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PREFACE

region have created a pniquo opportunity for coastal scientists to study the svolution of a naw coastal

Past studies have aif focused on declining systems. From an scological point of view, the understanding
ot the deveiopment of a coastal ecosystem in a high-discharge area provides important new knowledge
about the aevolution of ¢oastal acosystems in general. This information has great applied value aiso.
Because of the high loss rate of coastal wetlands, thers is active planning for major freshwater diversions
from the Mississippi River. information gained from the Atchafalaya region will be importart in planning and
managing these divarsions,

For a decade, the Louisiana Sea Grant College Program, as well as a number of other agencies, has
Supported research on the Atchafalaya delta and surrcunding waters and wetlands in recognition of the
great importance of this area's resources. H is particularly significant that the Alchafalaya deita is one of the
few areas where active land buikding is taking place. The focus of the studies has been 1o (1) describe and
understand the dominant physical, chemical, and ecological processes taking place in the delta, and (2}
apply these scientific findings to managemant issues of the reQion.

The papers presemed here represent a synthesis of the work carried out in the Alchatalaya defta
region. Several of these papers have appeared in the scientific literature as journat articles and
conterence proceedings, but some have not been published betore. We have chosen works that bring
together information on varicus aspects of the area in order to provide an in depth view of the program and
area. |norder that current work be represented, summaries of ongoing projects are aiso included.
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The emegence of the new Alchafalaya della is a
coastal geological svent that is unprecedented in mod-
oM limes i provides sCigntists with (he opporiunity to
Study a major coastal system in Mg deveiopmental
Slages. aflowing them Lo tormulste and test hypotheses
about the evoiution of dekas and the developmaent of
COBIAl sO0OTYSOMS.

Baefore the inkiation of research in the Alchafalaya
defia region, much of the knowiedos conceming the
*volution of Louisiana’s coastal systems was based on
stucias of systems that were undengoing ceterioration.
Gonoopuofmacmhmlumlydodvodtm
interpretations of previously deposiied and preserved
Sodimentary sequences as thers wers no major, actively
prograding, subaeral shefiow water deftas unti the
*mergence of the deflz n Aichafsiaya Bay in 1973
Wetlands developing in the Alchsislays deha are evoly-
INQ UNGer conditions similar 1o those that inttially created
Mot of the coastal wetlands in the siate. Thus, exami-

g carmed out is making important
contributions to 1he undersianding of coastai

2COtystems in generai.

The research program in the region ts not motivated,
however. onty by scientific iNquiry. New land is beng built
inthe area. in markag contrast o the widespread coastal
Oelenoraiion occurnng in most other parts of Ihe coast.
There 15 the opportunity to observe (he Colonwzation ot
new habial sies by plants. benthic organisms, fishaea,
and wildile. 10 sludy camon &nd nutrient cycles thet
&CCOUM for Ihe remarkabie biological productivity of
Msveniie detas. and 1o aam about the interplay between
rvering and ocesnic procesges

Ambitious schemas are being planned ana imple-
mented by state and tederai agencias for rejvenating
rEpIGly Oeteriorating wetlands in others parts of Lovisiana

10 test and obesrve the oftecta of rivar diversions on a
varaty of coasial habitats Inciluding shaillow bays, exist-
nQ wetiands, ang the nearshore coasta! zone.

The focus of the Atchatataya subprogram of the
Loutsiana Sea Grarg College program is comprehansive.
From wnrig) studies of Qeologicat ang #cological proc.
e3301 of the sMergng delta, the
10 be an magrated program ot Study of the Alchatataya
della regon This s Lecause the i

the Atchalalaya basin from the OId River control structure
10 the continental shelf off the emergent dafta represent
one of the most exciting opportuntties in America loday
for research applied to management needs. _Thls area
has been lermed the Atchafalaya Corridor. By increasing
research activities aiong the entire corridor, the work in
the defta region will contribute to a more powertul under-
slanding of the continuum from the river to nearshore

COANal waters.

The Atchafalaya Comidor context is drawn from a
central tenent in estuarine scology, that freshwater in-
puts greatly affect coastal systems (Cross and Williams
1901, Nixon 1981a, b, 1982, Boynton et al. 1982, Kemp
and Boynton 1984, Deegan st al. 1985, Maions et al.
1986). Figure 1 is a conceptual diagram of the rtver-to-
marine continuum. Inputs of water, hutriens, and sus-
pended materials flow into and alfect both watlands and
shsilow bays, and thers are direct interactions betwesen
wetiands and bays as well, Expiicit in the dlagram ls the
impact of human activities, which shurt more and more
of the river flow directly offshore. Elucidating the interac-
tions among river, wetiands, and tidal waters in a satting
sftected by natural and human changes is the cantrai
objective of the LSU Alchafalaya research program, No
other river-Geita system In the US. affords such an
excellent opportunity for productive inquiry.

The papers presented in this volume iilustrate the
breadth of Coverage of the research program. We have
distinguished a number of diftarent habitats, inciuding
frashwater loresiec watlands to the north of Atchatalaya

den &t al. 19804, b). Sediment flux has been measured
through open bay entrances (Macdden 1986) and small
bayous (Baumann and Adams 1981, Madden 1586
Stern ot al. 1986). and off and on the marsh (Chiiders
1988). Sadiment deposition on the marsh has also bean

point of view, research has
focused on the structure and development of eme rgent
wetland communtties in the Atchafalaya detta and adja-
cent wetlands (Johnson et al. 1985, Rejmanek et a)
1987 Fulleret al. 1985}, nutrient dyhamics (Teague et al
1988, Stern gt ai. 1986, Caftrey ang Day 1986, Madden
1988, Twilley 1988), aquatic primary productivity (Ran-



Figure 1. {A) Linkages of riverine inputs to inshore a

linkages of rivarine inpu

I8 {0 inshore and coastal sys
blocked by a protection

lovee,

dall and Day 1987, Madden 1988), and the dynarmics of
consumer populations {Deegan and Thompson 1985,
Dagg 1988).

Modeling has played an important role in integration
of research information. Wells at al. (1984) and Wang
{1985) produced models of deita development which
explained the growth of new deltas. Wang et al. (1982)
developed a modelofwetland hydrology to determine the
eftact of human impacts on regional hydrology. The
development of wetland communities in the deltaic cycle
was modeled by Rejmanek et al. (1987). Finally, a spatial
simulation model was deveioped to pradict long-term
habitat succession in the Alchafalaya deMta region
{Costanza et al. 1986, 1987, Skiar et ai, 1988, Skiar and
Costanza 1986).

Finally, there has been a conscious effont to design
studies whose findings can be applied o management of
the area, The two major management issues that have
been considered are coastal wetiand loss and maintain-
ing the proctuctivity of naturaf rasources such as fish and
wildlifs. One imponant issue is the effect of canals and
levees, especially the Avoca Island ieves extension.
Wanget al. (1982) conducted studies of water movement
in the area and estirnated the effects of alterations on
natural hydrology and sediment distribution. The spatial

EFFECTS OF AVOCA IEAMD LEVEE
EXTENRION AND RVER CHANNEL

v

nd coastal systems under natural conditions, and {B)
toms after freshwater flow to the shailow system is

simulation mode! has besn used to determine the effects
of human activities on habitat succession over pariods of
up 1o 50 years. The ecological studies of the area allow
an understanding of the factors suppoerting natural re-
source productivity and of the potential impacts of human
activities.

The management implications of research in the
Alchatfalaya delta region were recently summarizedin a
paper by Day el al. (1987), which drew the toillowing
conclusions. (1) Studies of sediment dynamics and
vegetation succession inthe new Atchafalaya defta have
suggested ways in which delta growth can be increased.
{2) Older marshes have responded dramaticaily to in-
Creased frashwater, sediment, and nutriert influxes,
suggesting that deteriorating marshes can be rejuve-
nated. (3) Riverine input 1o shallow inshore lakes and
bays stimulates the productivity of these areas in ways
that have not been described before. This information
¢an be used 1o direct fresh water in the coastal zone to
stimulate productivity. (4) Westward sediment transport
along the caast is leading to accretion along the chenier
piain shore. (S) A spatial landscape simulation modei
has been effeclive in integrating information and predict-
ing future conditions under various management atema-
tives,
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THE ATCHAFALAYA DELTA — LOUISIANA'S
NEW PROGRADING COAST*

LL. van Heerden and H.H. Roberts

INTRODUCTION

Delta switching is the major mechanism responsible
for building the Louisiana deltaic piain. Upstream diver-
sions occur every 1000 to 2000 years, resufting in
changes in the loci of sedimentation and subsequent
growth of new deita lobes (Kolb and Van Lopik 1958,
Frazier 1967). The Atchalalaya River is the most recent
diversion in the deita switching process (Fig. 1).

The Atchafalaya Delta, forming at the mouth of the
Lower Atchafalaya River, represents one of the most
dynamic geological events in historical times within the
Mississippi Della complex. The Atchafalaya diversion
and subsequent delta growth represents the first oppor-
tunity to document, from its inception, the evolution of a
new deita lobe.

From its junction with the Old River segment of the
Mississippi River, the Atchafalaya flows 226 km before
entering the sea. In contrast, the Mississippi winds 482
km to Head of Passes and an additional 51 km to the
mouth of Southwest Pass. Because of this inherent
difference in gradient, a condition favering abandonment
of the modern channet exists. Fullflow of the Mississippi
River through the Atchatalaya distributary, excluding
man’s intervention, was predicted by the year 1975 (Fisk
1952). Today the Atchafalaya River is regulated by a
U.S. Army Corps of Engineers control structure, com-
pleted in 1863 to carry 30% of the combined flow of the
Mississippi and Red Rivers.

‘van Heerden, |.L. and H.H. Roberts. 1980. The
Atchafalaya delta - Louisiana's new prograding coast.
Trans. Gulf Coast Assoc. Geol. Soc. 30:497-506. Used
with permission.

The subaqueous phase of delta development has
been discussed by Cratsiey (1975} and Shiemon (1972,
1975). Rouse et al. (1978) monitored the rapid subaeriai
growth of the Atchafalaya Delta through analysis and
interpretation of LANDSAT imagery. Most recently,
Roberts et al. (1980) reported on the early evolution of the
sand-dominant subaerial phase of the delta. In May

Figure 1. Location of the Atchafalaya Delta,




1977, a project was initiated by the Center for Wetland
Resources, Louisiana State University, with supportfrom
NODCOE, to extend previous investigations of the
Atchafalaya Delta. The project involved extensive timae-
series field data collection and was aimed at studying the
processes of sedimentation and geomorphic develop-
ment during the early evolutionary stages of this defta.

This paper presents the results of studies under-
taken to determine process-response relationships in
sedimentation and channel-lobe morphology, under
flood and non-flood conditions. Field work was concen-
trated in the natural (dredge spiil-free) eastern hatf of the
Alchafalaya Defta. This study was structured specifically
to provide (1) quantitative assessment of subaerial deita
accretion from inception to present, and (2) determina-
tionof netgainor loss of sediment and the sedimentologi-
calcharacteristics of channels and interdistributary lobes
during flood and non-flood events.
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Figure 2. Photomosaic of Atchafelaya Delta, 21 October 1976, Water
levei M.S.L. .0.75 ft (-0.22 ia).

GEOLOGICAL SETTING

The Atchafalaya Delta (Fig. 2) is inherently ditferent
from the modem Mississippi Balize delta lobe. Unlike the
modern “birdfoot” delta which is spreading sediment on
the continental shelf, the Atchatalaya River is building its
delta into a shallow bay with an oyster reel barrier forming
the seaward margin. The average salinity of the waters
in Atchafalaya Bay is 0.37ppt (U.S. Fisheries and Wildlife
Service 1976). These essentially fresh bay waters are
well-mixed and unstratified. In contrast, the modem
birdfoot distributaries are depositing their sediments in
stratified waters, resulting in buoyant spreading of sedi-
ment-laden freshwater plumes over saline Gulf water
(Wright and Coleman 1974). This phenomenon consti-
tutes and important part of the birdfoot sediment disper-
sal process. Sait wedge intrusion does not affect the
Atchafalaya system.

Tectonic influence on the depositional site strongly
distinguishes the modern Mississippi Delta from the
Atchafalaya example. Atchafalaya Bay lies on tha west-
ern boundary of a major subsiding area associated with
the Gult Coast geosyncline (Fisk and McFarlan 1955,
Bernard and LeBlanc 1965, Gould 1970). The Pleisto-
cene Prairie Formation here has been downwarped
about 30 m in Quaternary time, compared to more than
160 m near the mouth of the present birdfoot delta (Fisk
and McFarlan 1955). The relative stability of the
Atchafalaya site is also suggested by the presence of
numerous shell resfs within the bay, which flourished
until recently when they died as a result of fresh-water
encroachment and increasing sedimentation.

Figure 3. Average monthly discharge of the Atchafalaya River. Mod-
ified from Roberts er al., (1980).



HYDROLOGIC REGIME

The annual Atchatfalaya River flow, averaged from
1938 10 1972 at Simmespont, near the diversion point in
the upper Aichafalaya Basin, is 5,128 cms (USACOE
1974). High fiows generally occur between January and
June. The average annual peak flow I8 11,328 cms.
Approximately 70% of the flow at Simmesport now
passes through the Lower Atchafalsya River 10 eastemn
Aichatalaya Bay, and the remainder passes through the
21-km shortcut to the western part of the bay created by
Wax Lake Outiet (Fig. 1).

A comparison of the relative magnitudes of yearly
Achafalaya River floods for the past 24 years, modified
from Roberts ot al. (1980), is giver in Figure 3. During
1958-1972 the Atchafalays River average monthiy dis-
chamge sxceeded 11,328 cme during only 3 years. Dur-
ing this period the annual peak flow was never excesded
for more than two months out of 8 year. However, during
the fiood of 1973, the average annual peak liow was
exceeded for &€ months. This pattern was repeated
during the following two years, 1974 and 1975 (Fig. 3).
the period between 1976 through 1978 &n ba character-
zec! ms average in terms of Atchafalaya River flood
discharges. Another major flood occurred in 1979,

MORPHOLOGICAL CHANGES IN THE
EASTERN HALF OF THE ATCHAFALAYA
DELTA, 1973-1979

Aichafalaya basin deposition (lacusirine defta flll)
and nitial defta growth have been summarized by
Roberts ot al. (1580) and van Heerden and Roberts
{1980). As & gensraiization, the deveiopment ol the
Alchaisiaya DeRa can be divided intc four phases. The
first phase (from the late 15008} was the accretion of
clays on the continental shelf and the slow accumulation
of fine-grained sediments (bay clays) in Atchatalaya Bay.
The period 1952-1962 can be identified as the initial
phase of dela-front sedimeniation, when significant
thicknesses of prodetta-clays began 1o be deposited in
Aichafalaya Bay. From 1962 to 1972 siightly coarser
material (sits and scme fing sands) began to be intro-
duced and a phase of distal bar and subaqueous bar
Qrowth was intiated. In 1973, the subaerial phass of
defta development started with the appearance of sev-
orai smallisland near the lower Atchafalaya River mouth.

AREA CHANGES

The limits of land exposed in a section of the
eastern half of the delta, above the -0.6 m comour in the
lail of each year from 1973 10 1979 (exciuding 1877),
were determined by the combined use and comparison
of aerial pholography and LAND-SAT (band 7) imagery
{Fig. 4). Overall subaerial change from 1976 to 1977 in
the Atchafaiaya Delta was too minor 1o be displayed.
Total area of subaerial [and in this section of the aastem

Tabte 1. Area of new land in the tall of each year,
1973-1979 {obtained trom electranically digitizing
the area shown in Figure 4).
Yoar Area mi2 Area km2
1973 0.2 057
1974 0.69 1.7%
1975 3.08 7.83
1976 3.23 828
Figure 4. Extent of subasrial deponitional environmenis in the fall of
sach yaar from 1973 o 1977, Stanciimd 1n arv het ureus of annual 1977 - -
aceretion For aamplicity | partions of Delta not shown
1978 3.44 8.81
1979 456 11.68
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halt of the delta was detarmined for the fall of sach year
from 1973 to 1979 be electronically digitizing the area
shown in Figure 4 (Table 1).

Inthetallof 1973, 0.57 kmZof former bay bottomwas
axposed (Fig. 4) at low tide inthe sastem haW of the deita
(Tabie 1). Growth of new land rapidly continued during
the 1974 and 1975 ficods (Fig. 4 and Table 1}. This
dramatic growth rate declined during the minor fiood
yoars of 1978, 1977, and 1978. Net increase innew land
tromtall of 1975 to fall of 1978 was 0.98 km*, an average
of 0.33 km? per year. As 3 result of the major flood that
occumrad in 1979, 2.87 of new tand appeared (Tabie
1). This rapid increass in smergent area after ihe 1579
ficod dramatically emphasizes the defta growth re-
spense to major floods. These data suQgest that
subaerial accretion, which has occurred under the impe-
tus of major floods, might not have been so rapid if
average-sized floods have occurred since 1972,

Deposition is sporadic when the entire hydrological
yearis considered. Wave action and loves overwash are
effective in reworking lobes between tloods. Erosion is
most significant in late falt and winter when coid airfrontal
Incursions dominate weather pattems (House et ai.
1978, van Heerden and Roberts 1980, and van Heerden
1980).

The emergence of new iand appears to lollow a
biturcating pattern. Prior to the 1373 flood, 1he river was
divided Into two forks by & mid-channet bar, the Poul-
iideux Islands (Fig. 2). The easterty fork, East Pass,
underwent a series of bifurcations, beginninginthe 1973
tlood (Fig. 4). During the 1974 flood, the major channels
themsaives were bilurcated. In addition, some minor
channeis branching off East Pass were closed as
midchannel bars increased in size and in some cases
coalesced. The same processes were repeated in the
1975 tiood, extending the biturcation patterns baywards,
while coalescing bars reached farther upstream. During
the minor flood years of 1978 through 1978, former smait
channels and back-bar aigal flats tended to emerge (Fig.
4). Heads of bars, situated where large (secondary)
channels leave major (primary} channels, increases in
size. As a result of the 1979 flood, sorne subaerial bars
coalesced while others prograded bayward. These
changes show that progradation of subaerial deposi-
tional environments prograde extensively during major
floods and davelopment of new subaerial lobes is related
1o the process of channel bifurcation.
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Figure 8 Subssrial lobes and channels of the eastern delta and
positions of chanoel crom sections and subsarial profiles. Numbers
indicate loeation of croms sectiona.

CHANNEL CHANGES

Channel cross sections reflect changes that the
“arteries of sedimentation® uncergo during both non-
flood and flood periods. Seventeen channel cross sec-
tions {Fig. 5) ware monitored form 4 to a maximum of 10
times each. Thus, & time sequence of channel profiles
was collected from May 1977 to February 1980. In the
following discussion, an arbitrary channel classification
is used — primary, secondary, and tertiary channels.
Size and shape of rivar channels is generally consicered
to be a function of the volume and character of the tiow,
saciment load, type of materiais making us the bed and
banks of the channel, and character and density of the
vegetation (Axelsson 1967).

Primary Channeis

Large-scale biiurcations at the river mouth give rise
fo primary channels. Primary channels in the
Atchafalaya Delta are usually greater than 915 m wide,
U shaped, and continuously experiencing a reduction in
cross sectionai area (Fig. 6). During major fioods, this
reduction proceeds as the confining channel levees
aggrade. Loss of area due 1o the 1978 flood might have
been larger, but for the fact that as the irregular nature ot
the channel bottom indicated, a shell dredger was active
in East Pass during the spring of 1979.

Primary channeis are sites of dynamic mid-channsi
bar formation (Fig. 7). Subdivision of primary channels
creates secondary channels. During the 3-year study
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period, almost 1 m of sedimenis was deposited on the
mid-channel bar in East Pass. The smalles! channel
tormed in the bifurcations process sealed during this
same time period.

Natural channel forks in the Atchafalaya Defta are
most often asymmetrical, with the less efficient branch
being smaller and diverging at a greater angle from the
mother stream. Similar results were reported by
Axelsson (1967) from the Lakaure Deka, a lacustrine
example Weider (1959) conciuded that this mechanism
of abandonment of the least efficient channet occurs
wheres discharge is concentrated in one channel in orger
to attain maximum efficiency of flow. Primary and secon-
dary channeis in the Aichafalaya Delta are generally
siraight, possibly due to the cohasive sediments forming
their banks (Axeisson 1967).

Secondary Channels

The heads of astablished seconciary channeis inthe
Atchafalaya Delta are relatively stable features as the
cross sactional area did not after during the minor fiood
years of 1977 and 1978 (Fig. 8). During the 1979 tiood
secondary channeis deepened, while the Javees border-
ing the channeis aggraded a maximum of 0.8 rn, leading
1o a loss of cross sectional area. However, by February
1980, scour of the channel bottom had occurred, which
tenced to maimtain the original cross-sectional area.

Hjulstrom (1935) showed that the refationship be-
tween particle size and critical erosion velocity for uni-
form matenial reveaied an erosion vekcity minimum
within the particie size interval 0.1-0.5 mm. The critical
velocity for erosion normally increases towards both
coarser non-cohasive andfiner cohesive sediments. For
this reason Alchafalaya deltaic channeis with fine-
grained cohesive banks and minor bed loads are deeper
and have steeper banks and better fixad positions and
shape than deltaic channels with banks of sand and high
bed loads (Axeisson 1967). While heads of secondary
channels are seemingly stable, bifurcation occurs in their
shallower lower reaches. In onder o maintain flow
efficiency, one of the minor channels, formed originally
from a biturcation, may become inactive and create a
terliary channal.

Tertiary Channeis

Tertiary channels, such as South Natal Channei (Fig.
9), show steady decreases in cross-sectional area
through the study period. Generally, tertiary channels
shallow downstream as the width and levee height de-
crease. These essentially closed systems make excel-
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lent sediment traps for fine suspended sediment. The v~
shape of tertiary channels appears to result trom periods
of low water, when the flanks of these channels are
exposed and llow occurs only in their deeper parts where
tidal scour s important.

Eventually, the channel cross section will be reduced
until the channel is no longer hydrodynamicatly efficient.
Al this point, the mouth of the channe! will start 10 close
due to subaquecus levee construction associated with
the mother channel. Sealing due 10 reverse eddies, as
ciscussed by Weider (1859) for the Cubits Gap area, has
not observed inthe Aichafalaya Delta. Sealed channels
slowly lill with extremely fine sediment introduced from
the downstream and by tidal pumping. This entire
sequence is displayed be vor's Island (Fig. 10). Along
the sastern half of the island are 4 channels, sach in a
different stage of degradation. Channel A is South Natal
Channel {Fig. 9), which is undergoing a recuction in
Ccross-sectional area and hydraulic efficiency. Channel B
is & former channel which, in places, is still deep but has
a closed mouth. After ciosure, channels fill with fine
sediment and marsh vegetation takes root (channel C)
until there is almost no trace of the former channel
{channel D). Channet-fill sequences act 1o fuse small
subaerial lobes 1o creats a larger lobe.

