirchcock, 1994; Pakulski ez af., 1995;
Pomeroy et al., 1995) has suggested that P limitarion
may be prevalent in the Mississippi ourflow region in
the spring and summer months. The distribution of

dissolved Si, N and [ and the high dissclved N:P and
Si:P ratios observed within the study area strangly
suggested the potential for I limitadon of biological
activicy on the inner Louisiana Shelf during the
summer of 1993,

Conclusions

The numient chemistry of the Mississippi and
Atchafalaya Rivers differed dramatically during the
study period and suggested that hydrological and
biogeochemical processes may modify the N and P
content of Mississippi River warter diverted to the
Atchafalaya Basin. The cycling and fate of dissolved N
and P in the Mississippi and Atchafalaya plumes also
appeared to be influenced by differences in nutrient
loading from the two nvers. Although the present
study focused on the dissolved components of the two
rivers, the distributions of dissolved N, P and Si flux
rates suggested that terrigenous parmiculate material
played an important role in the nurrent cycles of
both piumes. Finally, the high rates of N oxidation
observed in the present study and reporred from
previous work in rthe Mississippi River plume sug-
gested rthat enhanced nirtrificadon may be a unique

fearure of the microbial ecology of the inner Louisiana
Shelf.
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