BIFURCATION PROCESS

The compiex network of sand lobes, separated by
branching distributaries, characterizes deltas whose
river mouths are Irictionaity dominated and are genarally
building into unstratified, low-energy, shailow-water
environments (Weidar 1959, Wright and Colemnan 1974).
Many theories have been proposed for the appearance
of these features (Axeisson 1967, Bates 1953, Weider
1959, and Wright 1977). In Aichafataya Bay, initiation of
mid-channel bar appears 1o be a consequerce of a
reduction in suspended-sediment camying capacity
coupled with the formation of subaquecus levees. Sus-
pended sediment concentration, seemingly, is related to
cumrent valocity (Allent 1974, Axelsson 1967, Muller and
Forsiner 1968, Postma 1967, and Ward 1978). Maxi-
mum current velocity and, this, maximum suspended
load occur in the central portions of rivers. Atchatalaya
River, upon entaring Atchatataya Bay, goes from a con-
fined 10 an uncontined state. A dramatic reduction in
depth accompanies this process {Fig. 11). Curment
velocities at the river mouth undergo a marked decrease
from the confined to the unconfined stream state. At the
mouths ot distributary channels, the reduction in depth is
not as dramatic but stream velocity still decreases upon
entering the unconfined state. Under these conditions
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Figure 10. 1:10,000 serial photograph of [vor's laland taken 21 Oc-
tober 1978 shwwing locatiana of tertiary channels and position of cross
section depicted in Figure 26. A} South Natal Channe! B) Channel

with ssaled meuth. C) Former channe! course. D Marsh vegeiation

puwing in brmer channel.

the deep central portions of the stream can no longer
support their original high suspended-sediment load.
The coarser fraction is thus deposied {Fig. 12a). Dueto
a larger sediment pool, greater amounts of suspendad
sediment are deposied in the center of the channel
mouth than on the edges. Once Initiated, shoaling
seaward of the mouth causes an increase in the friction-
induced deceleration and effluent spreading, which in
turn increases the shoaling rate {Bates 1953, Wright
1977}

The overall atfect of the ditferential sedimentation is
& branching of the channel into two distributaries (Fig.
12b). Bacause frictional resistance per unit volume of
flow increases with decreasing channel size, other fac-
tors being equal, the channel appears to lose efficiency
upon bifurcation (Axeisson 1967, and Welder 1959).
This phenomenon is interesting as it wouid appear that
the channel bifurcates not to improve efficiency but
because river-mouth dynamics are controlled by
bathymaetry.

Velocities also decrease away from the center line of
the diverging current tield. Deposition of coarser sedi-
ment takes place, 10 a large extent, on each side of the
center line, giving rise to subaqueous natural levee
ndges that eventually accrete into subaerial forms (Fig.
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The same process may than be repeated on 1he two
newly formed channels (Fig. 12¢). Inthe above manner,
the subaerial components of the emergent delta have
svolved ino a compiex network of sand lobes saparated
by branching distributaries (Fig. 12d).

LOBE FUSION

The process of lobe fusion Is relaled 10 reductions in
discharge in distributary channeis. Distributary channels
in the eastern half of ihe defta have undsrgone large
reductions in width and, consaquently, in cross-sectional
area since 1973 (Fig. 4). Measurements from aerial
photographs show that tyy 1979 East Pass had halved its
1973 fiow width and, thus, reduced its potential dis-
charge. Lack of flow efficiency in tertlary channels has
been shown to be a mechanism of iobe lusion. Contin-
ued reduction of discharge in the eastemn hall of the delta
will increase the rate of channel abandonment. This
process will in tumn lead to lurther coalescence of minor
lobes into larger subaerial features. It is ieasible that
eventually none of the channels will be abie to maintain
flow sfficiency and the whola sastern hatt of the delta will
be sbandoned. Weider {1959} revealed that a reduciion
in the number of distributaries in the modern Mississippi
Dettawas accompanied by a reduction increvasse wichh.
Channel abandonment and subsequent lobe fusion may
be the mechanism that leads to tha abandonmant of
Mississippi subdeltas and crevasse splays. However,
the reduction In discharge in the Atchatalaya may not be
totally a natural phencmenon. The Waestem fork of the
Lower Atchafalaya River (ihe navigation channel) is
maintained by dredging o a minimum depthof 8.1 m and
thus carries a gresier proportion of the river discharge
than  laft in a natural afte.

Inthe long term, the easterm hatt of Atchatalaya Defta
will cease 10 prograde. However, short-tarm future
Qrowth is stil possibie (Fig. 13}. Once the dasterly
secondery channeis have been sealed, the levess along
East Pass and South East Pass will aggrade, while areas
farther east of these channels wili resemble modem
Mississippl Defta interdistributary bays. Sediment pass-
ing down the navigation channe! will be deposited out-
side the cortines of Atchafalaya Bay. A marine delta will
eventually develop south of Point au Fer Shell Reef
Whenthe new delta starts building on the inner continen-
lal-shefl, bucyant spreading and 8xXposure 10 waves will
be important factors in sediment distribution and defta
momphology.
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SUMMARY AND CONCLUSIONS

Detta switching is the major mechanism responsibie
for building the Louisiana deltaic plain. Upstream diver-
sions occur every 1000 to 2000 years, the results of
which are changes in the loci of sedimentation and
subsequent growth of new deita iobes. The Alchafaiaya
River is the most recent of these diversions. This study,
involving extensive fleid data collection, was designed to
investigate the processes of sedimentation and evolution
of the initia! stage of this important new phase ot delta
building in the Mississippi River delta complex. through
analysis and intemretation of aerial photography and
LANDSAT imagery, channe! cross-sections. and
subaeriai profites, the foliowing conclusions have re-
sulted.

{1) Large increases in the area of subasrial deposi-
tional environments occur during major floods. In the
section of the easten&haﬂ of the delta studied, maximu
increases of 2.87 km<, 1.18 krm*, §.08 km* and 2.87




occurrad inthe abnormaltioods of 1973, 1974, 1975, and
1979, respectively.

{2) During minor tloods, fine-grained sediments are
deposited in hydrodynamically inefficient areas. In-
cregses in subaerial exposure are minimal (average 0.33
kmyn). Thus, subaeriat growth occurs on two activity

leveis — g high leve! during major floods and a low level
in normal floods.

(3) The processes of Aichafalaya Deita growth are
dominated by river mouth dynamics. Ditferent deposition
of the suspended load appears o initlate channel bifur-
cation. Shoaling seaward of tha mouth causes an
increase In the bed friction-induced deceieration and
effluent spreading which, in turn, increases the shoaling
rate. The bilurcation process comtinues as the delita
progrades seaward. Natural channel forka in the
Atchafaiaya Dehta are generally asymmelrical. Eventu-
aily the smaller channei seais as the discharge is concen-
traled in one channel in order to malmain flow efficiency.

{4) The mechanisms by which subaerial lobes fuse
may be an indication of how crevasse spiays are termi-
nated. Distributary channals In the eaastem half of the
delta are generaily undengoing reduction in cross-saction
due 10 progradation ot subaerial environments. Eventu-
ally, cross-sectional area will become so small that tlow
efficiancy will be lost and the eastem half of the delta may
be abandoned. At his point, migration of both subaque-
ous and subaerial lovees associated with the main chan-
nel will seal East Pags. This process is developing a
sizable new sand body aiong the Louisiana coast. In
contrast to the Modem Mississippi River delta, the
Aichafalaya shouid prograde more rapidly, form thinnaer
sand bodies, and aventually cover awider area much like
the Lafourche, St. Bemard, or Teche delta lobes. The
ultimate rate of growth and geometry depends on the
degree on man's intervention in the delta-buikling proc-
088,
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ATCHAFALAYA MUD STREAM AND RECENT MUDFLAT
PROGRADATION: LOUISIANA CHENIER PLAIN*

John T. Wells and G. Paul Kemp

INTRODUCTION

According to the sarly work of Russell and Howe
(1935), the Louisiana chenier plain evolved during the
Holecens as a sequence of prograding mudtiats that
were intermittently partially reworked into sand/shelt
chenier ridges. More recently, Gould and McFarian
{1959) reconstructsd the development of the cheniar
plain and adjacent sheif from cores using radio carbon
dating techniques. Their imerpretation indicates that, as
sea level rose from -5 mto its presant level, a transgres-
sive sequence of marine sediments was deposied over
the dissected Pleistocene Prairie Formation, first fifling
estuarigs, then later spreading across shallow-bay and
marsh environments.

During the finat asympiotic stage of post-glacial rise
in sea level some 3000 years ago, the chenier plain
began to prograde rapidly, and eventually a wadge of
recent sediments 6-8 m thick was deposited to a width of
24 km, thus placing the shoreiine roughly where we see
it today (Fig. 1). Puisations of sediment from the Missis-
sippi River, transported by coast-parallel currents, were
responsible lor the various stages of progradation. At
fimas when the Mississiopi River introduced sediment in
the vicinity of the present chenier plain, the shoreline
shifted seaward; during periods when its course took the
discharge farther east, sediment infiux lo the chenier
plain was low andwave attack was able to siow or halt the

A new pulse of sediment, the first in some 1000
years, began adding soft muds to the sastem margin of
ihe chenier piain in the late 1540s, coincident with the
subaqueous devsiopment of a new delta in Atchatalaya
Bay (Morgan et al. 1953). Aihough the delvery of
sediment from the Mississippi River down the
Aichsfalaya River had been in progress since the mid-
15008 (Fiak 1952), it was not until the mid-1900s that
ssdimentation the bay and areas offshors became no-
ticoabls. This larpe-scale introduction of sits and clays
to the coasat occurred when the inland Atchatalaya basin
o the north became essentially sediment filled and
sediment began bypassing these basin-lakes for areas
tot he south. In the early 1950s Morgan et al. {1953}
documented the occurrence of mud deposition aiong

advance (Gould and McFarian 1959). Cheniers formed GULF OF MEXICO s w 3 m < Qc{f
during these latter periods and now stand as “islands” in _ _ '*=""=""='_ e "_;\-V .
the marsh. p— e o R
*Wells, J.T. and G.P, KBI"I"ID, 1981, Atchatalaya mud Figure 1. [ndex map to coast of central and western Louisiana. En-

cdosed region of Atchafalaya Bay shows source ot hne.grained sedi-
ments. enclosed segment of chemer plain 1s present-dav downdnft
reapient of these sediments.

stream and recent mudtflat progradation: Louisiana
Chenier Plain. Trans. Gult Coast Assoc. Geot. Soc.
31:409-416. Used with permission.
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approximately 50 km of coast from Marsh Island to
Rollover Bayou which, in places, formed broad mudflats
up to 2 m thick.

Nearly 30 years have passed since Morgan et al.
(1953) first described these coastal mudflats and tied
their originto the Atchafalaya River, tothe east. Whereas
our understanding of the basic processes for delivering
sediments to the eastern margin of the chenier piain (Fig.
1) has remained the same, our abifity to monitor these
precesses has improved significantly. Ready access to
satellite imagery, color infrared photography, and digital
current-meter data now allows us to monitor remotely
shoreline changes and the processes that govern their
behavior. In the foilowing paragraphs we report initial
observations using these tools in the mud stream-
mudilat system of the central and western Louisiana
coast.

'ATCHAFALAYA MUD STREAM

Turbid water that enters the Gulf of Maxico from
the Atchafalaya River and fiows along shore as a muddy

.10
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plume is herein described as the Atchatalaya mud
stream. This sediment-ladenwater is visible from aircraft
and shows up well in LANDSAT imagery as partially
saturated returns in band 5. Mud stream dimensions
vary and are controlled by river discharge, tide stage,
wind speed and direction, and residual currents. How-
ever, the plume persists throughout the year andtrails off
to the west in approximately 75 percent of the images
{unpublished data compiled by R.H.W. Cunningham,
USACOE, New Orleans).

Figure 2A shows the weil-defined seaward extent of
the sediment plume on February 9, 1979, during rising
river stage. This image is typical of many in that turbid
water is found not only in Atchafalaya Bay and offshore,
but aiso in the bays to the west. Figure 2B shows
suspended sediment concentrations taken on the day of
the satellite overpass along a transect that runs down the
navigation channel and ends at the seaward edge of the
sediment plume. Suspensate concentrations, deter-
mined by Millipore filtration, are reported for surface
waters only, and thus represent a conservative estimate
of sediment throughout the water column.

CLEAR GULF
WATER

Figure 22. LANDSAT band 5 image of central Louisiana coast taken on 9 February 1979. Light tones indicate high turbidity.
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Within Atchatalaya Bay concentrations range from
25010 400 mg/ (0to 20 km, Fig. 2B}, butincrease to more
than 800 mg/t seaward of the shell reef bamier (25 to 35
km). The sudden increasa in concentration is perhaps a
resuft of wave resuspension of soft sediments that are
deposited rapicly as prodeita clays seaward of the bay
mouth. Beyond this extremely turbid zone, concentra-
tions decreass acrosa the shelf 10 the plurne edge (50 1o
63 km). Outsiie the sediment plurne, concentrations are
1 mgA or less.

Composition of sediment in the mud stream is the
same as thal inthe lower Atchatalaya River, primarily sif-
and clay-sized particies with median dlameters of 2 to 8
microns. Clay mineraiogy is montmorilionite, itite, and
kaolinite inthe ratio 3:1:1. Data reported by Roberts et al.
{1980} indicate that 83 percent of the sedimem that
enters Atchafalaya Bay s sit-und ciay-sizpd. Using a

mass to volume conversion of 425 . Wella and
Roberns {in ‘orogs} datermined that this siit and clay load

is 148 x 10” m" per year.

Evidence thal sediments which enter the Gult of
Mexico from Atchafataya Bay are transported o the weast,
as indicated by satellite imagery, is also provided by
currant mater moorings. Beginning in the spring of 190,
cufrent meter data were taken at numerous stations in
and seaward of Atchafalaya Bay. Typical records of

speed and direction at three of these stations are shown
in Figure 3. Data are trom mid-depth current meter
moorings made with Endeco 174 ducted-impetier, mag-
netic recording currant meters at the iocations given in
Figure 4. Thirty-tive days of data were obtained at station
1, five days at station 2, and over a year of continuous
readings have been oblained at station 3.

Current speeds on the inner gheif at station 1 are
typically 10-30 crvsec; direction of flow, akhough setting
bthomﬂhmu.hlrmomodnmng!yinmhhbmm
duaulbylhopusmoicoldlmmwy.'no?dlys.
which saquentially produce winds first from the south-
west, then from the northwast. Cumrent speeds at siation
2, just outsice the bay, are 10 to 50 crvsec and occur as
wel-defined puises related 1o stage of the tide. Direction,
howevar, does nat fully reverse as a result of tidal effects,
but instead is dominated by river fiow 16 the south from
Atchuallyaalyandﬂowwlhomtrommmmﬂy
drift component of coastal waters. In Atchataiaya Bay
current speeds are substantially higher, reaching vaiues
of 40 10 80 cmvsaec. Rise and fall in current speed is
coincident with tidal period inthe bay. Direction of fiow is
Oriented down the navigation channal and does not
change with stage of the tice.

Residual currents computed from these records are
shown in Figure 4. The overafl pattern is that of strong
flow down the axis of the navigation channel, spreading

A B A
1000 -
= 800
Bt -
o
£ ¢00 SHELL REEF
: l
S “° EDGE OF
200 PLUME
0 i [ L 1 \ n L
0 10 20 30 40 50 60
Distance (Km]
Figure Ib. Suspensate concentrations along transect line A-A’ from lower Atchafalaya Ruver outlet to seaward edge of sediment piume (data

courtesy R. H. W. Cunmungham, USACOE, New Oricans)
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Figure 4.  Central Louwrsans coast Archafalava mud stheam
and volume flux of sediment in and through the Atchafalays system.
Greater than 50 x 10* m tyr of silt snd clay s trans ported to the ¢astern
margn of the cheruer - Current meter stations and ressdual current
vectons are num .

and reduction in speed on reaching the Gul of Mexico,
then cefiection 1o the west on the inner shelf. Anglysis of
current data taken on the shelf farther 10 the west {longi-
tude 93° 30') also indicated resicual tiows to the west
{Crout and Hamiter 1981).

First-ordar approximations of sediment mass trans-
ported in the Atchatalaya mud stream have been made
Dy taking the product of average suspensate concentra-
lion, cross-sectional area of the mud stream, and
average drift speed of cuments (Fig. 4). Conversion of
volume transport is mads using a density of 375 kwma
{Wells and Roberts, in press). When converted to
tranaport per year, the volume of sbedignm moving In the
Atchafalaya mud stream is 53 x 10° m°, aimost halt of the
volume of sediment that leaves Atchafalaya Bay.

RECENT MUDFLAT PROGRADATION

Deposition of fine-grained sediments from the
Atchafalaya rmud stream can be noted by the transitory
mudfiats that have formed aiong the eastern margin of
the chenier piain. Areas of mudfiat accumutation were
determined from color infrared photographs taken in
October 1974 and October 1978 (NASA Missions 74-293
and 78-148, respsactively), irom 1974 erthophotoguads,
and from aerial and ground reconnaissance in 1974,
1979, and 1981. Results of these photo and ground
comparisons, togethar with Adams et al. (1978) tor the
period 1954-1969, are shown in Figure 5.
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Theee patlarns have bean recognized during the 12-
yrperiodfrom 196910 1981: 1) simutaneous srosion and
accretion at the shoreline, 2) increasing length of shore-
line fronted by mudflats, and 3} shift in the locus of
sedimentation (o the west. No attempt has been made 10
plot previous shorelines, and our contention is simpiy that
the presence of muditats indicates an
prograding shoreline (Fig. 8A). The segments of coast
between mudiiats are typically those thatl are sroding
most rapidly (Fig. 8B). The processes of erosion and
accretion are cycical in both time and space, as De-
comas evident from close examination of Figure 5.

Because of low tide range (0.5 m), intertical expo-
sure of muditats are only 100-300 m wide. Howaever
continuity of a single mudtiat along shore may exceed 5
km (Fig. 5). The upper 1102 m are often a get-ike fiuid
mud that thins both landward and seaward. Athough the
subtical extent of mudfiats is known, patches of tiuid mud
have been found 5 km offshore.

The major effect of sublidal muds is 1o attenuate
incoming wave energy, thus creating conditions favor-
abie for further sedimentation (Wells and Coleman, in
press; Welks and Roberts, in press). Formation of
Mudtiats, then, is the lirat stage In the feedback loop
between coastal energy and shoreiine response, which
eventually leads to stabilization and progradation.

Newly deposited muds are easily eroded and are
often ephemeral features because of their low bulk

denstty (1.25-1.35 g/em®) and high water contant (60 to
80 percent). Longshore currents generated by incoming
waves redistributed thess fine-grained sediments in
such a way that mudfiats appearto move along the coast
in a wasterty direction, leaving a trail of unconsolidated
material in their wake. Although localized hurricane
mudbank deposits have become permanent shoreline
leatures In the rcent past (Morgan et a. 1958), there is
Kitle evidence that large-scale mudfiats stabilization by
marsh vegetation presently occurs under normat condi-
tions.

Voiume calcuiations show that more sediment
reaches the chenier plain via the Atchafalaya mud
stream than appears as new mudflats. For example, if a
typical muditiat has a voiume of 1 to 2 x 105 m®, then 25
to 50 such mudtiats could form each year. Since new
mudfiats have not been observed to form at this rate,
much of the sediment be spread across the inner shelf as
a thin veneer over a longshore distance of perhaps 100
km or more. Shelf studies are currently underway to
examing sedimentation rates and to refine our under-
standing of the sediment dispersal system.
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Figure 6a. Coastal mudtlat. vicuuty of Chenigr Au Tigre. Width of intertidal zone is approximately 150 m.

CONCLUSIONS AND IMPLICATIONS
TO FUTURE DEVELOPMENT

1) The chenier piain of southwestern Louisiana is
presently receiving a major new influx of fine-grained
sediment from the Alchafalaya River to the sast, the first
such sediment pulse in recorded history.

2) Sediment is delivered by the Atchafalaya mud
stream, a westerly flowing band of turbid water that may
extend 20 km offshore.

3) Growth of the chenier plain appears initially to be
by a series of transitory mudtlats, a few of which become
welded at the shoreline.

4) The patternof mudflat sedimentation is increasing
and shifting 1o the west, consistent with the direction of
coastal and wave-induced currents.

5) The Atchafalaya mud stream transports more
sediment, by an order of magnitude, to the chenier plain
than can be accounted for in yearly mudflat accretion.
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Future development of the chenier plain will be tied
intimately to the fate of Atchafalaya Bay. The good time
correlation between subaqueous deitaic sedimentation
in the bay and the first appearance of mudflats near
Chenier au Tigre (both in the 1950s) established the
relationship. Further evidence was provided when ab-
normally high river discharge in 1973-75 correlated well
with a renewal of mudflat development after a period of
erosion in the 1960s. Accelerated growth of the chenier
plain is expected when Atchafalaya Bay becomes sedi-
ment filled, thus allowing an even greater volume of
sediments to enter the dynamic shelf region seaward of
the bay.

The ephemeral nature of these mudflats suggests
that the process of shoreiine progradation has justbegun
to accelerate. As aresult, we hypothesize that the initial
stage of coastai progradation from a new sediment pulse
is one of transitory mudflats only. As sedimentation
continues, new mudflats will appear and merge with
existing mudfiats. At its peak of development, the shore-
line will becorme “choked” with fine-grained sediment,
mudflats will stabilize and grow seaward, and new marsh



vegetation will become established. The time scale for
widespread reversal in present coastal erosion is per-
haps 50 to 100 yr.
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SEDIMENT-WATER OXYGEN AND NUTRIENT FLUXES IN
A RIVER-DOMINATED ESTUARY*

K.G. Teague, C.J. Madden, and J.W. Day, Jr.

INTRODUCTION

Rivers can contribute to the availablity and Jong-
lerm accumulation of inorganic nutrients and organic
matter in estuaries through high nutrient loading (Ho and
Barvett 1977, Nixon 1981a, Nixon 1981b, Stanley and
Hobbie 1981). Severa! studies have shown sediment-
water fluxes of nutrients 1o be important nutrient sources
to estuaries as well (Nixon et al. 1976, Boynton ot al.
1980, Nixon et al. 1980, Callender and Hammond 1982,
Fishar at ai. 1982, Boynton and Kamp 1985). Afterna-
tively, sediments may be a sink for nutrients in the water
column (Boynton et ai. 1980, Caliender and Hammond
1982) inwhich case riverine inputs may be rernoved from
the estuary through sediment processes. Riverine sedi-
mant loading may affect sediment-water nutrient fhuxes
directly by the addition of organic matter and adsorbed
Inorganic nutrients, by affecting redox aquilibria, or indi-
rectly by the tormation of @stuaring wetlands which may
inflyence the nutrient and organic matter mass baiances
of estuaries (Nixon 1980). Water depth can detemine
the significance of sediment-water nutrient fluxes {0 the
water column by controlling the size of the nutrient pool
8nd the degres of coupling of naar-surface and botiom
processes (Nixon et al. 1976).

Relatively few sediment-water fiux studies have
been done in estuaries. All of the published studias of
estuarine sediment-water fiuxes been from eshuanes

%

"Teague, K.G., C.J. Madden, and J.W. Day, Jr. Inprass.
Sediment-water oxygen and nutrient fluxes in a river-
dominated estuary. Estuaries.
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with low riverine input, low sadimentation rates, moder-
ate water depth, and low proportion of wetland 1o open
waler area (Table 1), providing a narrow range of estuar-
ine types on which to base new hypotheses, orto assaess
axisting ones. Here we report in sifu measurements of
sediment-water oxygen and nutrient fluxes from coastal
Louisiana, in an estuary with excaptionaily high rates of
riverine input and very shaliow depth.

AREA DESCRIPTION

Fourleague Bay Is a 9300 ha astuary located in
south-central Louisiana, USA (Fig. 1), Itis shailow (maan
= 1.5m), recaives high river input, and is characterized by
low tidai amplituda, fine-grained sediments, high sus.
pended sediment loads and nutrient concentrations, and
a high wetland/water ratio (0.73). The Atchatalaya River
carmies approximately 30% of the combined flow of the
Mississippi and Aed Rivers and emplies directly into
Atchafalaya Bay ang Fourleague Bay. Peak annual
discharge averages 11,300 m* s (Roberts et al. 1380)
and normally follows a temperate seasona) pattem with
a spring peak and a fall-winter minimum.

Fourieague Bay is surrounded by expanses of tresh,
brackish and saline marshes (Chabreck 1972), and an
extensive, rapidly emerging delta is forming at the mouth
of the river (Roberts et ai. 1980). The hydrodynamics of
Fourleague Bay are compiex, influenced by river dis-
charge, tides (0.3 m}, and meteorological events (Wax et
al. 1978, Denes 1983}. During $pring, a large volume of
freshwaterenters Fourleague Bay from Atchatalaya Bay
and flows southeast through Oyster Bayou to the Gulf of
Maxico. During summer and 1all, high salinity Gulf water
enters the estuary through Oyster Bayou. Vertical strati-
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Figure 1. Aichalalaya and Fourleague Bay in Louisiana. Locations of upper and lower bay study sites are

marked by triangles.

fication of the water column has only been observed in
deeper channels draining into and out of the bay, while
horizontal stratification ls common throughout the bay
{(Madden 1986).

Stations for flux measurements were located in
upper and lower Fourisague Bay 10 bracket the extremes
of riverine an marine characteristics in the estuary (Fig.
1}. At the upper station, salinity Is consistently low,
averaging <1 ppt. At the lower station saiinity is highly
variable, often reaching 25 ppt NH, * in the water column
exhibits spatial and temporal heterogeneity, with an
Sverage annual concentration of 2.9 yM throughout the
bay. NO, concentrations average 60 yM in the upper
bay and 19 M in the lower bay (Madden 1986). How-
ever, NO," concentrations in the lower bay are highly
variable, ranging from 0.1 10 60 pM. NGO, concentrations
in the Atchatalaya River have reached 180 yM (Madden
1986) Inorganic nitrogen loadingiromthe river has been
estimated from three intensive time series studies of

water flux and NH,* and NO," concentrations, and
averages 57gNm2s' (Madden 1986). In addition, there
is preliminary evidence of net Input of nutrients and
organic mafter (o the bay from surrounding wetlands
(Stemet al. 1986). Sediments in the bay consist primarity
of sitt and clay (Bamstt 1971) but consistencies vary. In
the upper bay, sediments are flrm and highly cohesive,
while at the lower bay they are nearly fluid in consistency.
Net sadimentation rates in the bay range from 1.1 10 2.1
em yr' (Smith et al. 1985) and organic matter content of
the sediments averages about 3.75 % by weight {Teague
1983).

METHODS

Sediment-water oxygen and nutrien! fluxes were
measured i) sy  seven times between August, 1981
and May, 1982, using four opaque, 25 | plexiglass
domes covering 0.16 m? of sediment surface. A horizon-



tatflange and vertical edge enabled easy peneiration of
ihe chamber inic the sediment, yet prevented over-
insertion and insured consistent chamber volume. Nutri-
ent concentrations were measured in four chambers,
while dissolved oxygen was measured In two (YS! po-
larographic oxygen elactrodes). Chambers were
equippad with submersiie pumps to maintain water
motion. WuU sampies wers pumped to the surface
{hrough tygon  bing (25 oc volume) which was purged
before sampiing. Withdrawais from the chambers during
entire incubations resulted in replacement of less than
1% of chamber volume with outside water. A smal vert
(1.0 mm) at the top of the chamber insurad that samples
withdrawn from the chambers were replaced by the water
column, not by sediment interstitial water.

Betore beginning each incubation, water column
dissoived oxygen, temperature, and saiinity were meas-
ured and samples were collected for determination of
water columnNH,*, NO,", PO, ¥, dissolved organic nitro-
gen (DON), and dissoived organic phosphonus {DOP).
Dissoived oxygen was monitored at 0.5 hr intervals
during 3-5 hr incubations. Dissolved oxygen meters
were calibrated against Winkler thrations in the labora-
tory and using standard catibration tables in the fieid.

All water sampies collected befors and during the
incubaticns were fitered through pre-rinsed Millipore
type AP giass tiber prefitters (mean pore size 0.65 pm)
and frozen immediately on dry ice for later laboratory
analysis. Water samplas were drawn from chambars
hourly, liltered, and preserved as described. All nutrient
analysas were performed using the Technicon autoana-
lyzer, according to U.S. Environmental Protection
Agency methods (1979). Salinity was determined i situ
with a Backman RS-5 Induction salinometer.

Sediment-water oxygen and nutrient fluxes were
calculated from changes in concentrations in the cham-
bers over time. Dark bottles (1L) were incubated with
bottom water to estimate water column contribution to
oxyQen uptake and nuirient thuxes. Estimates of water
column oxygen and nutrient fluxes were subtracted from
sediment chamber measures of oxygen and nutrient
fiuxes to evaksate oxygen uptake and net nutrient fluxes
attributabie to sediment processes alone.

Net sediment-water fluxes were caiculated
using the following formulas:

ANAAT (g =(N-NY T

ANIAT g =(N N/ T

N

AN!ATM-((aNmTtm,-AwaT{mgx 25 016 m?

Where:

AN/AT=Rate of change of O, or nutrient
NI-Endlnn O, or nutrient concentration

N=Beginning O, or nutrient concentration
Tw=Duration of experiment

Anual fiuxes wers computed by calculating the
arkthmetic means of all replicate chamber measurements
for each measurement period and station and then
calculating the asthmetic means of these by station.
Positive fluxes indicate net release fromthe sediments to
the water column, while negative fhixes incicate net
uptaks by the sediments.

Sediment pore water profiles of NO," were obtained

in October, 1981 using pore water “paepers” (Hasslain
1978). Each of 50 cups along the length of the 1 m ong
peeper was fiisd with about 10 mi of distiled water under
& pure nitrogen atmosphere. The peeper cups wers
covered with dialysis membrane which was heid firmiy in
placs by a frame. In the fieid the apparatus was gentty
driven vertically into the sediment 2o that the water in the
peeper cups was in contact, through the dlalysis mem-
brane, with the sedimant interstitia! water to a dapth of
about 75cm. After a 1 week equiilbration, the peeperwas
withdrawn, water samples were coltected from the cups
with a hypodermic syringe, injected into plastic viais,
frozen on dry ice, and analyzed for dissolved nutrients in
the laboratory.

NO, vs salinity plots were generated using data from
ransects fromthe Atchatalaya River through Fourleague
Bay. Details of interpreling mixing diagrams such as
these may be found in Liss (1976). Water sampies were
tollected, preserved, and analyzed, and salinity meas-
ured, as previousty described.

Atomic ratios of O/N of the sediment-water
Huxes were calcutated using only positive inorganic nitro-
gonfluxes. Means of the ratios were calculated by each
measurament pared and station, and then for the dura-.
tion of the study. Only positive fluxes were used in this
analysis since negative fluxes do not reflect nutrient
regeneration procaesses. Similarly, N/P ratios are not
presented Decause of the numerous negative ratios
measured.



RESULTS
Ambient Conditions

River discharge varied from 2000 to 10,000 m3s!
during the study and peaked in spring. Water tempera-
ture ranged from 7.5-29.9°C. Salinity was usually low,
ranging from 0-19.0 ppt, and was higher in the lower bay
than in the upper bay. As river ilow increased, average
safinity in the bay decreased and nutrient concentrations
increased. Dissolved oxygen in the water column was
always above 3 ppm, and was often near saturation even
at the sediment interface. Water column concentrations

NO; (uM)

at the two study sites ranged as follows: NH_ *:0.6-16.8
MM NO, : 0.1- 845 uM; PO >: 0.1-1.6 yM; DON: 6.2
113.1pM; and DOP: 8.0-17.6 pM, during flux measure-
ments. NQ,” and DON were signiticantly higher at the

upper bay, and displayed a strong seasonality related to
fiver discharge (Figs. 2a,c). Nitrate vs salinity plots
indicate that the river was the main source of NO,, arnd
the bay was a strong sink for NO, {Fig. 2b). A profile of
NO,  from the overlying water into the sediment at the

upper bay station showed values decreasing from 36 uM
inthe bottomwaterto 10 uM inthe surface sediments and
further decreasing with depth. Atthe lowerbay, low NO,

NO; (M)

ODON (uM)

Manth

Figure 2. Dissolved nitfrogen in upper and lower Fourleague Bay. (a} NO,  concentrations at the study sites
during sediment flux measurements showing a spring peak and upper-lower bay differences. (b} NO," vs. salinity
mixing diagram for October, 1981 and April, 1982 showing seasonal differences in the degree of non-conservative
mixing of NQ,". (c) DON concentrations at the study sites during sediment flux measurements.
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Figure 3. Sediment NO,, " vertical profile from the upper and lower Fourleague Bay in October 1981.

concentration (<1 uM) in the bottom water did not vary
with depth into the sediments (Fig. 3).

Oxygen Uptake

Mean sediment oxygen uptake was 49 mg m2 hr',

ranging from near 0 in January and February to 140 mg
m2 hr' in August (Fig. 4). There was no significant dit-
ference in mean annual oxygen uptake rates at the two

sites. Sediment-water oxygen uptake was positively
rrelated with water temperature at the upper bay site
(r"=0.40, p<0.01), but not at the lower bay.

Nutrisnt Fluxes

NH,* was nearly always released from the sedi-
ments to the overlying water. Mean annual NH o fluxes
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Figure 4. Sediment oxygen uptake rates at upper and lower Fourleague Bay. Error bars are +1 standard error of

the mean.
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Figure 5. Sediment-water nitrogen fluxes in upper and lower Fourieague Bay. Error bars are + 1 standard eror of
the mean. (a) NH 4*' flux, (b) NO3 flux, (¢} DON flux. Positive fluxes denote sediment release, negative fluxes

denote uptake.

were 153 pmol m2 hr' at the lower bay and 103 umol i
Zhr'! at the upper bay, ranging from -50 1o 450 pumol m
2hr' (Fig. 5a). Net NH ,* flux was positively correlated
with water temperature (r?=0.42, p<0.05) at both sites,
and with oxygen uptake (r20.23, p<0.01) only in the

upper bay. There was a negative comrelation between
NH,* flux and NH,* concentration in the overtying water

at the lower bay (r=0.51, p<0.05).

Mean annual NO, fluxes were large and showed net
uptake (mean flux=-112 pmol m2hr’) at the upper bay,

and release (+79 pmol m2 hr) atthe lower bay (Fig. 5b).
In the iower bay, small positive NO," fluxes were usually
observed, except during spring tiood when a large nega-
tive flux was measured (Fig. Sb). Atthe upper bay, large
negative fluxes were measured during late summer-
earty fall (-625 pmol m2 hr') and a significant positive flux
was measured in mid-spring {Fig, 5b).

Mean annual DON fluxes were +305 pmol m=2 hr* at
the lower bay site and -710 pmolm2 hr™' atthe upperbay
site. The highest flux rates at both stations occurred
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Figure 6. Sadiment-water pgrpsphorus fluxes in upper and lower Fourleague Bay. Error bars are + 1 standard
error of the mean. (a) PO 4 flux, (D) DOP flux. Positive fluxes denote sediment release, negative fluxes denote

uptake.

during February, but flux in the upper bay was into the
sediments and flux in the lower bay was into the water
column {Fig. 5¢). Mean annual total dissolved nitrogen
fluxes were +543 pmoil m2 hr' at tha lower bay and -553
wmol m2 hr' at the upper bay, dominated by DON and
NO, fluxes, displaying considerable monthly variation
(Fig. 6a) .

At the upper bay site, mean annual PO,> flux was
only -1 umol m2 hr*, while it was -16 umol m2hr' atthe
lower bay. These mean fluxes were not significantly
different from 0 (p<0.05). PO,* fluxes were somewhat
variable over the year, but displayed no obvious sea-
sonal pattem (Fig. 7a). DOP fluxes were high and also
exhibited no clear seasonalpattemn (Fig. 7b). Mean DOP

fluxes were +161 pmol m2 hr' at the lower bay and +89
umol m* hr’ at the upper bay site. Mean annual total

dissolved phosphorus fiuxes were 30 umolm2 hr! atthe
lower bay and 17 ymol m2 hr' at the upper bay, varied

significantly from month 10 month (Fig. 7b), and were
dominated by DOP fluxes.

The ratio of O, uptake to positive inorganic nitrogen
release averaged t8:1 in the lower bay and 27:1 in the
upper bay. O/N ratios varied significanlly between
menths at both stations.

DISCUSSION

The Atchafalaya/Fourleague Bay estuarine
system differs from other estuaries where sediment-
water nutrient fluxes have been described. High river
discharge and nutrient loading, low salinity, shaliow
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Figure 7. Fluxes ot (a) total dissolved nitrogen (TDN), and (b) tota! dissolved phosphorus (TDP) in upper and
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depth, and high proportion of wetland to water area make
Fourleague Bay different from the sites of most signifi-
cant published studies of estuarine sediment-water nutri-
ent fluxes such as Narragansett Bay, RI, Chesapeake
Bay and its tributaries, and Neuse River, NC {Tahle 1).

Oxygen uptake in Fourleague Bay followed a sea-
sonal pattemn, high in summer and fail and low in the
colder months, comparing closaly with oxygen uptake in
other estuarine sediments (Nixon et al. 1975, Hopkinson
&t al. 1978, Boynton et al. 1980, Boynton and Kemp
1985). NH,* flux rates fit a temperate seasonal pattern

and are among the highest in the fierature (Table 1).
Recent SN measurements of NH,* dynamics in estuar-

ine sediments in Louisiana (Smith and DeLaune 1985)
suggested that little net regeneration may be occurring
here, but that technique may ignore the importance of
rapid regeneration in the top few mm of sediment, which
this net flux chamber technique is designed to measure
(Kemp et al. 1982). Although sediment-water NH,*

fluxes were similar at both sites, they were related to 0,
uptake inthe upperbay, but not the lower bay, suggesting
adifference in the degree of dependence of NH « fuxon
aerobic metabolism at the two sites. The negativa
relationship of NH,_* flux to water column NH .’ concen-

tration indicates that fuxes buffer water column NH ¢
concetrations.

Both NO," uptake and reiease occur in Fourleague
Bay sediments, and the uptake rates are the highest
reported to date (Table 1). NO, uptake dominated at the
nitrate-rich riverine upper bay location during high tem-
peratures, while release dominated at the marine-infiu-
enced, lower bay site. The sediment pore water profile
from the upper bay showed rapidly decreasing NO,

concentrations with depth, indicating that the concentra-
tion gradient is directed from the water column {higher
concentration) to the sediments (lower concentration),
suggesting NQ,” consumption in the sediments and



replacement of pore water NO," by diffusion from the
water column. NO," vs salinity plots for a transect along
the long axis of the bay showed the sharp decrease in
NO," with increasing down-bay salinities (Madden 1986},

providing additional evidence for rapid NO,” uptake by
sediment and water column processes, and indicating
that sediment fluxes may be more important to the
nutrient  budget here than in deeper estuaries. Net
releases of NOy" from upper and lower bay sediments

indicate that nitrification is probably occuming in these
sediments during at least part of tha year. Furthermore,
despite average O/N ratios close 10 the Redfield ratio in
the lower bay, a ratio of 48:1 in August indicates a large
loss of nitrogen from the system, possibly by a coupling
of mineralization, nitrification and denitrification proc-
esses, where mineralized NH,* is nitrified to NQ,’, then
subsequently denitrified, as described by Jenkins and
Kemp (1984) for the Patuxent River. Such a coupling of
processes wouid generate a high metabolic demand for
oxygen while removing a portion of the remineralized
nitrogen from the sediment pool. While we have no direct
measurements of nitrification in the upper bay, we sus-
pect an even stronger coupling of these processes, as
suggested by O/N ratios that were always above the
Redfield ratio, and averaged 27:1.

Denitrification rates of 17 pmaol m2 hr' measured by
Smith et al. (1985) nearly equal the high net NO, uptake
we calculated for these sediments (19 pmol m2 hr',
when both measurements arg averaged over all stations
and all sampling periods. However, when the denitrifica-
tion data are segregated between upper and lower bay,
they do not agree with ditferences in NO, fluxes we
observed between stations { -112 pmol m2 hr' at the
upperbay and +79 pmol m2 hr* atthe iower bay). More
signiticantly, the rate of denitrification accounts for only
15% of our observed net NO," flux at the upper bay.
Assimilatory NO," reduction and dissimilatory reduction
toNH,* may be responsibiefor a significant portion of the
NO," uptake by the upper bay sediments, as has been

hypothasized for other coastal waters (Koike and Hattori
1978, Sorensen 1978). The failure of our net flux meas-
urements to agree with Smith et al.’s (1985} laboratory
denitrification measurements might also be explained by
their requirement to mix different sediments in the labo-
ratory to obtain integrated measurements, or by the
possibility of disruption or outright loss of the top fioc-
culent sediment layer during sediment collection and
transport to the laboratory. The net flux technique is
performed int sity and disturbance of the sediments is
minimized,

The spatial trend of DON fluxes was similar to NO,
fluxes, with a shift fromuptake in the upperbayio release
in the fower bay on an annual basis. Great amounts of
NO," and DON are removed from the water column with

a significant amount of uptake in the upper bay sedi-
ments. Highest DON uptake occurred during periods of
peak water column DON concentrations and low tem-
peratures; highest NO," uptake occurred during periods
of moderate NO," concentrations and high temperatures.
TDN fiuxes foliowed the trends in NO," and DON fiuxes
and.onananmalbasls.merewasnetup!akebythe
upper bay sediments. Annual mean TDN fiuxes in the
lowar bay were out of the sediments, indicating the site's
importance as a nutrient source. The high rate of
nitrogen uptake in the upper bay contritxstes to the water
Quality of the estuary and may contribute 1o the produc-
tivity of the ecosystem via the benthic food web.

We expected a relsase of PO, from sediments as
reported in other studias (Table 1), and aspacially given
the sometimes large nitrogen fluxes we found, but oniy
very low PO releases or negative fluxes were meas-
ured. Callander and Hammond (1982) measured similar
negative fkuxes in the Potomac estuary and attributed
them to sorption of PO, * by sedimentary oxyhydroxides.
Fourleague Bay sediments consist of silt and ciay {Bar-
ret 1871) which have a high capacity for PO, sorption
(Khalid et al. 1977), theoretically increasing the affinity of
sediments for water column and sediment interstitiaj
PO, . Throughout our study, bottomwater was found to
be well-oxygenated, which would facilitate the precipita-
tion of PO, * and insure that soiuble PO,® in anaerobic
sedimant interstitial water woukt not diffuse across the
aerobic sediment-water interface. However, DOP fluxes
were almost always from the sediments and were the
highest yet reportedin the Iiterature. As reflected by their
large contribution to TOP fluxes, these high. positive
DOP fluxes may offset the effects of the PO,” uptake on
the water column.

We conciude that Fourleague Bay sediments have a
moderately active metabolism, release NH,*and DOP to
the overtying water, and take up NO,’, DON, and PO 2.
The lower bay sediments are a source of total dissolved
rutrients to overtying water for much of the time, but over
an annual cycle the entire bay is a powerful nutrient sink.
High O/N ratios of the fluxes in the upper bay sediments
indicate the nitrification of regenerated NH ' tollowed by
denitrification. Nutrient fluxes had broader ranges than
in other reports, and in some cases were the highest
reported for any estuary. High riverine loading of NO;
and DON resulted in high water column concentrations at



the rivarine site, which may have supported high sedi-
ment uptake. Sediment nutrient uptake in the upper bay
ig at least partially responsible tor the reduced nutrient
concenrations in water transported 10 the lowaer site,
whers hutriems are released by the sediments. The
Influence of sediment fluxes on the overlying water is
greater in Fourleague Bay than most sstuaries, probably
owing to the shallow depth. The rapidity of NO," dsple-
tion in the water column with distance from the river is
ikely due 1o the shaillow depth, and the relativety small
nutriert pool in the overtying water. The high sedimen-
tation rate in Fourieague Bay may atfect fluxes through
direct introduction of organic matter, by the addition of
isorbed inorganic nutrients, and by causing shifts in
redox equilibria. ARhough the independent effects of
nutrien ko ading, sedimentation rates, and watsr depthon
sediment-water fluxes have not been directly and Indi-
vidually determined by our study, our work provides an
insight into the result of thase interacting faciors and the
nal ¢ftect on sadiment-water luxes.
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BENTHIC NUTRIENT REGENERATION AND
RESPIRATION IN FOURLEAGUE BAY, LOUISIANA

Robert R. Twilley

INTRODUCTION

In shaliow coastal systems, in situ regenaration of
nutrients may be several orders of magnitude greater
than aflochthonous inputs and thus be the dominant
sourca of nutrients to primary producers. Fisher et al.
(1982) concluded that sediments supply on an annual
average from 28-35% of the nitrogen (N) and phosphorus
(P} required for the primary productivity of shallow marine
systems in North Carolina. Sediment fluxes of ammo-
Nium averaged from 15 to 27% of caiculated N demand
for photosynthesis during the summer in upper Chesap-
eake Bay (Boynton and Kemp 1985), 65% in the
Patuxent River estuary (Boynton et al. 1980), and 35% in
the Potomac River estuary (Callender and Hammond
1982). Nixon {1981) calculated that benthic fluxes of
ammonium and phosphate contributed about 25 and
50% of the quantity of these nutrients needed for net
primary productivity in Narragansett Bay. Inthe North
Sea, 75% of the nitrogen requirements are meet by
benthic regeneration (Billen 1978) and in the Kiel Bight
this flux may provide 160% of the phytoplankton demand
for nutrients (Zsitzschel 1980). Thus, benthic regenera-
tion may represent a significant source of N and P in
various types of coastal ecosystems. :

Kemp and Boynton {1984) described a conceptual
mode! of how benthic and pelagic processes may be
coupled to account for this importanca of sediment proc-
esses to primary productivity. They suggested that the
pulse of nutrients entering a systemduring high nver flow
are fargely deposited to sediments in association with the
fate of suspended particulate material, Deposition of
materials from the water column is enhanced at density
tronts where the coagulation and precipitation of materi-
als occur (Sholkovitch 1976). These deposited materials
may travel from the upper to mid and lower areas of the

41

astuary, but are trapped within the system by atwe-layer
flow of water in a stratified estuary {Kemp and Boynton
1984). Laterinthe summer, these nutrients are regener-
ated tothe watercolumnwhich fuals primary productivity.
The transportof nutrients from a river to the water column
is generally a spring puise, and without the temporary
storage of nutrients in the sediments they would be very
poorty utilized (Fisher et al. 1982).

Basides influencing the seasonal and spatial scale of
nutrient availability in estuaries, sediment regeneration
may also be a selective process on the relative availabil-
ity of N vs P to primary producers. These shifts inthe N-P
ratio have been attributed to controlling the metabolism
of estuarine ecosystems. The theoreticairatio of particu-
late matenal in the water column according {o Redfieid
(1958) is t06C:16N:1P. Stoichiometric signals of
elements buried in the sediment that vary from this
theorstical ratio are used 1o model processes that have
dominated the system. Models based on the stoichiom-
etric ratios of elements in sediments deveioped by
Grundmanis and Murray (1977) demonstrate the pres-
ence of selective processes operating on N relative to P
in pore waters of marine sediments. Nixon and Pilson
(1983) using stoichiometric models of Narragansett Bay
concluded that the tow N:P ratios often observed in
estuaring systems occur because benthic remineraliza-
tion of organic matter yields inorganic N and P fluxes
back to the water column which are low in N reiative to P
and iow in N relative to sedimenting organic matter. The
amount of P recycled in Narragansett Bay was 125% of
the inputto the sediment, whereas N recyching rates were
only 70% of the inputs (Nixon 1981). Material deposited
o sediments had N:P ratios of 13.3, yet the ratio of
sediment remineralization was 3.8 to 7.5 (Nixon 1881).
This pattem was also observed by Boynton et al. {1880)
in the Patuxent River estuary where N flux back 1o the



water colmn was onty 19% that expected based on N:P
in the water colurmnn. The ratio of remingrakized N and P
in Patuxent River astuary was onty 3.0, less than half the
ratic of matenal in the water column.

Nixon (1981) and Seltzinger et al. (1980} have ar-
gued that the low NP ratio in benthic nutrient fluxes back
totha water column are primarily the resuit of N losses via
denitrification. in sediments, the oxygen (O):nilrogen
ratio of fluxes across the sadiment-water interface
should be 17 ¥ oxidation goes to NO, and 13 K NH_ isthe
snd product. i ratios are high, than ammonium regen-
aration is iow and N loss may be oocurring vis denitrifica-
tion. Ratios of O:N were greater than 100 in spring
compared 10 ratios near the theoretical model of 13 in
survmar tributaries of Chesapeake Bay (Boynton and
Kemp 1984). Coupled nitritication/denitrification rates
could account for Increase in O relative to N fiux ratios in
spring because of the ransformation of NH, to N, in

Summer, anoxia prevented nitrification and iowersd the
loss of fixed N, whareas P flux from sediments Increased
resulting in a iow N:P ratio of nutrient exchange. Balzer
{1964) also measured differant relative fluxes of N and P
under axic and anoxic conditions in the Kiel Bight. As O
disappearsd from the water cclumn and sediments
became more reduced, the NP ratlo of nutniant ex-
change across the sediment-water inlertace decraased
to values less than 3.9 (Balzer 1984). Along with these
changes in the seasonal nature of N matabolism in
sediments, these shiftts in relative rates of N and P
benthic regeneration are also due 1o ihe preferential
storage of P in sediments due to chemical adsorption
processes (Boynton and Kemp 1985, Balzer 1984). In
order for thesa processes to influsnce the metabalism of
estuarine ecosystems they must be significant relative {o
N and P budgets, and svidence from several studies
indicates that this may be the case for denitrification
(Jenkins and Kemp 1984, Twilley and Kemp 1986, Smith
ot al. 1985).

Benthic remineralization of nutrients may also be
very important 1o primary productivity in shallow land
margin ecosystems in the northem Gulf ol Mexica, such
a8 Fourleague Bay. Here the majority of nutrients are
transported by the river in spring, bul high lavels of
primary productivity occur in summer, when clearer bt
comparatively low nutriemt waters move into shaliow
bays. Primary productivity appears 10 be partiaily sup-
ported by nutrients from the sediments in this system
thus enhancingthe utilization of nutrients deliveredto this
shaliow system in the spring (see Kemp and Boynton
1984 for temparate estuaries). Howaever, features of this
coastal ecosystem cuch as organic matter input and
production, depth of water column and stratification
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change from upper 10 lower regions of Fourleague Bay
and these changes may intluence the relative rates of
benthic nutrient regeneration,

METHODS

Intact sadiment cores from four siations (Fig. 1) were
incubated aboard ship under near ambient conditions {o
determine the sxchange of ammonium, nitzate plus ni-
trile, phosphate and dissolved oxygen across the sedi-
ment-water interface. Undisturbed sadiment cores were
taken with 8 cm diameter, 20 cm long acryiic tubes. The
ond of the core with sediments was sealed with a rubber
stopper, and the end with ovarlying water is sealed with
gasksts and plexiglass plates {6 mm thick), The ambient
overtying water i3 removed via siphon and replaced with
filtered (0.45 pm pore size) ambient estuarine water to
repraserd ambient retrient flux. Problems associated
with subsirate and dissoived oxygen depletion In batch
core sxperiments are remedied by a flow-through design
in which an artoanaiyzer pump (Cole Paimer) deiivers
the experimental solutions from reservoirs at controlled
flow rates (4 mimin) through infiuent and effluent lines
connecied to the cores (Koike and Hattori 1978). Mini-
ature immersibie water pumps (0.47 Umin capacity at 0.3
m head, Edmund Scientific) with variable transformer
control are used to stir the overlying water within the
cores. Reservoirs of the respective fitered waters and
sadiment cores are incubated at ambient seawater
temperatures aboard ship. The irfluent and etfluent
solutions are sampied at 1.5 h intervals for 8 h for
analyses of dissolved oxygen and inorganic nutrients.

Figure 1. Fourleague Bay and Atchafalaya Bay, Louisi-
ana. Dashed lines represent proposed laves extensions.



Rates of nutrient thux are cakuialed by comparing influ-
ent {1} and effluert (E) concentrations of the respective
nutrignt by the following equation:

(-E)V/A = Flux (umol m2 h™)

mththotbwsmc(M\) and A is the surface area of
the core {0.0062 m*).

Sodimomwohaodnumuaﬂonhmyﬂchm
wera sectioned st 2 cm intervals and two 40 cm?

subsampies from each interval were mixed and placed in
50 mi centrifuge tubes. The remainder was placed in
plastic-pak bags and frozen. The tubes were centrifuged
at 2000 rpm for 20 min and the supsrnatant {pore waters)
fitered (GFF glass fiber) and assayed for dissolved
inorganic nitrogen and phosphorus using standard colo-
rimetric fechniques (Strickland and Parsons 1972).
Sample preparation and reagent additiona were make in
anaerobic environments to prevent precipitation of inor-
ganic P in pore waters. Subsampies of 3 ¢’ fresh

sediment were dried at 85°C to consiant weight for
determination of bulk density and percent water. These
dried samples were ground with montar and pestie, and
one set of subsamples ashed at 550°C for 3 h. Ancther
subsarmnpis was assayed for total carbon and nrogen
with a Perkin Elmer Elamentat Analyzer. Total phospho-
fus was determined by dissolving the ashed samples
with HCI and measuring ortho-phosphate on the diges-
tate. Redox was measured on 1 cm intervals 1o a depth
of 15 c¢m using plalinum wire and standard calomal
slectrode standardized with Quinhydrone (Whitfigid
1989). Surtace sediment chiorophyll was extracted from
1 em? samples with DMSO for 1 h and assayed on a

Tumer fluorometer. A survey of macrofauna was made
by sigving core sampies from each station through 500
um sieves.

RESULTS AND DISCUSSIONS

The results presented are very preliminary, but
sugQest some very interesting patierns for sediment
nutrient regeneration in this shailow coastal ecosystem.
Respiration rates generally increased from station 1 at
Oyster Bayou inthe lower bay 10 station 4 in the upper bay
(Fig. 2). At each station, highest rates occured during
September and August, while lowest rates occurred in
November, 1887. The range in respiration rates was
from a high of 8.01 pmols m'2 h* at station 3 during
September, 1986, 10 2 low ot 1.73 ymols m2 k' at station

1 during Novemnber 1987,

During the fail and spring, inorganic phosphorus
uptake occurred st af four stations with particularly high
rates at stations 1, 2 and 3 during November 1987 (Fig.
2). Highast rate ol inorganic phosphorus uplake was -13
pmots m? v' at station 2 during November 1987. Phos.
phorus regeneration was seidom obeerved and all rates
of phosphorus release were less than 10 ymols m? h-'.
As observed In other estuarine systems, phosphorus

mmbnmmddﬂngthuwmhmm
Bay, but only at stations 1, 2, and 3.

Thers was regeneration of nétrate (plus nitrite) gt
sation 1 during afl the surveys except for April when
nitrate concentrations were high (Fig. 2). Nitrate (phus
nitrite) was removed fromthe water column at stations 2,
3, and 4 during all the surveys. At station 2 during
November 1987 uptake rates were greater than -150
pmols m? ', This pattern suggest that the upper and
mid bay siations are utllizing nitrate from the water
column, possibly representing denttrification. Yet Smith
ot al. (1985) conciuded that denitrification rates in the
sediments in Fourleagus Bay did not account for al the
niroQen in nitrate uptake. The results trom station 1
suggest that the sediments in this region of Fourleague
Bay are skes of active nitritication resuiting inthe procuc-
tion of nitrate from the sediments to the water column.
Nitrate (pius nitrite) regeneration at this station was
pa;tia:urr; high during August 1987 at about 65 pmols
men’,

Ammaonium regeneration rates exhibited a very
inconsistent pattern among the stations and surveys
(Fig. 2). During September 1988, regeneration rates
increased from station 1 and 2 at about 100 pumols m2
h' to nearty 200 umols mr? h'' at station 3. However

during August 1987, regeneration rates decreased from
station 1 o station 4, with an uptake of ammonium from
the water column at stations 3 and 4. This contrasting
pattern betwesn thess two summer months may be
reiated to the much higher concentrations of ammoniym
in the water column during the Augus! cruise. The
highest ammonium regeneration rate occured at station
4 during April 1988 at greater than 400 pmols m2 h*.

This preliminary survey of sediment nutrient dynam-
ics shows little retation betwesn respiration and nutrient
flux across the sediment water imerface. Thus, chemical
reactions, panticularly for inorganic phosphorus, may be
important mechanisms in the pafterns of nutriemt ex-
change observed. Further studies will look at the tate ot
nitrate taken up by sediments in the mid bay stations.
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SEASONALITY OF MATERIALS TRANSPORT
THROUGH A COASTAL FRESHWATER MARSH:
RIVERINE VERSUS TIDAL FORCING*

M.K. Stem, J.W. Day, Jr., and K.G. Teague

INTRODUCTION

Many studies have recently investigated nutrient and
sediment transports through sait (Nixon 1980,
Chrzanowski et al. 1982, Valiela et al. 1978, Woodwall at
al. 1979, Wolaver et al. 1983) and brackish marshas
{(Jordan et al. 1983, Stevenson et al. 1976, Heinle and
Flemer 1976). However, there have been few similar
studies of tidal freshwater marshes. Of these most have
focused on changes in nutrient concentrations over a
tidal cycie (Stevenson et ai. 1376, Simpson et al. 1978,
Grantand Patrick 1970). Flows have not been quantified
as precisely as in salt marshes and there has been little
discussion of riverine versus tidal forcing. Furthermore,
studies of seasonal changes over the course of one year
of longer are lacking {Simpscon et al. 1983). Most studies
have been from the Atlantic coast of the United States,
since tidai freshwater marshes are extensively deval-
oped there (Odum et al. 1984), However, Louisiana also
has large areas of freshwater marsh (U.S. Ammy Corps of
Engineers 1983), many of which are tidally influences.
Tidat freshwater marshes support a high standing bio-
mass and high rates of prirmary productivity (Odum et al.
1984, Simpson et al. 1983) so they couid be important in
the nutrient and sediment budgets of estuaries.

In salt marshes, tides drive transport (Nixon 1980},
whereas in freshwater tidal marshes, tide and river dis-
charge may alternate as the major hydrologic forcing.
Salt marsh transport studies rely on precise measure-

*Stern, MK, J.W. Day, Jr., amd K.G. Teague. 1986.
Seasonality of matenals transport through a coastal
freshwater marsh: riverine versus tidalforcing. Estuaries
9(4A):301-308. Used with permission.

maents of net water transport (Kjerfve ot al. 1981, Kjertve
and McKellar 1980, Boon 1978). Thus accurate determi-
nation of the net transport is often difficut. Since tidal
freshwater marshes can have a riverine hydrologic
component, this problem of nearly batanced ebb- and
tlood-directed transports may not always be important.

This study was conducted in a freshwater tidal chan-
nel, Willow Bayou, located inthe marshas at the terminus
of the Atchatalaya River floodplain in Lovisiana. The
hydrologic regime of marshes inthis area isinfluenced by
Atchatalaya River discharge, tides, and coastal weather
patterns. Dominance by one of these factors depends on
the magnitudes of the others at any given time (Wang et
al. 1985).

The Atchafalaya River has a large infiluence on the
waters and wetlands of the central Louisiana coast.
During high flow in late winter and spring, backwater
flooding raises water levels, causing water to flow into
wetlands surounding Atchatalaya and Fourleague Bays
where considerable sedimentation takes place (Bau-
mann et al. 1984). During iow flow in summer and fall, the
freshwater hydraulic head diminishes and the tide be-
comas the most important factor in moving water.

The purpose of this report is to describe a studyofthe
seasonal influence of Atchafalaya River discharge on
water, nitrate plus nitrite (nitrate} and suspended solids
(SSL} transports in Willow Bayou. We also compare SSL
and nitrate concentrations in the river and bayou to show
how transport through the marsh system influence con-
centrations. These materials were chosen because their
primary scurce is presumably the Atchatalaya River
(Caffrey 1983), and they can be used to iliustrate riverine
influence on materials transport through the bayou and



Fig. 1. The study arca, showing lower Atchafalaya
River, westem Terrcbonne Parish marshes, Bayou
Penchant and Willow Bayou. The Willow Bayou study
sile and lower Atchafalaya station are indicated by
tnangles.

the influence of the marshvaquatic system on water
passing through it

Site Description

Willow Bayou (approximately & km long), is a tribu-
tary ot Plumb Bayou, which flows through the weastem
Terrgbonne Parish marshes and discharges into
Atchatalaya Bay about 10 km from the mouth of the
Atchafalaya River (Fig. 1}. Sampling was conducted on
a relatively straight reach of the channel (Fig. 1), where
the cross section is about 27 m wide, 3 m deep and has
a relatively symmetrical bathymetry.

The marshes surrounding Willow Bayou are vege-
tated primarily by fresh marsh species. Emergent vege-
tation along the channel bank is dominated by Zizaniop-
Sis sp. (giant cutgrass), while the levee ridges are domi-
nated by Myrica cerliera (waxmyrtie) and Salix nigra
(black witlow) or Phragmites hemitomon (maidencane),
Sagittara jancifolia (bulitongue), and Lesrsia hexandra.
Some brackish and intermediate species occupy this
zone also, including Spartina cynosuroides (hogcane),
S. patens (marshhay cordgrass), Juncus rogmerianus
(needlegrass), and Eleocharjs fallax (spikerush).

Willow Bayou is connected via a series of dredged
canals with Bayou Penchant, a major artery of
Atchafalaya River water transport through the westem
Terrebonne Parish marshes (Baumann and Adams
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1981). The Atchataiaya River carries about 30% of the
flow of the Mississippi River and the entire flow of the Red
River (U.S. Army Ceorps of Engineers 1983). River
discharge is lowest in Septemnber or October and highest
in May (Fig. 2).

Marshes in this region exhibit almost no topographic
reliet, andbecause of the connection to Bayou Penchant,
Willow Bayou Is dominated by flows from outside its own
drainage area. Thus local drainage is overwhelmed by
fiows from the canal system to the north and east much
of the time.

Mean sea level (MSL) of the northern Gulf of Mexico,
which influences propagation of the tidal wave into
coastal marshes, has two peaks, one in spring and
another in fall. In September high salinity Gulf water
moves inshore (U.S. Army Corps of Engineers 1983),
presumably due 1o interaction of low river discharge and
high MSL.. Tides in the northem Guif are primarily diumal
with a 0.3 m ranga.

Winds are important in moving Louisiana coastal
waters due to the small tidal range, shallow depths, and
low elevation of coastal marshes. Winds are mostly
southerly during summer and northerly in late fail and
winter (Muller and Willis 1983). Southerly and easterly
winds tend to raise water leveis in the estuaries and
marshes and north winds tend to lower water levels (Wax
et al. 1978).

MATERIALS AND METHODS

We sampled during January, March, May, August,
and October 1984 and January 1985 10 assess changes
in transpon coinciding with seasonal variations in river
discharge, MSL, and weather types. For this report, the
March and August data are not discussed in detail
because they reprasant transitional periods in the river
discharge and MSL cycles. During each trip, water level,
current velocity, hitrate, and SEL wera measured for 48-
50 h {2 tidal cycles). For all months sampied except
January 1984, samples were taken hourly at the center
of the cross section. Current velocity was measured
using either a Bendix S-19 current meter or a Montedoro-
Whitney Model PVM-2a flow meter. Water level was
measured at 0.5-h intervals during the sampling periods
using a fixed reterence point.

In January 1984, current velocity and nitrate were
sampled at 9 points vertically and horizontally inthe cross
section, at 2-h intervals to determine spatial variability
(Boon 1978, Kjerfve et al. 1981). Samples were pumped
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from mid-depth and a subsampie was fitered immedi-
ately (Mllipore Type AP gtlass tiber) and then frozen on
dry ice inplastic vials for nitrate anaiysis inthe laboratory.
Nitrate was determined using a Technicon Autoanalyzer
{U.S. Environmental Protection Agency 1979). Sus-
pended solicds wars sampled only from the centar, avery
2 hours. Samples {250 ml) for suspended solids were
collected in pelyethylens botties and retumed o the
laboratory tor gravimetric analysis (Stnckland and Par-
sons 1972) using Geiman Type A/E giass tbertiters (0.2
mm). Samples werg spiit into two 100 mi duplicales, and
the meana were used in all calculations.

Transports were calculated hourly from each velog-
ity. water level and concentration vaiue. Changing cross
sectional area due 1o changing water level was caicu-
lated hourly. Cross sectionai area was calcutated froma
dense array of depth profilas measured in the beginning
of the study and waler level measurements taken during
the individual tidal cycle studies. The transponts reported
ars the means of all instantanecus fluxes for each sam-
pling period. The term "ebb-directed” refers to transport
toward the estuary, while Tiood-directed refers to up-
stream transpor.

RE3SULTS AND DISCUSSION

The velocity and nitrate data from the January 1984
1tip were analyzed statistically to determine # the center
point provided a good representation of the entire cross
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Fig. 3. Sesasonal net wauer Aunes through Witlow
Bayou. Negative flunes indicate pet ¢bb direcied trans-
port (to the bay), while positive fuxes indicate net flood
directed transport (upatream).

section. Nitrate flux was calculated for each station and
time, and an analysis of variance (ANOVA) was per-
formed on the nine stations, biocking on time 10 remove
sxogenous enor.  In addition, a linear contrast was
pertormad comparing the center station with the other
eight stations {SAS Instituie Inc. 1385). The two anaty-
ses showed that sampling at the center ot the cross
section was sutficient to characterize nitrate flux, proba-
bly because the croes seclion was small, relatively
symmatric, and contained flows that were unidirectional
at alitimes. Forthe analysis of variance biocking ontime,
the overall F test comparing all nine means was nhot
significant (Fa. 200 * 0-50. 9 < 0.858). The linear contrast

companng the center station with the others was not
signiiicart (producing F 200 = 0.66, p < 0.48}, indicating

that the canter station adequately represented the flux
through the entire cross saction.

Atchatalaya River discharge followed a typical sea-
sonal pattem (Fig. 2) similar to, but with maximum
discharge somewhat lower than, the 40-year average
(Denes 1983). Minimum discharges during the study
period occurred in January 1984 and September 1985,
Peak river discharge was inMay. MSL is typically highest
during sprng and fall and lowast in wirler (Fig. 2). In
January 1984 Atchafaiaya River discharge was very low
and coincided with low MSL (Fig. 2}, but moderately low
waler levels and high current velocities (Fig. 4a) resulted.
Peak river discharge in May, during high MSL, resulted in
high water levels and high current velocities (Fig. 4b),
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Low river coincided with high MSL in October,
leading to moderate water levels and low current velock
tes. In January 1885, moderately high river discharge
coincided with low MSL. Thess concitions. combined
with a cold front passage, rasulted In very low water
levels and relatively high current vaiocities (Fig. 4c), very
ditterent from January 1984.

Current velocities from January, May and October
1884 and January 1985 show the transition from river-
dominated (o tidaily dominated hydrologic regimes (Fig.
4). Current velocities in all months except October were
ebb-dominant, because of high river discharge. In Octo-
ber, current velocities were relatively symmetric, indicat-
ing tidal forcing when discharge was iow and MSL high.
In January 1985 strong north winds influenced dis-
charge, resulting in negative current velocities and an
imegular tidal signai.

Discharge from Willow Bayou was consistently abb-
directed except for the month of October (Fig. 3). Dis-
charge increased from January through May then de-
crease o August. Net flow reversed in October when
there was small flood-directed transport (import). In
January 1985 thera was a large net export again which
corresponded with strong north winds.

Nitrate and water transpornts were consistently ebb-
directed, increasing t:om January to May. Nitrate trans-
port decreased from May through October, then in-
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in Willow Beyou for January (a), May (b} and October 1984

creasedin January 1985. Nitrate transport in August was
low (Fig. 5) compared 1o the amount of water iransported
out of the bayou (Fig. 4), due to low nitrate concenrations
{Fig. 8). In October both nitrate and water transpon were
very low, a result of nearty balanced ebt and ficod tidai
flows and low concentrations of nifrate. Therefores,
Nitrate fransports in January, March, and May were
primarily related to water transports, whereas nitrate
transports in August and October were affected by con-
cantration variations.

There were large exports of SSL in January, March,
and May, a moderate export in August, and a vary small
export in October (Fig. 7). The decrease from May to
August was correlated mom with changes in net watar
fransport than with changes in sedimernt concentration.
The concontraqon difference between May and August
was 0.0039 17 but the diffarence in net SSL transpont
was almost no net SSL and nitrate, means of alt samples
from Wiliow Bayou, for each trip, were compared to
single samples from a station in the lower Atchatalaya
River (Figs. 6 and 8). Concentrations of nitrate were
consistently higher in the river than in Willow Bayou (Fig.
6). Both sites had increasing concertrations of nitrate
through winter and earty spring. Bayou concentrations
begandecreasing in May probably as a result of increas-
ing temperature {Simpson et al. 1978). but river concen-
trations continuedtoincrease. Net removal coukd be due
toplantuptake (U.S. Amy Coms of Engineers 1983) and
1o microbial transformations, including denitrification and
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othar forms of nirate reduction {Buresh and Patrick
1978; Smith and DelLaune 1983). The large decrease in
nitrate concentration in the bayou trom May to Auguet
undoubtedly reflects these processes.

SSL concentrations in the river were high during
water, spring, and early summer and low in earty lall (Fig.
8). During November, concentrations in the river in-
creased and then decreased in January 1985. Bayou
concentrations decreased gradually from January 1984
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to October and increased in January 1985. River con-
Centrations were higher than bayou concentrations in all
months except January 1985, when the concentrations
in the bayou were siightly higher than in the river. This
could have besn the result of resuspension of bottom
sadiments during the coid front passage. Despite recuc-
tion in sediment concentration of water flowing through
the marsh system, seciments are trangported the marsh
System, sedimerits are ranspored through the marsh 1o
the estuary.
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Highast sediment rates in the western Terrebonne
Parish marshes occur during peak river discharge, then
decrease through summer and falt (Baumann et ai.
1984). Qur dala quaiitatively support this, Suspended
salids concentrations and transports are high during
peak river discharge (Fig. 8). in the neighboring Bara-
tarla Basin, Loulsiana, marshes are deteriorating, and
they rely on deposition of sediment resuspended from
open water areas to maintain elevation (Baumann et al.
1984). The westem Terrebonne Parish marshes are
located far iniand of estuaring opsn water, are no rapidly

deteriorating, and are presumably regularly inundated
with river water (Baumann et al. 1984).

The results indicated that for most of the year there
was a strong net transport of water, nitrate, and SSL from
Willow Bayou to Atchafalaya Bay. This resuked from 8
hydrauiic siope created by water flowing lmm the
Atchafalaya River into marshes north and east of Willow
Bayou. Net ebb transports characterize river dJominated
astuarine systems, whereas very small net transpornts in
either dizection characterize tidally driven systems, due
10 equatity of sbb and llood curments. Water, nitrate, and
suspended solids transponts in Willow Bayou displayed
both river-dominated and tidally-dominated characteris-
tics, depending on river stage, MSL, and coastal weather
patiems. Decreases inconcenirations ot SSLand nitrate
between the river and Willow Bayou indicated that physi-
cal and biological processes acted to remova thesea from
the water column,
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NUTRIENT AND MATERIALS EXCHANGES BETWEEN
FOURLEAGUE BAY AND ITS SURROUNDING MARSHES

D.L. Childers

INTRODUCTION

A detalied understanding of marsh-water column
inferactions is critical to any study of estuarine
ecosystemn dynamics. In his review of 20 years of
estuarine ecological research, Nixon (1980) concluded
that highly variabie data from exchange studies make
generalizations about marsh:water column interactions
difficult. Work publishad inthe 1960's and 1970's appear
to implicate coastal marshes as sources of organic
carbon, but with tluxes occuring over a wide range of
vales. Based on his summary, Nixon (1980) noted that
marshes saem fo transform nitrogen—by mpaorting oxi-
dized inorganic species and exponting dissoived and
particulate reduced forms-—as well as phosphorus—by
laking up total phosphorus and releasing remobilizing
phosphate. Ockum (1584) has proposed a dual-gracient
concept for estuarine detrital [organic carbion] process-
ing and transport which enhances Nixon's review of
nitrogen and phosphorus dynamics. His gradient con-
cept has implications to analysis of marsh-water column
exchangs data. Concertrations of POC and DOC gen-
erally decline with Increasing salinity due to 1) suppty of
each by terrestrial freshwater and wetland sources, and
2) dilution down-estuary by coastal oceanic water low in
DOC and POC concerntrations (Odum 1984). As part ot
an ongoing Seagrant Project, nutrient and materiais
exchanges across the watland:open water marginal
interface in brackish marshes of lower Fourleague Bay
are being quantified.

inthe 1980's, studies quantified exchanges between
marshes and adjacent waler bodies. Most of these,
howaver, indirectly measured fluxes through narrow,
shallow channels which connect smait wettand embay-
ments to larger basins. Exchange studies conducted in

tidal channels are difficult to interpret in terms of actual
marsh:open water marginal interactions because the
intertidal and subtidal systems are not separable. This
method is logistically impractical in Fourleague Bay
because coastal marshes here lack weil-cafined marsh
embayments. An exceflent way 10 examine interactions
betwaen an intertidal marsh and an inundating water
body is to measure the process directly. Recently, some
investigators have quantified marsh:-water column fluxes
using flumes buik on the wetland surtace. Using a marsh
flume on Carter's Creek, VA, Wolaver et al. {1980, 1983}
reported marsh uptake of ammonium, nitrate, phos-
phate, total N and P, and DON. Only nitrite was axported.
Sapelo Island, GA, marshes appear to release POC but
show no significant net DOC flux (Chalmers et al. 19885).
Freshwater marshes along the North River, MA, im-
ported all forms of dissolved inorganic nitrogen {Bowden
1986). At North Iniet, SC, a marsh flume study indicated
et uptake of ammonium, nitrate, and nitrite by the marsh
while DON was released (Whiting et ai., in press). A
modiied flume technique is being used here to quantify
exchanges of carton, nitrogen, phosphorus, and sus-
pended sediments between Fourteague Bay and its
associated marshes (Childers and Day, in press).

MATERIALS AND METHODS

The Fourleague Bay marsh flume is located in the
brackish marshes of Old Oyster Bayou. The fiume
consists of clear, corrugated fiberglass panels (each
0.66 m high and 2.7 m long) which form venical walls 2
mapant. Boardwalks on either side prevent disturbance
of the marsh surface. The 30 m long flume prevents
lateral water movernent, without altering normal flow, as
the ticoding tide inundates the marsh. The panegis are



removed after each sampling to prevent long-term panel
effects, such as shading, edge scouring, and wrack
accumulation. Water levals are continuously monitorad
in a nearby estuary at a coastal marsh site, about the
same distance from the coast as the Fourleague Bay
flume, using a Richards-type water level recorder
(Weathertronics Inc. Model 6510).

A throughflow design is used in these flumes; a
modification necesssary for use in expansive, microtidal,
low enargy estuarine marshes. Replicate water samples
are drawn simultaneously from both ends of the flume
avery 30-45 minutes over a full tidal cycle. Fiuxes ol
constituents are determined by comparing instantane-
ous flux into the flume with that out of the flume. This
method follows the convention that negative fluxes are

axpons from the marsh surface to the inundating water
column and positive fluxes are impons. Details of the
flume design, sample treatments, flux computations, and
data Imerpretation are presented in Childers and Day (in
press). Figura 1 conceptualizes the flume design and
briefly details the flux calculation procedures.

Water samples are simultanecusly taken from both
ends of the flume every 30-45 minutes overthe tidal cycte
sampled. From each, replicated subsamples for NH,*,
NO," + NO,’, and DOC are immediately filtered through
pre-ashed, pre-weighed 0.45 lim glass fiber filters.
Untilterad sampies for TN are also taken. Subsamples
and fitter papers, for POC, PON, and TSS analysis, are
frozen in the field. Fluxes of TSS, POC, and PON
(calculated as mg X/m“ marsh inundated/hr of inunda-

Figure i: Conceptual diagram of the throughfiow flume and
equations used in the flux calculation model.
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tion} are based on these concentrations multiplied by the
associated water flux (Figure 1). Water levels within the
flurme are monitored continuously, At each sampling,
aboveground macrophyte biomass samples (0.25 m?)
are taken at randomly chosen sites near the creekside,
central, and iniand areas of the flume.

Samples have been taken at the Oki Oyster Bayou
marshflume three times—September 28, 1986, March 7,
1987, and June 10, 1987, Water levels on the August,
1987, Novernber, 1987, and April, 1988 cruises were low,
and the marsh did not flood. Data from the September,
March, and June samplings are discussed in this paper.

RESULTS AND DISCUSSION

The most critical physical force moderating ex-
changes between marshes and their associated astuary
is hydrology, specifically the local fiooding regime. As
noted above, water levels were high enough to inundate
the marsh on only half of the sampling cruises to date.
Climatological wind forcing is an important comrol on
water level fluctuations in Louisiana's microtidal estuar-
ies (Baumann 1980). The Fourleague Bay estuary is
oriented on a northwest-southeast axis; winds from the
northwest (characteristic of post-frontal weather) de-
press water levels while southesty winds (characteristic
of pre-frontal weather) tend to elevate water lavels. This
effact can be dramatic—a strong frontal passage oc¢-
curred during the Novemnber, 1987, cruise lowered water
levels 30-50 cmbelow normai basal levels (Figure 2). An
anomalously low flooding regime has characlerized the
last year, with the marsh inundated less than 25% of the
time in 8 of the last 9 months (August, 1987 through April,
1888; Figure 3). This lowered flooding fraquency repre-
sents a decreased interaction between the marshes and
the Fourleague Bay estuary (this is demonstrated by
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Figure 2. Climatologic:al and water level data, November
cruise,
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Figure 3. Coastal marsh flooding regime.

three succassive cruises where the marsh failed to flood,
shown in Figure 3 as *NO".

Net areal fluxes from the September, 1986, March,
1987, and June, 1987 sampiings are shownin Figures 4-
6 (fluxes are per m’ marsh inundated per hour of flood-

ing). The exchange pattemns for ammonia (Figure 4a)
show a trend of marsh uptakae in the spring (380 Hg NH *-

N/m/hr) to release in the fall (740 pg NH, *-Nm?/hn).

When we compare these fluxes with ammonia concen-
tration data from Fourleague Bay, an interesting pattern
emerges: During spring, high river flow delivers 3 large
amount of dissolved inorganic nitrogen (DIN) fo the bay
and its marshes. This corresponds with spring uptake by
the marshes. As the summer progresses, riverine
nitrogen inputs drop off, and bay N concentrations de-
crease. At this time, the marshes release DIN to the
water column. The marginal marshes of the Fourleague
Bay estuary appearto be acting as nutrient butfers for the
water column by taking up DIN during the spring—when
riverine supply is high and water column productivity is
relatively low—and releasing DIN during the fali—when
fiverine supply is low and aquatic productivity is maximal.
Interestingly, the March DIN flux results show a net
marsh import, but a release of 240 pg NO, -N/m2/hr of
nitrate-nitrite (Figure 4a). This is the only sampling in
which the marsh appears to transform DIN from reduced
to oxkiixed forms during tidal inundation.

Phosphorus, as both orthophosphate andtotal phos-
phorus, was released by the Old Oyster Bayou marsh
during alt samplings (Figure 4b). In all three cases. the
magnitude of this release is proportional 10 the concen-
trations of phosphorus in the overlying waters—March
concentrations of 20-60 mg PO “P;fm:3 correspond to an

export o onfy 140 ug PO, 'P/m?/hr while June phosphate
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Figure 4. Oid Oyster Bayou NH, and NO,+NO, (A) and
phosphorus (B) exchanges.

conents of 200-300 mg PO, P/ correspond 1o a 2770
u@ PO, Prm?hr release. It is dificult to conclude cause

and sifact hased on only three samplings. The marsh
does appeario be a majpor supplier of phosphors 10 the
Fourlsague bay water column, howsver. Whaether tha
high concentrations are caused by large marsh axports
remains 10 be saen

Odum {1984) proposed that POC and DOC concen-
trations will be [roughly] inversaly relaied 1o estuaring
salintty leveis. InFourleague Bay. the salintty gradient is
ikely 10 be temporal rathar than spatial—during spring,
high river discharge decreases baywcie salinities to
nearty 0, while fall and winter are characterized by
ccean influence and much higher salinities. The Okl
Oyster Bayou manh exporied particulate organics {as
POC and PON; Figure Sg) and impontied DOC (Figure 6a)
during all sampilings, but the lamgest release and uptake
rates oocured during spring and early summer.
Odum's hypothesis applies to the Fourleague Bay sstu-
ary. then marsh POC export may be partly responsible
forthe inverse relationship between open waler salinitias
and POC concerttrations. The marsh appears !o bs
{merely] a passwve sink for DOC, however, taking up
more when ope nwater concentrations are highar (during
iower salinfties).

Exports of total nitrogen (TN: Figure §b) were signifi-
cant during ali samplings, and highly significant in March
and June samplings. Interestingly, these three sam-
plings show a definite seasonal irend in N:P ratios of TN
and TP expons (both 1otals showed exports during all
samplings). In March, the N:P ratio of the tolals export
was 41.8. By June, the ratio had falien to 5.4 and in
September the totals flux N:P ratio was only 3.1. This
relationship between nitrogen anxt phosphorus supply by
the marsh across the land margin imterface may have
impiications to N:P ratios in Fourleague Bay and thus to

phytoplanidon productivity there.

SUMMARY

1t is GiBiCUR 10 draw conclusions using a data set with
only three samplings. Nonetheloss, these results from
Fourleague Bay do indicale a seasonal pattern in inor-
ganic nitrogen dynamics, with the tringing marshes act-
ing as imponant seasonal nuirient buffers to the Bay
water column. This buffering action has implications o
pelagic productivity in the nearshore coastal ocean as
weil. The marshes are sinks tor inorganic nitrogen in the
spring, when H is in greatest supply, [perhaps] reducing
the chances of coastai eutrophication and boftomn water

anoxia caused by high productivity.
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Figura 5. Oid Oyster Bayou particulate organics (A) and
suspended sediment (B) exchanges,
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Figure 6. Oid Oyster Bayou DOC (A} and total nitrogen
and phosphorus (B) exchanges.

Fourleague Bay marshes appear to continuously
supply phosphorus, as orthophosphate and total phos-
phorus, as well as particulate organics {detritus) to the
estuary. These fluxes may be imporiant to estuarine
trophic dynamics in two ways: 1) the inorganic phos-
phate release maintains high rates of aqualk primary
productivity, driving phytoplankton-based energetics,
and 2} the particulate arganics provide a deirital source
to the aquatic detrital food chain. Clearty, more work is
nesaded to clarify thig interaction.

Estuarine water lgvels are the ultimate controller of
these marsh:water column dynamic interactions, i the
marsh rarely floods, its importance to the ecosystem is
imrinsicaily reduced. This preliminary data set indicates
that, beginning in July, 1987, a major reduction in coastal
water levels has occured. Research ifto the reasonstor
this anomaly, and how often such deviations occur, will
be critical to all future analyses.

LITERATURE CITED

Baumann, RH. 1980. Mechanisms of maintaining
marsh slevation in & subskiing ervironment.
M.S.thesis, La. State Univ., Baton Rouge, LA.

Bowden, W.B. 1886. Nitrificalion, nitrate reduction, and
nitrogen immobiitzation in & tidal fresh-to-brackish
marsh sediment. Ecology 67(1):88-99.

Chaimers, A.G., R.G.Wiegert, and P.L.Woll. 1985
Carbon balance in 2 sait marsh: Iinteractions of
diffusive export, tidal deposition, and rainfall-caused
srosion. Est. Coast. Shelf S¢i. 21:757-771.

Childers, 0.L. and J.W.Day. In press. Direct Quantifica-
thon of nutrient and materiai fluxes between microti-
dal Guif Coast wetlands and the estuarine water
column, Est. Coast. Shett Sci.

Nixon, SW. 1980. Betwesn coastal marshes and
coasial waters: A review of 20 years of speculation
and research on the role of saltmarshes in estuarine
productivily and water chemistry. P. 437-525 in
P.Hamiton and K.B.MacDonald, eds. Estuarine and
Woetland Processes, Planum Press, NY.

Odum, W.E. 1984. Dual-gradient concept of detritus
ransport and processing in estuaries. Bull. Mar. Sci.
35(3).510-521.

Whiting, G.J., H.N.McKellar, and T.G3.Wolaver. in press.
Tidal exchange of nitrogen between a vegetated
marsh surface and the adjoining creek. Limnol.
Oceanogr.

Wolaver, T.G., R.L . Wetzel, J.C.Zieman, and K.L. Webb.
1980. Nutrient interactions between saR marsh,
mudfiats, and estuarine water, P. 123-133 in
V.S.Kennedy, ed. Estuarine Perspectives, Aca-
demic Press, NY.

Wolaver, 7.G. and J.C Zleman. 1983a. Tidal exchange
of nitrogen and phosphorus between a mesohaline
vegetated marsh and the surrounding estuary in the
Lower Chesapeake Bay. Est. Coast. Sheff
S¢i. 16:321-332.

Wolaver, T.G. and J.C.Zieman, 1983b. Effect of water
column, sediment, and time over the tidal cycle on
the chemical composition of tidal water in a mesohal-
ine marsh. Mar. Ecol. Prog. Ser. 12:123-130.



CONTROL OF THE VARIABILITY OF NUTRIENTS AND SUSPENDED
SEDIMENTS IN A GULF COAST ESTUARY BY CLIMATIC FORCING AND
SPRING DISCHARGE OF THE ATCHAFALAYA RIVER*

J.M. Caffrey and JW. Day, Jr.

INTRODUCTION

Rivers can be important sources of nutriems and
suspended sediments for sstuaries. Intemperaie areas,
high spring river dischame is responsible tor increased
concentrations of dissoived INOMRANIC nutrients and sus-
pended sadimants in such estuaries as Chesapeake Bay
{Carpenisr o al. 1969), Patuxent River (Kemp et al,
1982), Columbia River (Geftenbaum 1983), Gironde
Estuary (Atlenetal 1977), Barataria and Caminada Bays
{Ho and Barrett 1977). In estuaries as weli as the
nearshore zons, these “naw" nutrients, primarily dis-
solved INArganic Nitrogen cOMPouNnds, support consider-
able primary production (Boynton ot al. 1982, Kemp el al.
1982, Watar o1 al. 1983). Tha limung and duralion of
{hese inputs undoubitedly exerts a conrolling influsnce
oft asiuaring production.

The delivery of nutrients to estuarias by rivers is
modified by circulation.  Circulation pattemns partially
determing the distribution and variability of suspended
and dissoived materials within estuaries. Subtidal circu-
tation in many Guif Coast estuaries Is wind driven
(Kjertve 1975, Smith 1977). Synoptic weather types
which are usstui in classitying ditterent ciimatic condi-
lions (Mutler 1977), have been reiated lo changes In
water slevation, salinity (Wax 1 al. 1978), andcirculation
{Denes 1983). Climatic effects, such as fronal pas-
sages, occur on the order of days to weeks, and interme-
diate period batween tidal cycles and seasonal cycles.
Varisbility in estuarine circulation patterns should affect

e ——— e
*Cattray, J M. and JW. Day, Jr. 1986. Control of the
vanability of nutrients and suspenced sedimants ina Gult
coast estuary by climatic forcing and spring discharge of
the Atchafalaya River Estuanes 9{4A)}:295-300. tUsad
with permission.

spatial and temponal distributions of nutrients and sus-
pendad sediments, paricularty when different water
mMasses Move IO the estuary. 1nthe pressnt paper, we
examine variations in nutrient and suspended sediment
concentrations over time scales of hours to days relative
o changes in water mass transport, which is inferred
from physical and cheamical measures. Specitically, we
consider the question of whather nutrient and suspended
sadimant concentrations in Fourleague Bay are con-
trofied by fiver input during a period whan discharge is at
a maximum, or by processes and avents that occur over
sharter time scales (tUdes and frontal passages).

STUDY AREA

Fourleague Bay is a shailow (1 m average depth)
coastai bay located in south central Louisiana and part of
the Mississippi River distributary dehta. The bay is 93km?
and is surrounded by fresh, brackish and salt marshes.
Salinity rangas trom 0 to 26 in the ower bay and from
to 8 in the upper bay over a tical cycle. The only direct
outle! to the Gulf of Mexico is through Oyster Bayou (Fig.
1). The mouth of the Alchafalaya River opens into
Atchatalaya Bay about 11 km northwest of the upper
entrance to Fourleague Bay. The Atchafalaya River
carries 30 to 40% of the discharge oyhe lower Missis-
sippi River and averages 10000 m° s during peak
:gg;lgdlschargo in March (U.S. Geological Survey 1340-

MATERIALS AND METHODS

Water samples were colleclad at two stations in
Fourleague Bay by an ISCO automatic sampler over



Fig. 1. Fourleaguc Bay, Louisians showing location
of sampling stations and wind and tide gauges.

several lidal periods in March, 1982. Samples were
collected at the lower bay station (Fig. 1) at 2-h intarvais
over one tidal cycle during March 5-8, 1582, and at 4-h
intervals over two tidal cycies during March 19-21, 1982,
On March31-Aprit 1, 1982, water sampies were collecied
at the upper bay station over one tidal cycle. Water
sampies wers praserved with chioroform{Ho et al. 1970),
fitered through giass-fiber filters (O.45 mm), frozen, and
analyzed for niirate plus nitrite (NO, ), ammonium
(NH, "), soluble reactive phosphate (SRP), total Kjeldahl
nitrogen (TKN), and total phosphorus (TP) using the
austomated methods of the U.S. Environmental Protec-

tion Agency (1979). Suspended sediment sampies (SS)
were measured gravimetrically (Banse et al. 1963).

Records of wind speed and direction in Aichafalaya
Bay (Fig. 1) were obtained from the U.S. Army Corps of
Engineers Waterway Experimental Station (ACE-WES)
for the sample periods and two days prior to sampling.
Tide height records from Mosquitc Point fight in
Fourleague Bay were avallable for the third sampiling
period from C. Coleman (ACE-WES). On the other
dates, reconds were obtained for the Eugene Isiand tide
gauge form R. Cunningham (personal communication,
ACE New Orlgans district office). Dr. Robert Muller
{personat communication, Dept. of Geography and An-
thropelogy, Loulsiana State University, Baton Roupe)
provided synoptic weather types for the sampling peri-
ods,

A running average over 25 h was caiculated for time
serias records of water elevationiorthe sampling pericds
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to remove the frequencies associated with the astro-
nomicai tide. The residual tide components indicate
changes in water level attributable to factors other than
astronomical tides, primarity metecrological forcing.
Correlation analysis was used 1o test for relationships
between varistions in physical factors and varistions in
nutrients and suspended sediments (a < 0.10).

RESULTS AND DISCUSSION

Nma!mankuhthcupporlndbwnrbay
(Caffrey 1983} and means for sach sampiing period in
March are shown in Table 1 for nutrients and suspended
sediments. Thres weather types occurred during the
sampiing periods: frontal overrunning (FOR), trortal oult
retum (FGR), and gult retum {GR). FOR and FGR are
both stormy weather types associated with frontal pas-
sages efther from the north (FOR) or from the south
(FGR), while guif return is typical of fair conditions {Mutler
1977).

The tirst sampiing period was characterized by tron-
tal overrunning conditions and declining water sievations
(Fig. 2) becausae of strong northerly winds. The highest
salindly (16} and lowest NO, concentrations (Fig. 3)
occurmed at the beginning of the study period at 1000 h
when southeast winds prevailed. NO,’ concentrations
during the rest of the 28-h period were between 20-52
uM, much higher than the avarage concentration ot 14
uM for the iower bay. Noa concentrations ware nega-
tively correlaied with salinity (r = -0.64) as were total
phosphorus (r = -0.90). During periods of high river
discharge and frontal passage, southwesterly winds
raise water slevation and bring In high-salinity, low -
nirate waters. The switch to northerly and rorthwesterty
winds lowers water elevations and saiinity, thus increas-
ing NO, , TKN, TP and SS concentrations. Overall, the
concentrations of S5 and TP waers lower than average,
whilea TKN concentrations were+similar to lower bay
annual averages (Table 1). NH 4 concenirations were
not significantly cosrelated with winds, tide, or salinity, so
other processes such as pore water exchange, water
high in NH 4 ©oming out of the marshes, benthic regen-
eration (Teague 1983), or phytoplankton uptake could be
rasponsibie for the variability.

Two weeks after the first sampling period (March 19-
21), weather conditions were very difterent, with moder-
ate southeasterly winds prevailing, with moderate south-
easterly winds prevailing, typical of gulf return. At that
time, river discharge had a minimal ettect on the lower
bay. Salinity varied from 14 1o 26 during this 4h sampling



TABLE 1

Annual, March 36 March 19-21, snd March 31-Apni L. 1982, means (=1 standard crror) for

upper (U'D) and lower (LB} bay sations for mirste + nitnte {NO, ), ammonium (NH."), soluble reactive
phosphate (SRPY. 10! Kjeldahl nitrogen (TKN). total phosphorus (TP) and suspended sediments (5S).

~OY, NH, SRP .M TRM ™ Syt

Annusl®

uB S1.3(40) 2.59(D.}4) 1.12{0 t0) 67.311.5) B.0{0.6) 97.7(4.7)
LB 14.1 (2.00 7.89 {Q.90) 1.27 (0.0%) 97.5 (4.2) 8.7¢0.7) 1876 (272
March 58

Lh 243 (30 17 0.3 1.1 (0.06) 98.0(%.1) $3(L% 87.7{20.3)
March 19-21

e 1.200.20) 44 {1.10) 1.2 017 76.7 (14.6) 5.8(2.4) 1754 (2 4)
March Ji-Apri! |

us 6910 2.0 (0.54) 0.94 (0.1B) 74.0 (4.3) 1309 81.0(26.3)

* From Caffrey ((981),

period (Fig. 4) and thers was little net change in resicual
water slovation (Fig. 2}, Nitrate concentrations were very
low, 1-3 Table 1), and were signiticant
a0 10 Sy (f = D20) arcs SHP evels (1o 63)
Ammonia concantrations were high on falling tiies {Fig,
4), athough the maximum concentration of 12.5 uM
occurred on the nmmbmm.moowmd inthe
bmrbaymuuomw -rich water fowing out of the
marshes on taliing tides and NH . * -ch water coming out
of Oyster Bayou on the flood tides (Caffrey 1983). In
general, the nutrient concentrations for this sampling
periodware icwer than the average concentrations found
i the lower bay (Tabils 1).

Gult retum conditions with moderate eastery winds
prevailsd prior 10 the beginning ot the third sampling
period This changed to fromtal guif return conditions with
lght winds during thae first hours of sampling and tinafly
changed (o guif return conditions for the remainder of the
siucty. Salinity was less than 1. Nitrate concentrations
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Fig 2. Rendus) water elevalon for March 46 and
March 19-2), 1982, at Eugene [sand and for March
3=Apal 1. 1982 «t Mosquito Poini

(Fig. 5) tor the tirst 24 h of the study averaged about 50
uM, similarto the abnuai average NO3 cuncentration for
the upperbay. Nitrate levels mora thandoubled (120 uM)
at 300 hand 1300 h, as_qid suapendedjsedlmms. ich
increased from 50 mg | " 10 350 mg 1", Nitrate concen-
trations were significantly corralated with tide (r = 0.58),
with TP (r = 0.57), and 83 (r = 0.88), TKN was correlated
with wind stress (r « 0.58). Ammonia concentrations
ware highest on the talling tide and comelated with SRP
{r = 0.78}.
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Fig. ). Tide heght, sahimity, suspended sediments
(S5}, tawal Kyeldahl acirogen (TKN), total phosphorus
{TP), ammomum {NH,"), nitrate and mimie {NO, 1.
and solubie reactive phosphate (SRP}during March 5-
6, 1982, in lower Fouricague Bay.
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Fig. 4. Tide heyght, salinaty, suspended sechments
(55), rotal Kpeddahi nitrogen (TKN), wual phosphorus
(TP). ammoaium (NH,"), nytrate and nitnte (NQ, ),
and soluble reactive phosphate (SRP) during March

19=21, 1982, i lower Fouriesgue Bay.

These results ilustrate how the physical tactors of
tide, winds, and river discharge interact to control nutrient
concentrations. In March, 1982, the {Mchatalaya River
was at peak discharge of 9,330 m”s™' (U.S. Geological
Survey 1982). Becauss ol Fourleague Bay's proximity 10
the mouth ol the Alchafalaya, one wouid expect the bay
1o be inundated with fresh water high in NO,,", TKN, TP
as observed during the first study. Howevel;.’ the results
fromthe second and third sampling periods indicate how
factors, other than river discharge, aiso affect nutrient
concentrations. During periods of guft return with steady
southeasterly winds, river water is directad awayfromthe
bay and water is set up aiong the coast {Denes 1983).
This was the case on March 31 when winds diminished
after several days of guif retum conditions and strong
southeasterly winds. The rising tide brought river water
into the upper bay, causing dramatic increases in s0Mme
nutrient concentrations. During the second study, winds
were consistently southeasterly and residual water
glevations did notchange. Consequently, water fromthe
Atchatalaya River did not reach the lower bay as it did in
the first sampling period.

These results emphasize the time scales of variabil-
ity within Fourleague Bay during March, Riverine dis-
charge, frontat passages, and tides act over seasonal, 3-
d 10 5-3. and 12-h 1o 24-h cycles, respectively. Even
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Fig. 5. Tide height, salinity, suspended sechiments
(55}, 1ol Kjeldabl nitrogen (TKEN), wual phosphorus
(TP}, ammonium (NH,"), nitrawe and nitrite (NQ, -},
&nd soluble reactive phosphate (SRP) during March
Jt-April 1, 1982, in upper Fourieague Bay.

12 19

during periods when one would expact the river dis-
charge to dominate, climatic conditions can have a
significant effect. Part of the reason for this ia the
configuration of the bay and the kcation of the
Atchatalaya River infiow relative 1o Fourleague Bay. The
river plume is directed southeast, south, of southwest,
depending on the wind stress, and couid have reduced
flow into the Gult of Mexico because of increased water
elevations aiong the coast (Denes 1983). Becausa of
this, Fourteague Bay does not recaive a steady input of
fiver water. Instead, puises of river water enter the bay
on rising tides and during frontal overrunhing conditions.

The eflect of the Aichafalaya River on nutrient con-
centrations in Fourleague Bay appears highty variabla,
much more 8o than in typical river-dominated estuaries
Such as Chesapeake Bay (Carpenter et al. 1969),
Hudson River (Malone 1984}, Patuxent River (Kemp ot
al. 1982), and other East Coast astuaries (Nixon and
Pilson 1983). The pattern of high spring NO., concentra-
tions observed in Fourleague Bay is characteristic of
many river-dominated estuaries. A similar seasonal
pattem for suspended sediments occurs in the Gironde
estuary (Allen et al. 1977). Variability in nutrient and
suspended sediment concentrations over lime scales of
hours 1o days is also significant in Fourleague Bay and
has been observed in other estuarine systems such ag



the Columbia River (Geltenbaum 1983) and tidal Cresks
{Heinle and Flemer 1976, Wolaver et al. 1984).

These studies and our obsarvations suggest that
variability on time scales of hours to days may be as
impontant as seasonal variabllity of nutrient concsntra-
tions. This is particularty true where physicai forces such
as tides and frontal passages operate to transport water
with different nutrient and suspended sediment compo-
shions through an estuary, as In Fourieague Bay.
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SEASONAL VARIATIONS IN ADVECTIVE NUTRIENT FLUXES IN
FOURLEAGUE BAY, LOUISIANA*

C.J. Madden

INTRODUCTION

Water and nutrient flows in Fourlsague Bay were
measured in February, Apnl and September, 1982 at the
upper bay passage which receives treshwalter Inpul, the
mouth of the esiuary st Oyster Bayou, and severai
bayous which drain into the sstuary. The studies were
made in spring and tallunder conditions represantative of
the major hydroiogical conditions {tiood and low water)
and climatic regimes (frontal passage, caim) which occur
inthe area, permitting accurate nutrient llow “snapshots-
undar1he annual environmental extrames of the 3ystem,

The trend of research in astuaries has baen toward
inignsive process measurement of the system and away
from annual budgeting. Founeague Bay, Louisiana,
which undergoes a major transtormation from river-
dominaled estuary in spring 1o near-coastai lagooninfat,
is subjected 10 a wide range of hydrologic and meteory-
logical changes over the coursa of the year. This paper
investigates how physical forcings infiuence advective
nutrient fiuxes across the boundaries of the shallow,
river-dominated estuary.

In each tidal cycle study, tive entrances !o
Fourleague Bay wers sampled continuousty for water
flow and water Quality at hourly intervals over fiftty hours
or two tidal cycles. Stations were located as foliows:
three 1o five stations across the main entrance 1o the bay,
one in Oyster Bayou, the narrow mouth of the estuary,

%

"This chapter 1s part of a thesis submitted in 1986 o the
graduate lacuity of Louisiana State University in partial
fultiiment of the requirements for a M.S. in the Dapart-
ment of Marine Sciences,

and one each in Creoie Pass, Carencro Bayou, and Blue
Hammock Bayou, three major bayous around the pe-
rimeter of the bay which drain fresh, brackish and salt
marshes (Fig. 1).

Spring flood studies in February and April were
carred out under high river flow conditions. During
February, winds wers predominanily from the north-
northwest, encouraging riverine flow ino the bay; during
April, winds shitted to the south-southeast creating an
obstructing head and prevarting water from Howing out
of the lower estuary to the gulf. In Septamber tidal lluxes
were measured during the lowast river tiow of the year
and winds were light and variabig.

AREA DESCRIPTION

Fourteague Bay is a large (100 km?), shallow bay

locatedto the east of the mouth of the Atchatalaya River
on the central Loulsiana coast. Dus to the proxirmity of
Fourlaague Bay lo one of the largest rivars on the
continent, & at times receives substantiai sadiment and
freshwater inputs from adjacent Alchafalaya Bay.
Fourieagus Bay {Fig. 1) connects with Atchafalaya Bay
via a 2.5 km wide + 8ntd communicates with the
Gult of Mexico at its south endthrough a 0.3 kmwide tidal
inlet calied Oyster Bayou. Salt water from the Gulf of
Mexico enters directly into the lower end of the bay
through this bayou, where tidal currents often exceed 1
nvs. The mean depth of the entire bay is 1.5 m, which
contributes to a weli-mixed water column, There are no
appreciable vertical salinity or nutrient gradients, axcept
in & large scour hole atthe entrance to the bay, which has
a depth of 7 m, and in Oyster Bayou at the bay mouth,
which at ts deepest attains a depth of 8 m.
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The bay is oriented roughly NW-SE in its upper,
tresher halt and N-S Inits saniar lower halt; the orientation
is important because prevaiing northwesterty winds
enhance the tlow of riverine water into the bay. The bay
is surmounded by fresh. brackish and saline marshes.

The Alchatalaya River carries between 30% and
50% of the flow of the iower Mississippi River and
debouches into Atchafaiaya Bay where in 1973 a new
delta anained sub-aerial expression, the eastemmost
lobes of which approach to within 3 km of the entrance to
Fourlsagus Bay. Alchafalaya River water entering
Fourleague Bay is highly turbid and carries high concen-
trations of siit and clay sediments which are rasponsible
for active and ongoing land-buiiding in the Temebonne
marshes that surround Fourleague Bay {Baumann and
Adams 1981, Mitler 1983). The lower Atchafalaya region
reprasents the only area of active land-building in coastal
Louisiana. The build-up of the marshes is facititated by
the many bayous and tidal creeks around the perimeter
of Fourteague Bay which permit tidal exchange between
the bay and surrounding marsh (Baumann et a; 1984).

METHODS

On the intensive tidal cycle studies, camied out in
February, April and September, 1982, each over two
consecutive tidal cycles (~50 h}, the three major bayous
(Crecle Pass, Big Carencro Bayou, and 8lue Hammock
Bayou} and two entrances to Fourleague Bay {Upper Bay
entrance and Oyster Bayou) were sampled simuitane-
ously. Nutrient sampies and cumment and tide measure-
ments were taken at one station in each bayou, and at
threa to five stations across the main entrance 1o the bay
hourty or more frequently for the duration of each study.
Waterfluxes through each cross-section ware calculated
by Denes {1983) using the following equation:

Q=Vw {z+r°)

where Q = transport (m%s), V average velocity through
the passage (mY/s), w = average width of passage {m),z
= average water depth (m), and fo = the change in water
depth {m).



instantanecus nutrier fluxes were caiculated by
multiplying mean laterally averaged nutriem concemra-
tions by mean hourty water flux. Net fuxes (E) of
pararneters were Cakculated by summing instantaneous
tiows as ln Platt and Conover {1971} using the 1oligwing
squation:

E-I QM P
"

whaere Q (1) is mean water flux
and P (t) is nutrient concentra-
tion in ug-atl during interval |,

Flow data were moditied trom published U. S. Army
Corps of Engineers documants which report daily river
discharge daia measured at Simmaespon, Louisiana.
Simmesport s upriver of sl tidal ettects which bias stage-
cischarge measurements. Tidal effects reach about fifty
rver milas inland trom the mouth inthe Atichatalaya River
{CWR 1978) )

Chiorophyt 4, nitrate-nkrite, ammonium, and anho-
phosphate concentrations, conductivity, temperature,
water depth, secchi depth, salinity and suspended asdi-
ment concaniration weare measured for this study. For
sach of the direct maasurements of water properties and
nuirier and chiorophylt analyses, water samplas were
taken trom a depth of 30 to 50 cm for surface readings.
When depth senes were taken, Van Dorn samplers ware
usedio recover watar samples from approximately S50 cm
oft the bottom and, where depth permited. al intervals
between surface and botiom samples. Because most ol
the station depths ware 1.5 m or less, generally bottom
samples were taken only at the deeper stations, such as
in bayou moulhs.

Inorganic nutriem sampies waers filerad Immaediately
through Swinny ™ flitration davices using 0 6 glass fiber
tthers. Tortuous pore glass fiber were usad Decause
Clogging from the high suspended soid load rendered
capiiiary pore filtars unusabls. The titrate was collacted
in pre-ringed 5 mi plastic Auto-Analyzer vials (AAVS) and
placed immaediately on dry ice. We found this method of
sample siorage very conveniant as such small sampla
voluMes would treeze within 5 min and remain frozen for
several days ¥ necessary and large numbers of samplas
Couid be collected without space becoming a problem.

Water sampies for chiorophyll 3 were collacted in
300 mi Naigene botties and stored in the dark on ice untit
they could be filtered. Fitration of chiorophylt samplas
was almost always completed within six hours of sam-

pling and atways within 12 hours. Dua to the turbidity of
the water, usually only 50 16 100 mi was filtered for
chiorophyll analysis. Tortuous pore nitroceliulose
membrane fiter pads, with a pore size of 0.45 p were
frozen immediately after littration of water samples. and
were transtered to the laboratory for storage at -20° C.

in the laboratory water sampies for inorganic nutri-
ents were thawed and analyzed for nitrate-nitrite, ammo-
nium and ortho-phosphate on a Technicon Auto-Ana-
tyzer | a8 described in Methods for Chemical Analysis of
Water and Wastes (USEPA 1983). Chiorophyll 3 was
determined by dissolving the filter pads containing the
sampie in 25 mi acetone and measuring per cent absor-
bance of the solution on a Varian Techiron Modet 835
Spectrophotometer at waveilengths of 865, 645, 630, 580
nm. Chiorophyll 3 concentrations were caiculated using
the equaticns developed by Parsons and Strickland
(1972}

Suspsnded sediment concentrations ware deter-
mined gravimetrically by filtering 100 to 200 mi of water
through pre-weighed Gelman GFC glass fiber fitters of
pore size 0.6 u. Fiterpads were dried at 65° C for 24 h
and weighed to determine sadiment load by difterence.
Suspended solic concentrations wers caiculated as
gascribed in Madden {15988).

Salinity was measured in the fieid using a Beckman
RS-5 satinomater and an American Optical temperature-
compensating refractomatsr, and in the laboratory using
a AuteSail 9000 against which the fiald instruments were
imarcalibrated. Dissolved oxygen concentrations were
maasumed in the teld using an Orbisphere Model 2714
oxygen meter modified for fleld use, and YS! Modet 57
oxygen meters, which are temperature and salinity
compensatad.

RESULTS

Time Serles Studies of Advective
Nutrient Fluxes

Atchatalaya discharge averaged 7788 m’/s in Feb-
ruary, and 8779 m¥s during the April study. Water fiux
through the upper bay entrance into Fourleague Bay
averaged approximately +150 m¥s during each study
(Danes 1983). Thisequais a tumover peried of about 10
d_ays forthe bay volume. During September, Alchafataya
discharge averaged 4366 ms and net water transport at
the uppar bay entrance averaged +15 m/s into the bay,

corresponding to a water renewal rate of 107 days forthe
astuary.



Nutrient Concentrations In Riverine Inputs

import-export dynamics of nutrients in Fourteague
Bay varied greatly over the year in response to ditfer-
ances in niver flow, tide and weather conditions. The rate
of advective import of nutrients 1o Fourleague Bay was
depencient on net water flux and on the concentration of
nutrients in the inflowing water, both of which vared
seasonally. Nirate concentration in water entering the
upper bay varied from 30 to nearty 200 Hg-aA during the
three stucies and from 0 10 25 pg-atA for ammonium. The
intensive time series studies at the bay entrance gives an
opportunity 1o determine the magnitude of short-term
variations in nutrient concentrations.

During sachtidal cycle trip, nutrient cncentrations in
the upper and lower bay differed significantly (Table 1).
Upper and lower bay stations showed strong inter-trip
concentration diffarsnces as well, indicating that the
overall nutrient ragime of the bay was significantly differ-
ent during each tidal cycle study (Table 2). In February,
water and nutrient fiuxes through the upper bay entranca
weré measured at five stations across the with of the
upper bay iniet. Two stations were dropped from the
upper bay cross-section for the subsequent tidai cycle
studties without significantly reducing the precision of the
nutriant profiles.

Uppar Bay Nutrient Concentrations

The mean nitrate concentration at the upper bay
entrance was 65.45 + 6.56 Hg-avl during the Fabruary
siudy, increased to 84.38 + 19.69 Hg-avl in April, and
declined 10 33.33 ¢ 14.99 yg-att in Saptember (Fig. 2).
Ammonium concermrations in February averaged 8.2 ¢
1.72g-at/l at the upper bay entrance; in Apritammonium
fell to 2.49 + 1 55 ug-av), and in September, was highly
variable throughout the course of the 50-hour sampling
period, averaging 5.15 + 5§22 Hg-at/l. Phosphate con-
centrations in February varied little around an average of
0.97 +0.29 pg-at in the upper bay, in April increasad to
1.37 £ 0.44 pg-at/l and in September, averaged 1.51 =
0.56 ug-atn.

Oyster Bayou Nutrient Concentrations

Concentrations in the lower bay at Oyster Bayou
were far more variabie than those in the upper bay owing
to the influence of the tidal import of seawater. In
February with the high riverine flow of nitrate and fresh-
water into the bay, high concentrations of nitrate and
relatively low salinities wera measured in Oyster Bayou,
where the msan concentration was 44.23 +17.98 pg-at/
| ranging from 8810 63.9 Hg-all. This was signiticantly
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Table 1. Probabilty matrices showing that nutrient
concentrations at upper and lower bay stations are
significantly different for each tidal cycle study. Values
are displayed as lower bay/upper bay and concentra-
tions are pg-att.

lower than af the upper bay (65.45 ug-at) for the same
period {p = 0.0001, 1-test; see Table 1.

In April, despite higher nitrate levels in the upper bay
(84.38 pg-at1), Oyster Bayou concentrations were much
lower than those measured in the February study,
averaging 16.55 £ 11.98 pg-at/! and ranging from 1.5 to
39.7 pg-atl. In September, nitrate in the lower bay was
low, averaging only 1.33 £ 0.7 ug-atl and ranging from
0.60 to 3.8 pg-at/, significantly lower than in the upper
bay (33.34 ug-atl) at the p = 0.0001 level, (t-1est).

Ammonium concentrations in Oyster Bayou during
February ranged from “trace” to 11.25 Hg-ati and
averaged 5.63 + 1.8 ug-ats, (upper bay concentration,
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Table 2. Trip-to-trip comparison of nutrient concentra-
tions at upper and lower bay during tidal cycle studies.
Left hand numbers are row months and right hand
numbers are column months concentration in ug-avl.

8.2 pg-at/l, p = 0.0001). In April ammonium at Oyster
Bayou averaging 5.54 + 2.99 pg-at/l was about twice as
high as the upper bay (2.49 pg-atl, p = 0.0001). During
the September study, ammonium concentrations
averaged 7.11 £ 5.4 ug-avl, highest of the three studies,
ranging from 0.7 to 21.7 pg-atl. These values were
higher, although not significantly, than the upper bay
concentration of 5.15 pg-at/l.

An ortho-phosphate concentrationof 1.49 + 1.01 pg-
ati in Oyster Bayou in February was the highest lgvel
recorded at that station during the tidal cycle studies, and
was higher than upper bay concantration of 0.97 (p =
0.003), suggesting phosphate enrichment within the bay
or in nearshore gulf waters. In April the mean phosphate
concentrationof 0.43 £0.12 pg-ati Oyster Bayouwas the
lowest for the year and only a third that in the upper bay
(1.37 yg-at), a significant difference at the p = 0.0001
level. September pirosphate values averaged 1.16
0.42 pg-avl in the lower bay, slightly, but significantly,
lower than in the upper bay (1.51~t .56, p = .002).

In summary, nitrate concentrations were high in
spring and low infall, bay-wide. Spatially, nitrate declined
predictably from the upper to lower bay in all seasons.
Ammonium was high in the upper bay in February, low in
April, and high again in September. This pattern corre-
sponds to the annual major and minor peaks observedon
independent synoptic transects forthis study. There was
a tendency tor ammonium to increase in the down bay
direction during the warmer months. Ortho-phosphate
increased from spring to fall in the upper bay; spatially, it
declined toward the lower bay in the warmer months.

Tidal Fluxes of Nutrients

Upper Fourleague Bay is influenced by Gulf of
Mexico tides via Atchafalaya Bay, and flow through the
inlet was therefore not uni-directional into the bay from
the Atchafalaya River during these studies: flow was
directed out of Fourteague Bay toward the river on ebb
tides. During most tidal cycles, water entering the upper
bay on flood tides was significantly different in nutrient
compositionthan the water leaving on ebb tides (Figs. 3-
5). This was also true in the lower bay at Oyster Bayou.
The effect was probably due to nutrient transformations
and to the mixing of water masses inside the bay. Inthe
average concentrations reported above, all values at
each sampiing station for the 50-hour study were usedto
obtain an average daily concentration. it isworthwhile to
further investigate the sub-tidal scale components of the
mean nutrient values. i

For this analysis, nutrient profiles, which usually
showed clear bimodal peaks in nutrient concentration
during each of two tidal cycles in each study for each two-
day period, were split into quarter-cycle segments (eg.
Fig. 6). During the course of a tidal cycle, fluctuations in
nuirient concentration often followed but lagged fluctua-
tions in current direction by intervals of one or more
hours. This was likely due to a time-dependent compo-
nent of nutrient transformation within a water parcel atter
entering the bay. When current direction changed from
flood to ebb-directed in the upper bay, the nutrient
composition of the first water sampies taken on the ebb
tide would resemble that of the riverine waterthat had last
fiowed into the upper bay. As ebb flow continued, water
from progressively farther inside the bay began to pass
the sampling point. Changes in nutrient concentrations
which had occurred in the upper bay were manitested as
prograssive shifts in concentration over time. The re-
verse of this processes occurred during flood tide.

The relationship between current direction and nutri-
ant concentration was investigated by simple and multi-
variate regressions and phase-lagging of the nutrient
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Figure 2. Mean nutriert concentrations at upper and lower bay stations during three tidal cycle studies.

time series. MNutrient concentrations were used as the
dependent variable and tide flux was broken into two
components with the absolute flow rate and the flow
direction as independent variabias. Regressions were
fteratively run with the nutrient concentration profile pro-
gressively phase-shifted backward by one-hour inter-
vais. The total hours of time shift which produced the
highest correlation was assumed to depend on both the
flow and rate processes involved in nutrient transforma-
tions in the bay.

| assume that the lag time represents an index of the
transforming power of the biological processes within the
bay. Forexample, if the greatest disparity between flood
and ebb concentrations occurred at a three hour lag of
the data with respect to flow. the bay interior could be
considered less biogeochemically active than a series
which showed a significant disparity after a one hour lag.
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Obviously this is a grand simplification because proc-
@s5es other than biological transformation can induce
differences in concentrations. These inciude mixing ot
ditferent water masses and dilution by guif water within
the bay. Monitoring of salinity can control for the latter
variable. During both spring studies, no salinity was
detected in water flowing in or out of the upper bay. As
for other sources of water differing in nutrient concentra-
tions, bayous could provide a source of such variation,
but as explained laterinthis report, bayouflows, aithough
significant, were small compared to the volume of the
bay. Thus, with a few simplitying assumptions, we
consider the extent of time lag to contain some informa-
tion concerning the biological activity of the bay water
column and sediment-water column processes.

Simple regressions of concentration versus the
water flow rate, with plus or minus indicating flow direc-
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Figure 3. Nitrate concaentrations and water flux rates in upper and lower Fourleague Bay during tidal cycle studies in

February, April, and September, 1982.

tion, gave the highest correlations, so the separate
multivariate component of direction was dropped. Thus,
nitrate for axample would theoretically show its lowaest
cencentration during the highest ebb flow from the bay
and its highest concentration during its highest flood into
the bay with a smooth linear progression between these
two extremes, This is not an entirely parfect modei
because in reality during slack high tide after a strong
fiood flow, nitrate concentration woukd remain high, but
flow would be zero and vice versa after ebb flow. How-
gver, because the samples were taken approximately
hourly, and slack tides comprised a relatively small part
of the total sampling peried, these errors were minimized
and the flow-concentration relationship proved surpris-

ingly strong.
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The time-series profile of nitrate concentration at the
lower bay station in April provides an axcellent example
of the affect of phase-lagging on nutrient concentration
and tidal flux correlation (Fig. 6). Nitrate concentrations
varied reguiarly throughout each tidal cycte, with four
peaks and four troughs approximately corresponding to
changes in the tide direction, peaks occurring on ebb
tides (water flowing out of the bay). However, the nutrient
profile in this example is ciearly offset from the tidal
signature by several hours. By shifting the offset concen-
tration backwards in time, the r# of the relationship was

increased from 0.03to 0.68 (Fig. 7).
Upper Bay Concentration Proflle

Upper bay nitrate, ammonium and phosphate con-
centration variations inthe February study tracked water
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Figure 4. Ammonium concentrations andwater flux rates in upper and iower Fourleague Bay duringlidal cycle studies

In February, April, and September, 1982.

flow closely. Correlations of nitrate and phosphate
versus water flow were significant. Nitrate versus flow
had an 2 of 0.16 (p=.01) after a two hour lag and
ammonium showed a significant correlation with water
flow (©* = 0.14, p=.025) with no lag time (Fig. 8). Phos-
phate versus flow had an r2 of 025 (p=.002) after lagging
the data series for two hours (Fig. 9). Al other lag
imervals, including 0, were much less significant.

Correlations of nutrient concentrations with each
other were highly significant, evidence that nutrients
varied together in regular ways which were not entire ly
explained by water flux. R2for ammonium versus nitrate

was 0.29 (p=.001), forammonium versus phosphate was

ra

0.30 (p=.0008), and for nitrate versus phosphate was
0.56 (p=.0001) (Fig. 10).

In April in the upper bay, nitrate was strongly corre-
lated with water fiow (%= 0.28, p=.001) after lagging for
fourhours (Fig. 11). Ammonium was well correlated after
lagging tive hours (= 0.36, p=.002), but the refationship
was the reverse of that in February: ammonium concen-
trations were significantty higher on the ebb than on the
flood tides indicating export from the bay. Phosphate
showed no relationship with water Hlow, but a significant
one with nitrate (¥ = 0.21, p=.002) (Fig. 12): ammonium
showed some correlation with nitrate {12 = 0.17, p=.008)
but none with phosphate.
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maximize when nitrate concentrations are lagged three hours.

in September nitrate (P « 0 25, pe 001) and phos.
phate ( « 0 31, p=.0002) showed a strong relationship
with water flow, higher on the ticods than on the ahbn,
after lagging two hours (Fig. 12). There is some indica-
tion that ammonium was higher on the outgoing flows
than on the inflows, athough the refationship ls weak.
Nfirate and phosphate tracked each other closaly (1! =

0.73, p= 0001) while ammoniurm was not correlated with
aither nitrate or phosphate.

Cyster Bayou Concentration Profile

Inthe lowsr bay at Oyster Bayou durinrqzthe February
study, nitrate comelated with water flow (r‘ = 0.23), dus

principally to two shamp drops in concentration during
flood tides {Fig. 13). Otherwiss the concentration of
nirate vared erratically from 40-60 Ho-at/l. But the
concentration drop on flood tides was so significant that
the relationship was significant (p = .001) and a strong
inference can be made that Fourieague Bay was import-
ing water low in nitrate from the Gulf of Maxico at these
times. and exporting water high in nitrate trom the bay.
Ammonium and phosphate showed strong spikes dunng
ebb flows but no signiticant relationship with water fliow
due to variability in the data.
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' April, very strong correlations wars found between
nitrate and watertlux and ammonium and water llux after
lagging for 2-3 hours (Fig. 14). High concentrations of
nitrate (r = 0.88, p = .0001) entersd the bay on flood tides
from the Gulf of Mexico, opposite the pattemn obsarved in
February. Ammonium also increased on fiood tides and
deciined on ebb Nows (1 » 0.60, p = .0001). Phosphate
showed no cormmelation with watar flow but high correla-
tions between each nutrient were observed (Nvs. AD 5S4,
Ava. P017).

In September, nitrate lavels were low in the bay and
concentrations flowing out of Oystar Bayou on ebb tiges
dropped sharply (Fig. 15); on flood tides, nitrate lavels
rose (e 0.32, p = 0001), Ammonium, afthcugh esratic,
was also significant with an r of .25 (p = .05). Nitrate and
ammonium (r? = 0.54, p = .0001) and ammonium ang
phosphate (12 = 0.41, p = 0001) were well correlated
showing some relationship between thern that was not
related to water tiux .

Tide-Specific Nutrient Concentrations-
Upper Bay Entrance

To determine average nutrient concentrations as a
function of tide direction, separate mean <oncentrations
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mdﬂamhodlorthopoﬁodmrinqinlbwmgtmam
for sbbing tides for each tidal Cycle stucly. Then, bassd
on the above analysis of lag time, the Means were
recaiculatad for severaliagged contigurations of tha time
series.  The contiguration which produced the best
correlation coefticient detarmined the optimum gittaren-
tial between ebb and food concentrations

Nitrate. In February, nitrate concentrations in the
UppA7 bay varied between 51.1 and 74.37 HQ-at1 overthe
1ty hour study period. Mean nitrate concentration inboth
the inflowing and outfiowing water was 68 g-atn (Fig.
18). Aner lagging the data tor 2 hours, flood concentra-
tions remained a1 86.68 Hg-2L1, and ebb concentrations
lell 1o 63.51 ug-atn, which was not sighiticantly difterent
(p = .08. t-1est). In April, without lagging, tfoodt and ebb
flows had mean nitrate levels of 88 3 and 77 .8 pg-at/.
After lagging 4 hoyrs the average nitrate concentration
on fiood tides was 90.0 pg-att and 74 7 ug-avt on ebb
lides; ihese concentrations were siatistically diffarent
from each other (p «.005). Nitrate concentrations in

concentration on the flood tide

the ebb tide was significantly lower at 25 2 pg-avl, (p =
008).

Ammonium. Ammonum concentrations in ebb and
tlood tlows displayed a much larger variance over each
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through the upper bay at s1ation SO1 In February, 1982, after tagging 2 hours.

tidal cycie than did nitrate (Fig.17). in February, ammo-
nium concentrations in the upper bay averaged 8.55 |,g-
atl on flood tides and 7.81 kg-at/l on ebbs and were
neither significantly correlated with water direction nor
signiticantly difterant from each othar.

In April, ammoniym concentrations without fagging
averaged 2.5 and 2.7 ug-atlon ebb and flood flows, After
a 5 hour lag, on sbb flows concenirations averaged 3.3
HO-avl, significantly higher than the 1.85 vQ-atl msanon
flood flows {p = .008, 1-test). In September, there was no
felationship between ammonium and water flow, making
imarpretation of the tidal changes in concentration diffi-
Cult After lagging 1 hour, ebb concentrations increased,
but lagging 2 more hours produced an
concentrations to 2.85 ug-aifl, while flood concentrations
increased 1o 5.89 ug-awl.

Phosphate. In February, phosphate concentrations
were well comelated with fiow direction, and mean con-
03 ug-at), and ebb (0.868 ug-
atl) tides ditfered significantly after 3 hours of lagging (p
= .03, t-1e51), whereas concentrations werg .95 ug-at/l in
both dirsctions with no lag (Fig. 18). In April, phosphate
was higher on flood than ebb tides as well, averaging 1.4
Hg-avland 1.1 yg-au, respectively, atter 5 hours of fag (p
= .02}. In September, fiood concentrations of phosphate
averaged 1.70 yg-ati and concentrations on the ebb tide
averaged 1.20 ug-at/, significantly different from each
other (p = 004) atter 2 hours of lag.
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Tide-Specific Nutrient Concentrations-
Oyster Bayou

Nitrate. The same anaiysis was performed for
Oyster Bayou. In February, nitrate concentrations in
water flowing from Fourleague Bay to the Gulf were
higher than in water entering the bay (Fig. 16). Mean
levels in ebbing water were 51.2 pg-avl, and in flooding
water were 37.1. Highest significance (p = .002, t-test)
occurred with no lagging. In Aprii water entering from the
guif averaged 24.8 pg-at/ after 3 hours lag, significantly
higherthanthe 10.1 yg-attin water tlowing out of the bay
(p=0001). In September nitrate concentrations were
strongly correlated with tide flux. Nitrate on flood flows
was 1.6 ug-at/l, about 50 % higher than the 1.1 pg-at/ion
ebb flows, a significant ditference after lagging 2 hours
{p=.003).

Ammonlum. In February in the lower bay, ammo-
nium averaged 5.24 pg-att and was not significantly
different in ebb and flood tidal flows (Fig. 17). Inthe April
study, there was"a strong positive correlation between
ammonium concentrations and flow direction. Ammo-
nium levels on flood tides averaged 7.5 yg-atd, and on
ebb tides averaged 3.5 pg-avl after lagging 2 hours
(P=.0001, ttest). In September, the ebb-flood concen-
tration ditferential increased with 4 hours lagging from
about 7 pg-atl in both directions 1o 9.37 pg-avl in the
Hiooding tides and 5.85 ug-at/l in the ebb flows (p=.04).

Phosphate. Ortho-phosphate in the lower bay
showed no correlation with tide direction in February,
April or Septamber.

Differsnces In Water Chemistry of Two
Sources to tha Upper Bay: River Input
and Fresh Marsh Drainage

During the three tidal cycle studies, nutrient and
turrent data were taken at a second location in the upper
bay in addition to the main entrance. Nearby Creole Pass
draining fresh marshes is a tidal channel 40 m wids
located about 1.5 km from the main entrance {Fig.18).
The water flowing through Creole Pass prebably com-
bined Atchafalaya Bay water and drainage fromthe fresh
marshes north of Fourleague Bay. The pass acts as a
natural flume and affords an opportunity to study the
diumal changes in nutrient concentrations in water tlow-
ing from the fresh marsh area of the upper bay.

Nutrient concentrations in water flowing through
Creole Pass were significantly different from nutrient
concentrations at the main inlet. More importantly, in
February, at a station the middle bay about 10 km from
the upper bay entrance, nutrient concentrations were
sirnilar to those in the upper bay, while nutrient concen-
trations in Creoie Pass were quite different from concen-
trations in the upper bay (Table 3). This pattem of
significant differences in Creole Pass waters was aiso
observed frequently on synoptic transects.
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Table 3. Average nitrate concentrations at main upper
bay entrance and Crecle Pass which drains fresh
marshes. Data are averaged from three 48-50 hour tidal
cycle stucies.

In all three tidal cycle studies, nitrate levels in the
water llowing through Creole Pass wers consistenily
lower than in the main entrance 10 the bay (Fig. 19). In
Fabruary at Creole Pass tha mean nitrate concentration
averaged 42.21 pg-atid {12.90 to 62.2) and at the bay
entrance, nitrate averaged 85 .45 ug-at/1 (51.11c 74.37),
different at ihe p = .0001 level (t-test). In April Crecle
Pass nitrate averaged 51.5 yg-at1 (11.2 1o 88.9), whils
the upper bay siation averaged 84.38 pg-at (48.3 to
114.9), (p = .0001). In September mean nitrate at Creole
Pass was 11.47 pug-att (2.50 10 26.2) and was again
significantly lower than the 33.33 yg-att (1.7 10 85.3)
measured at upper bay (p = .0001).

Upper bay and Creole Pass ammonium concentra-
ticns ware aiso distincity different. InFebruary, the mean
Creole Pass ammonium concentration of 4.7 ug-at/l, was
about half the concentration at the upper bay station (8.2
pg-avl) (p = 0001, 1-test). Conversely, in April the mean
ammonium concentration in Creole Pass was 7.50 yg-av
|, signiticantly higher than those in the upper bay en-

trance {2.49 yg-atd, p = .0001). In September ammonium
was slightly lowar at Creole Pass (4.1 1 pg-atl) than at the
bay entrance (5.15 pg-att) but not significantly different.

Phosphate averaged .57 pg-aif in Cracle Pass and
95 pg-at/ at the bay sntrance in February (p = .0001,1-
test). In April, phosphate averaged .93 ug-attinihe pass
while t was 1.37 ug-at/ at the entrance (p = .0018). The
September phosphate mean was 0.72 pg-at! in Crecle
Pass and 1.5 ug-at/l in the bay entrancs (p = .0001).

The reiationship between tide direction and nutrient
concaniration in Creole Pass is not as meaninghul as at
the bay antrance. The flow through the pass invoives
complex hydmlogy, with several water sources and tidal
waves Influsncing both the mouth and the head of the
pass. Although there is a relationship between tide in
Crecle Pass andinthe entrance, itis not very pradictable.
In February and Apnil, ebbing tide In the main entrance
usually appeared as only & slowing of the liood tide in the
pass. In September, the Crecle Pass ticles were bettsr-
corelated to the main entrance tides.

Because there was not a directional change in many
tides in Crecle Pass, the functionaiity of water tiow as an
indicator of nutrient source breaks down. On the other
hand, strong relationships betwesn nutrient species
ware svident. In February ammonium fluctuations in
Crecie Pass closely paralleled nitrate (¥ « 060, p =
0001, t-test) (Fig. 20A). In April ammonium and nitrate
concentrations at Crecle Pass fluctuated inversely (> m
0.51, p = .0001) (Fig. 208). In September, ammonium
and nitrate were not closely related but ammonium and
phosphate paralisied each other clogely (P = 0.75.p =
.0001) and declined over tha tifty-hour period (Fig. 21).
Phggg;'latc and nitrate were related as well (? = 0.34, p

in February, athough nutrients and water tiow Inthe
pass were not clossly related, changes in Crecle Pass
nitrate were well-comrsiated with water flow through the
main inlet after lagging 3 hours (F = 0.51, p= 001, 1-lest).
During flood tlows, nitrate-rich waler antering
Fourleague Bay through tha main entrance was reaching
Crecle Pass and elevating concemrations there. During
gbb flows at the entrance, watar continued to tiood at
Creole Pass, as nitrate concentrations declined. Atthese
limes, water was apparently being drawn oft the marsh
and puiledinto the main stem of Fourleague Bay through
Crecle Pass.

In April, an inverse relationship between nitrate
concentrations in Creoie Pass and water llow at the main
entrance was observed atter lagging for 3 hours. During



Atchafalaya Bay

Sampling Station
at Creole Pass

Fourleague Bay

Figure 18. Creole Pass station showing proximity of both Atchatalaya Bay and Fourleague Bay and extensive

marshes,

flood tides, nitrate declined, while during ebbs, nitrate
increased (r® = 0.20, p = .01, t-test).

In September, the only trip with well-defined bi-
directional ticdal flows in Creole Pass, fluctuations in
nitrate concentrations correiated with the direction of
water flow in the pass (r? = .23, p = .01, t-iest). Nitrate
concentration increased in Creole Pass when water
flowed from Fourieague Bay into the pass (ebb flows)
and decreased on flocd flows from the pass toward
Fourleague Bay.

Nutrient Concentrations in Other Bayous

Tidal cycle profiles were taken at two other large
bayous which drain into Fourleague Bay (see Fig. 1).
Carencro Bayou, about mid-way down the bay drains
brackish marshes and Blue Hammock Bayou, farther
toward the mouth of the bay, drains brackish and sait
marshes. There were large differences in nutrient com-
position of the water in the bayous over the three studies
(Fig. 22 A, B). Nutrient changes relating to tidal features
will be examined in another study. Here, | will report the
average nutrient concentrations at these bayou mouths

and their relation to time of year and the composition of
the water inpul to the main entrances of the bay.

The nutrient gradient in the three bayous along the
bay indicates a strong trend of decreasing nitrate con-
centrations, and generally increasing ammonium cone
centrations at all times of year. Phosphate increased
downthe bay in February and September and decreased
significantly in April (Figs. 23-25).

For the tollowing resuits, nutrient concentrations will
be reported by station in order of distance down bay:
Main entrance, Creole Pass, Carencro Bayou, Biue
Hammock Bayou. During the February study when the
bay was inundated by fresh water, nitrate concentrations
in bayou stations were similar to concentrations in the
main entrance: 65.45, 42.21, no data, 61.45 +5.17 pg-a/
1. In April, bayou stations showed a nitrate decrease with
distance fromthe river. Concentrations averaged 84.38,
51.5, 57.53 £ 19.0 pg-ati, and 5.43 + 2.4 pg-atl. In
September, nitrate concentrations dropped sharply
down the bay: 33.33, 11.47, 2.84 + 1.9 pug-at/l and 1.16
+ 1.39 pg-at/l.

Ammonium concentrations in February, like nitrate,
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Figure 23. Summary of nitrate
boundaries on February 12-14, 1982.

decreased down the bay: 8.2, 4.7, no data, and 5.04 +
245 pg-at1. In April, ammonium was higher in the
bayous in the middle bay than in the main entrance,
averaging2.49,7.5,4.431.43 ug-at, 2.49 + 1.55 ug-at’
I. For September, ammonium again was highest in the

middle bay, 5.15, 4.11, 8.19 + 6.92 Hg-avl, and 5.73 ¢
7.96 pg-at/l.

Phosphate in February averaged .95, .57, no data,
and .9 t 26 ug-atn. In April, phosphate declined toward
the lower bay averaging 1.37, .93, 96 + .36 yg-avl, .37
+.16 pg-alfl. In September concentrations were highest

in the lower bayou 1.5, 0.72,.991.66 yg-avl, and 1.73 ¢
1.53 png-ati.

(N}, ammonium (A), and

10 0 20
] ale
A P
100 0 20
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phosphate (P) concentrations in ug-att at Fourleague Bay
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Summary

In February and April, two months typically domi-
nated by high river discharge, Fourleague Bay received
a high loading of inorganic nutrients from the river, Tha
ultimate fates of these nutrients differed in response 1o
water flow, wind influence and possibly temperature. In
February, thebaywas a “tlow-through system" with large
éxport of inorganic nutrients to the nearshore gulf out of
Oyster Bayou. In April, southerly winds pushed gulf
water into the lower bay preventing expon ar forcing
nutrient-rich waters to flow over the marsh. Increasing
temperatures and higher insolation probably stimuiated



Frgure 24 Summary of nirate (N), ammoniym {A). ahd phosphate {P} concenrations in ug-at/i

houndarnies on Apni 23-25, 1982

nutrient upiske by autotrophs, turther reducing the nutn-
ant concanirations. In September river water had iower
nutrient Concemrations bul the llows out of Oyster Bayou
ware much lower in nitrate andd phosphate than river
water ‘Water flowing trom Oyster Bayou was ennched In
AMMmenum

DISCUSSION
Tida! Cycie Studies

Messurement of nutrignt flows through major bay
Dastages over a tidal cycle demonsirales strong pat-
lems in the processing of rnutnients in Fourleague Bay.
This study ofters the opponunity 10 compars the relative
contripunons of advectisd or “new"™ nutnent inputs and
“réCyCled” nutriens at cenain times of the year, and
enables companson Jf nverine. tresh marsh, brackish
marsh and sai marsh contnbutions simultaneoysly.
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Few large scaie intensive studies can be found in the
Werature, owing to the difticully of conducting fieid stud-
les of this magnitude. Most tidal exchange studies have
been conducted in smal, welt-defined drainages with
Oone or two inleta (Nbxon and Lee 1980, Wolaver o al.
1980, Kjertve and McKeflar 1981, Jordan et al. 1983) or
in larger areas during only one part of the year (Fartan
and Alvarez-Borrego 1983). Jordan ot gt {1983) meas-
ured fuxes from a large drainage in the Ahode River at
eleven points In the year but concentrated on fiux from a
brackish marsh, and McPherson and Sonntag (1984)
monitored loadings from several tributaries of the
Loxahaiches River, Florda, intansively. over a two
month period.

Hydrologic and nutrient flows to upper Fourleague
Bay from Atchafalaya Bay were remarkably similar in the
two Lidai cycie studies conducted during the fiood months
of February and Aprl, 1982. Howaver, there werg
signdicart ditterences in the import-export dynamics



Figure 25. Summary of nitrate (N), smmonium {A),
boundaries on September 16-18, 1982,

between the flood period in spring and the low-waler
pariod in September. Export dynamics al the lower bay
at Oystar Bayou varied more broadty, and were strongly
influenced by wind regime, and lass influenced by rivar
tiow than the upper bay.

Tidal Cycie Profiles

The hydroiogy of Fourleague bay was river-domi-
nated during the February study, with a pasitive net inflow
10 the bay over each tidal cycie, and net cutfiow from the
lower bay. Moreover, nutrient concentrations were
similar in the water entering the upperbay and leaving the
iower bay. In April, although conditions of Aftchatalaya
River discharge and net water flux into the upper bay
were similar to those in February, the nutrient protile at
the upper and lower bay stations ditfered substantially.
Southerty winds contributed to this by pushing gu! water
into the lower bay and increased temparature in April
probably increased the biological uptake of inorganic
nutnients within the bay as well.

Hydrologic flux and nutrient profiles in September
were significantly different from the river-dominated
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and phosphate (P) concentrations in Hg-avl at Fourisague Bay

regimes observed during February and April. Fiood and
ebb water transports through the upper bay antrance
ware naary symmetrical indicating dominance by tidal
forces over river torces. In both the February and April
studies, no salinity was measured at the upper bay
stations suggesting that reductions in nutrient concentra-
tions in the upper bay were completely attritutable to
non-Conservative processes rather than to dilution.
Interpretation of the nutrient tuxes in the September
siudy is complicated by the encroachment of salt water
as!arastheupperbayamrancemﬁngebbﬂows
indicating that mixing and dilution of riverine input had
eccurred.

In the upper bay in February, the relationship be-
tween tide direction and nitrate concentrations was
weak. Furthemmore, nitrate concentration on ebb tlows
was the same as on flood tlows showing that there was
probably little biological uptake in the bay during this
period. In April, nitrate concentrations in etb flows wereg
much lower then Hlood concentrations in the upper bay
indicating strong uptake within the bay. Increased tem-
parature and insolation in April probably provided the
energy to “switch on” the system. The September nitrate



profile showed even farger ditferences in ebb and flood
concentrations, indicating active uptake in the bay. The
lack of 2 strong hydrological component in September
also promoted long residence times in the bay giving
biological reactions more time 1o occur,

Ammonium dynamics in the upper bay in February
were also faifly static: ebb and tiood concentrations were
similar and there was no correlation with tide direction.
Ammonium was quite high in riverine Inflow in February,
and was clearly imported by the bay. Ebb flow from the
upper bay was slightly reduced In ammaonium indicating
uptake within the bay. This contrasts sharply with the
higher ammonium concentrations observed on ebb flows
in April which indicate a source in the bay and export to
coastal waters on ebb tides through the upper bay.
Nevertheless in April ebb flows were uncommon due to
the force of the river, and daily net flux of ammoniumwas
into the upper bay. Ammonium concantrations in-
creased within the estuary, doubling between the upper
and lower bay, suppoting the hypothesis that ammo-
nium was actively produced within the bay.

Phosphate concentrations through the upper bay
entrance in February, April and Septermber, were signifi-
cantly lower in ebb flows than fiood flows indicating that
the river was a source, and the upper bay a sink for
phosphate. Significant decreases occurred within the
span of a quarter tidal cycle or 5 hours. September
showed the largest proportionate reduction in concentra-
tions between flood and ebb flows in the upper bay,
indicating that the phosphate sink processes within the
upper bay were probably strongast at that time of year.
Due to colder temperatures the rate of biclkogical ramin-
eralization of phosphate within the bay may aiso have
been declining and no longer compensating uptake.
Because the lower bay concentrations were higher than
ebb concentrations from the upper bay, the decline inthe
upper bay cannot be attributed to dilution by guH water,
i anything, the saline water reaching the upper bay
increased the phosphate concentration, so declines
were most likely due to uptake within the bay.

Daity variations in the nitrate concentration in the
fower bay were strongly comrelated with the direction of
water flow. In February when nitrate concentrations were
elevated throughout the bay, nitrate-rich water was
exported 10 the guif on ebb tides. In April, nitrate lavels
inthe lower bay were greatly reduced and nearshore guif
waters actually supplied lower Fourleague Bay with
nitrate. Potential sources of this nitrate in the gult
nearshore water may have been enrichment by recent
heavy Atchatalaya flows through Oyster Bayou such as
observed in February, or enrichment by the Mississippi

River plume from the east. Ho and Barrett (1977}
measured average nitrate concentrations above 20 ug-
avtin the Mississippi River plume during January, 1973
extending west of Caminada Bay in the nearshore zone
of the guli.

The February flows of ammonium in the lower bay
indicate no gradient. The lower bay and nearshore areas
were pervaded by a uniform ammonium leve! of about 5
Hg-atl. In Aprif concentrations of ammonium in the lower
bay were double those in the upper bay and lower bay
concentrations on fiood tides were double those on the
ebb tides, indicating that the gu¥f inflow was significantly
raising the inorganic nitrogen levels. In the September
study this pattemn was diminished and ammonium con-
centrations on flood tides averaged only slkightly higher
thanthose in ebb flows. The April profiles indicate a large
degree of ammonium activity at all bay boundaries.
Upper and lower bay passes showed large differences in
ebb and flood concantrations and Creoie Pass ammo-
nium showed a strong link 10 tide. All evidence indicates
a low riverine input of ammonium and increasing concen-
trations within the bay. Ammonium is exportad from the
upperbay onebbtides andis higherin Oyster Bayouthan
in the upper bay indicating significant remineralization
within the bay and possibly the surmounding marshes.
The Creole Pass data support the latter possibility.
Ammonium is imported on flood tides in Oyster Bayou
indicating that significant remineraiization processes
extend into the nearshore zone.

Ortho-phosphate concentrations in the lower bay
showed no correlation with tide direction in Fabruary,
April or September. This pattem is understandable
during the spring period of freshwater discharge due to
inundation and homogenization of the nearshore guif
zone by terrestrial runcif. The presence of phosphate in
the lower bay and into the gulf in September, when
discharge was low and nitrate Concentrations were so
rapidly depleted, suggests that phosphate concentra-
tions were buffered: regenerative processes in the bay
and nearshore gulf may have been maintaining concen-
trations or liberation from the bay sediments may have
occurred due to reductions in redox potentiai,

Variations in nutrients can be caused by a number of
factors which have been well documented. Loder and
Glibert (1982) noted that natural riverine variability can
cause significant and-member vanability. Gael and
Hopkinson (1979), Kemp (1978} and Day et al. {1977)
reported significart short-term changes in stream nutri-
ent concentrations were due to episodic storm events in
Barataria Basin, due to increased runoif. McPherson
and Sonntag (1984) measured increased inorganic nutri-



ent concentrations in the Loxahatchee River, Florida
fellowing Tropical Storm Dennis. Mixing of the water
column can alse bring up bottom water nutrients. This
tide direction analysis for Fourleague Bay is susceptible
to such variation, but the high resolution time series
serves to demonstrate variation caused by flow rever-
sals, segregating nutrient changes due o processing
within the estuary.

Nutrient Load!ing

The seasonal shifting of hydrology from a river-
dominated flow to a tidaily-dominated flow in controlling
the loading of new nutrients to the bay far outweighs the
importance of the seasonal changes in nutrient concen-
tration. During three days in February, 1982 an average
of 21,967 kg/day, and in April an average import rate of
21,150 kg/day inorganic nitrogen was advected into the
upper bay. In September inorganic N import dropped to
6,812 kg/day N despite the fact that the average import
on flood fluxes was approximately equal to the import
during both spring studies. The lower import in Septem-
ber was due to losses on the ebb flows back though the
entrance which were 2-3 times greater than in February
and April. Thus spring flood in addition to higher nutrignt
levels provides a strong hydrologic pressurs which
keeps water high in nutrients inside the bay by opposing
tidal forces.

The net influx of phosphate in Fourleague Bay was
low compared to other estuaries and concentration
changes were more significant than hydrologic fiow rate
in controlling the rate of advective input. Due to high
cencentrations of phosphate in September, the input of
1,024 kg/day was nearty twice as high as the input in
éither February (660 kg/day) or April (652 kg/day).
Nevertheless, low phosphorus inputs relative to nitrogen
results in a nitrogen-rich advective input that is much
higher than usuaily found in other systems.

The importance of rivering nutrient inputs becomes
clearer when converted to loading on an areal basis.
Averaged over the surface area of the bay (9,300 ha),
703 ug-at/m2r-N were added in February, 676 pg-av
m2he-N in April and 219 Hg-atm?*hr-N in September

(Fig. 26). The measurements of loading rates for
Fourleague Bay cannot be discussed in annual terms,
but the three intensive measurements in February, April,
and September 1982 probably represent the extrerme
maximum and minimum rates of inorganic nitrogen load-
ing during that year.
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Net Bay Nutrient Balance

Net nutrient fluxes for the whole bay generally re-
flected the dominant water flux direction: into the upper
bay and out of the lower bay. However, important
deviations from this pattem were evident. In February,
the rate of import of nitrate through the upper bay was 617
pg-avm?mr. Nitrate was lost from the lower bay through
Oyster Bayou at a rate of 402 pg-atm?/hr for a net
retention in the bay of 215 pg-avmPrhr (Fig. 27). Ammo-
nium showed a net import of 85 pg-at/m?/hr info the upper
bay, a loss of 42 yg-atVm?mr from the lower bay and a net
retention of 44 pg-avm?/hr in the bay. Phosphate was
also supplied in surplus to the upper bay at arate of 9.54
Hg-a/m?hr but was lost from the lower bay at a rate of
12.23 pg-at/nPr, resulting in a total net loss from the
system of 2.69 pg-avm?/hr (Fig. 28). The sourcs of the
excess phosphate leaving the lower bay may have been

a combination of remineralization products from within
the bay and runoff from the surrounding marshes.

In Apil nitrate was imported into the upper bay at a
rate of 661 pg-a/m?mr. There was a smatl import of
nitrate through Oyster Bayou as well, resulting in a net
gain of 677 pg-at/m?mr nitrate to the bay. Ammonium
was imported through both the upper entrance and
Qyster Bayou as well, at rates of 16 pg-at/m?/hr ang 2 pg-

avm?/hr respectively resulting in a net gain for the gstu-
ary of 18 pg-atm?hr. Phosphate import with riverine

watar was nearly kientical to that of the February study,
9.43 pg-at/mP/hr, However, due to extremely low trans-

portout of the lower bay, the bay retained 9.32 yg-a/m?

hrofthis input. Although a large part of this accumulation
was due o the build-up of water in the bay over the two
day study, the dacline in the nitrate concentration in the
down-bay direction was greater than the decline in phos-
phate. This indicates that the bay is a stronger sink for
nitrate than for phosphate. Ouring the April study, the
fmean concentration of phosphate at the lower bay site
was 32 % of that at the upper station, while nitrate
concentrations declined 10 only 20 % of upper bay
concentrations.

A net September inflow of nitrate to the upper bay of
232 pg-atmé/hr and loss of only 5 yg-at/m2/hr at Oyster
Bayou indicated that the bay was assimilating 227 ug-at/
m¥/hr of nitrate in September. Ammonium was net
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exported from the upper bay at a rate of 24 pg-at/m?/hr
and from Oyster Bayou at a rate of 29 ug-a¥m?/hr
resulting in a total net loss of 53 yg-at/m2hr from the
estuary indicating that the bay was acting as a strong
source of ammonium to the nearshore zone. Despite the
near-balance of water inflows and outflows at the upper
bay entrance, there was a positive infkix of phosphata in
September at a rate of 14.8 ug-am?hr due to high

rivering concentrations. Flux through the lower bay
mouth was aiso positive into the bay (0.12 ug-atm?/hr)

resylting in an overall accumulation of 14.9 pg-at/m2hr of
phosphate.

The September increase of phosphorus and ammo-
Nium concentrations between the upper and lower
Fourlgague Bay may indicates that there are sources of
both nutrients within the bay, most likely the benthic
remineralization observed by Teague (1983). The con-
comitant disappearance of nitrate indicates that year-
roeund, the bay is a sink for nitrate and lends support to the
hypothesis that nitrate was being denitrified in the sedi-

ments of the bay.

The net flux of nitrate and phosphate into the upper
bay entrance in all three months was not balanced by the
fluxes out of Oyster Bayou. Both nutrients showed net
accumulations in the estuary for all the tidal cycle periods
studied. Rather than simpie flow-through mechanics,
this suggests an active uptake mechanism within the
bay. Ammonium export from the bay in September
suggests that Fourleague Bay may be an important
supplier of inorganic ammonium to the nearshore zone.

Marsh-Bay Nutrient Exchanges

The total hydrological tiow of the three largest bay-
ous, Creole, Carencro and Blue Hammock, was on the
order of 10-20 % of the fluxes through the upper bay
entrance but maximum flows through these bayous were
much higher (Denes, 1983). The marsh flows are impor-
tant because collectively, they represent a large fraction
of the water that drains into Fourleague Bay at certain
times of the year, both from bayous and non-peint
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Figure 27, Hourly inorganic nitrogen imports (+} and exports {

April, and September, 1982.

-) to Fourleague Bay on tidat cycle studies in February,
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Figure 28. Hourly inorganic phosphorus imports (+) and exports (-) to Fourleague Bay on tidal cycle studies in

February, April, and September, 1982,

sources. Bayou exchanges may at times be important as
a source of marsh-generated ammonium, and as a sink
tor nitrate.

During the two spring flood studies water tlow was
nearly constant into Fourleague Bay from Crecile Pass in
the upper bay. This may be attributed to the hydrologic
head buit up by water accumulating on the flooded
marshwhich experience backwater flooding all alkongthe
Atchafalaya Basin during spring (Wang et ail. 1985); the
generai direction of flow throughout the flood period is
towand the Gulf. Thus, the contribution of marsh water to
the bay and nearshore zone ingeneral may be significant
during spring floed. In September, river discharge and
backwater flooding are reduced and there is littte or no
hydrologic gradient to force flow through the marshes
into Fourieague Bay.

During the February and April tidal cycle studies in
Creole Pass, despite consistent flow in ona direction, into

the bay, the nutrient profile showed reguiar variability, |
propose a scenario which explains the regular variations
as due to the influence of the tide on the proportions of
marsh drainage and riverineg water mixing and entering
the north end of the pass. When flows in the main stem
of the bay were ebb directed, water was drawn off the
marshes and through Creole Pass into the bay. Atthese
times, the Creole Pass water had a nutrient composition
typical of marsh drainage. During flood tides, Creole
Pass received river water pushed through its open north
end which continued inte the bay. Atthese times, Creole
Pass water chemistry was typical of river water.

In April ammonium concentrations in Creole Pass
were 50 to 90 % higher than riverine concentrations
entering the upper bay or in the bay itsef. During fiood
flows, ammonium concentrations were low and similar to
those in river water. During ebb flows, when water was
apparently being drawn off the marsh, ammonium con-
centrations rose significantly. This is consistent with the



findings ot Stevenson et al. (1976} at Hom Point where
ebb concentrations ol ammoenium were nearly twice as
high as flood concentrations throughout much of the
year.

Thera is evidence that marsh processas contributed
to declines in nitrate concentrations within the bay as
well. In all three tidai cycle studies water draining off the
marshes into the bay was significantly lower in nitrate
than the estuarine water. This nitrate loss has been
observed in other estuaries. Jordan et al., (1983) ob-
served a net import of nitrate 1o low marshas near the
Rhode River. Stevenson &t al. (1976) observed diurnal
changes in nitrate concentrations in the Hom Point
Marsh suggesting uptake during daylight hours and
regeneration at night. In all three tidat cycle studies, the
three marsh types in Fourleague Bay were exporting
water lower in nitrate than the adjacent estuarine waters.
At times, nitrate also showed a general decrease in
concentrations over the entire two-tidal cycle period
which is part of a longer-term pattem. This phenomenon
requires further study.

The flux of nitrate imo the marsh and ammonium
trom the marsh observed duringthe two spring studies at
Creole Pass probabiy reflects the general dynamics of
the large volume of water moving in sheetflow across the
coastal marsh surface during spring flood. In September
during low river flow, marshes were not inundated, and
ammeniurn concentrations in Crecle Pass werg not sig-
nificantly differant from river water. Ouring this month of
high temparatures and presumably high rates of remin-
eralization, there may be a significant accumulation of
ammonium on the marsh but there is no tidal energy to
flush them to the bay. This may partly explain the largs
pulse of ammonium observed in the bay early in each
spring flood, as accumulated ammonium is flushed from
the marsh by the first high water. Stern (1986) reportad
a similar pattern in nearby Willow Bayou, They observed
high rates of ammenium export from January through
May when tidal flow was ebb directed due to backwater

flocding by the Atchafalaya, driving water acrogs the
marshas.

Fourteague Bay marshes display nutrient flux dy-
namics similar to the Fourleague Bay bottom sediments
where Teague (1983) measured uptake of nitrate and
reganeration of ammonium. These processas atboththe
bay-marsh boundary and the sediment-water interface
manitest themselves in the rapid decline in water column
nitrate concentrations and increases in ammonium con-
centrations down the bay.

Intensety reducing marsh soils and anaerobic bay

bottom sediments are well-known as sites of denitrifica-
tion by tacultative anaerobes (Payne 1973). Nitrate is
also involved in a dissimilatory fermentation reaction
(Fenchel and Blackbum 1979, Focht and Verstraete
1877) where, instead of acting as a terminal electron
acceptor in respiration, it acls as an “electron sink”
(Hattori 1983), is converted to ammonium in an energy-
producing reaction, and exuded from the cell. This
Termentative nitrate recuction” is an obligately anaero-
bic reaction. Sorensen (1978) proposedthatthia process
may be "equally as significant as denitrification in the
umover of NO," in marine sediments.> Thus, nitrate in
sediments is exploited over a range of Eh regimes from
temporary to long-term anaeroby. Additionally, bacterial
reduction of organic matter results in the release of
remineralized ammonium to the water column. This
process occurs in both the sediments (Boynton and
Kemp 1985) and the water column (Harrison 1978).

in the Louisiana coastal zone, it is clear that marsh
and bay sediments are sites of denitrification. in
Fourleague Bay marshes (Smith et al. 1985) and in
Barataria Bay (DelLaune and Patrick 1980), moderate
rates of denitrification were measurad begging the ques-
tion “Where goes the remainder of the disappearing
hitrate?". Clearly part of the loss is due 1o phytoplankton
uptake, however, Teague (1983) measured nitrate loss
lo bay sediments five times that accounted for by Smith
ot al.’s denitrification measursments. A probabie path-
way is for the nitrate to be reduced directly to ammonium
and exuded from the ceils creating an additional source
of ammonium o the bay sediments.

SUMMARY

In a system-wide study such as this, water and
nutrignt flows among componsents of the ecosystem are
not always well-defined, but the evidence from synaptic
transects and three tidai cycle studies suggests the
fotlowing scenario: Upper Fourieague Bay is influenced
through three boundaries- Atchatalaya Bay, which is an
extension of the Atchatalaya River and its high mutrient
loads, the fresh marsh, and the upper bay boftom sedi-
ments. The Atchafalaya is clearty the dominant source of
inorganic hitrogen in tha form of nitrate to the bay. Inthe
upper bay a large fraction of the nitrate i0ad is removed
from the water column, supporting algal photosynthesis
and energy-producing reactions in the bay sediments.
The resultotthe reduction of nitrate and uptake of crganic
material is the liberation of ammonium to the water
column. The marsh performs the same role in the
nitrogen cycie, perhaps 1o an even greater extent, but its
contribution to the bay is requires water movement



across the marsh surface. Thus, the marsh contribution
is switched on and off depending on wind driven or tidai
energy inputs as well as the river's hydrologic cycle.

Thae April flows through Creole Pass clearly showed
the interpiay of the three different water massas during
what may be the period of greatest imeraction: high
ammonium was exported fromthe marshes to the bay on
falling tices. nitrate was injected o the bay from the river
during riging tides, and nitrate was scavenged from the
water overlying the marsh and apparently in the bay
sadimants. In September, salinity encroachment on ebb
flows added the influence of a fourth zone: saline water
from the lower bay and the Guif of Mexico. Low water
levels during the summer period may reduce the role of
the marsh in the nutrient cycling in the bay during that
tima.

The lower half of Foeurleague Bay is different and
distinct from thve upper bay in nutrient sources and the
processing of nutrients. I is characterized by reduced
nutrient loading, clearer water and a high degree of tidal
influence. The export from the mouth of the astuary at
Qyster Bayou contains reduced nutrient loads, itlstrat-
ing the role of Fourteague Bay as a filter. Much of the
nutrierts removed inthe bay go to suppornt phytoplankton
and secondary production which may be exported to
thtough Oyster Bayou to the nearshore zone. This
remains to be studied.

High ammonium lavels from regeneration proc-
esses may be mora important than nitrate as a nitregen
source to phytopiankton, especially during summer and
fall. Phosphorus leveis are generally maintained near 1
ug-at/l throughout the bay, through remineralization,
desorption or liberation from the sediments. N/P ratios
are lower in the lower bay than in the upper bay, indicat-
ing the phosphate is in greater supply relative to inor-
ganic nitrogen and at times P is in excess of N require-
ments for photosynthesis.
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EFFECTS OF RIVER DISCHARGE AND VERTICAL
CIRCULATION ON AQUATIC PRIMARY PRODUCTION
IN A TURBID LOUISIANA (USA) ESTUARY*

J.M. Randail and J.W. Day, Jr.

INTRODUCTION

Rivers influence primary production in estuaries and
coastal areas in a number of ways (Goldberg 1969,
Parsons et al. 1977, Cadee 1978, Mann 1982). Rivers
contribute nutriems directly and can stimulate benthic
remineralization, all of which can promote procuction
{Nixon 1981a, Boymton et al. 1982, Kemp etal. 1982}, At
the same time suspended sediments and colored sub-
stances are introduced which diminish the available
irradiance in the water and may thereby reduce produc-
tion. Parsons et al. {(1977) noted that maximum produc-
tion is often found at some distance from the mouth of a
river, although nutrient levels may be lower there, and
suggestedthat thiswas due to increased light availability.

Phytoplankton in turbid water with a sharp vertical
light gradient are exposed to significant changes in light
levels when they are vertically displaced by turbulence
or sinking. These temporal variations in irradiance may
have important effects on production that would be
ignored by measurement techniques in which samples
are heid at a constant depth or light intensity. For this
reason a number of studies have been conducted in
which estimates of production from samples of phyto-
plankton moved through the water column or a light
gradient were comparedwith those from samples held at
certain depths or fight levels (Kowalczewski and Lack
1971, Jewson and Wood 1975, Marra 1978, Platt and

—___—_—_————————_—m
‘Randall, J.M. and J.W. Day, Jr. 1987. Effects of river
discharge and vertical circulation on aquatic primary
production in a turbid Louisiana (USA) estuary. Nether-
lands Journal of Sea Research 21 {3):231-242. Used
with permission.

Gallegos 1980, Gallegos and Platt 1982, Falkowsk! and
Wirk 1981, Joiris and Bertels 1985). The results of these
experiments have bean variable, some indicating that
under certain circumstances incubations in which
samples were moved yielded higher production rates
and others finding no significant ditferences.

The objectives of this study were to determine: 1)
temporal and spatia patterns of aquatic primary produc-
tivity in Fourleague Bay, 2) the factors controlling these
patterns with spaciat attention given to river dischargae,
and 3) the effect of circulation through the sharp light
gradient in: the water column on phytoplankton produc-
tion. Fourieague Bay is an excellent site to study riverine
influences on estuarine production because it receives
large inputs from the Atchafalaya River. The shallow,
waell-mixed water column and turbid water also provided
an opportunity 10 study the effects of circuiation through
a light gradient on production.

STUDY SITE DESCRIPTION

Fourleague Bay is a 9300 hectare estuary in the
central coastal zone of Louisiana (Fig. 1). Its upper end
opens to the eastern side of Atchafalaya Bay 10 km from
the mouth of the Atchafalaya River. The river carries
approximately 30% of the combined fiow of the Missis-
sippi and Red Rivers and is at present building an
extensive delta at its mouth (Roberts et a). 1980). The .
delta first achieved subaerial expression in 1973 and its
easternmost lobe is now approximately 3 km from the
entrance 1o Fourleague Bay. The bay is uniformily
shaliow with an average depth of about 1.5 meters and
is bounded by iresh and satt marshes. Two sites were
chosen for this study: one ocated at the entrance to the
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Fig. 1. Map of the study site showing locaiions of the sampling stations and the pyranometer.

upper bay, and the other in the lower bay approximately
1 km north of the entrance to Oyster Bayou. The upper
bay is dominated by turbid, nutrient-rich river water,
especially during periods of high flow. Salinity ranges
from fresh in the spring to about 10 ppt during periods of
low river flow in the early fall and averages 1.5 ppt.
Secchidisk depths inthe upper bay range from5 to 35 cm
(Madden 1886). The lower end of the bay is directly
connected to the Guif of Mexico by Oyster Bayou. Gulf
water is characterized by higher salinity, and relatively
low turbidity and nutrient concentrations. Mean salinity in
the lowerbay is 13.4 ppt but it and secchi disk depth vary
greatly with time due to changes in river flow, tides and
winds, ranging from 0 to 26 ppt and 5 to 60 cm,
respectively (Madden 1986). Astronomical tides in the
bay have a range of 30 to 50 cm (Cunningham 1980).
Wind driven tides often mask astronomical tides, espe-
cially during frontal passages.

MATERIALS AND METHODS

Measurement of Phytoplankton Production
and Resplration

Aquatic primary production and respiration were
measured at both sites every 4 to 8 weeks from mid-June
1984 to mid-May 1985 using the “light/dark bottle” oxy-
gen technique (Strickland and Parsons 1972). Bottles
were incubated for approximately 4 hours around local
noon and initial and final oxygen concentrations were
measured with an Orbisphere Model 2714 Dissolved
QOxygen Detector. The water column was always well
mixed and water for incubations was taken from the
upper half meter.

Stationary and moving incubations were used. For
a stationary incubation, 4 light botties were suspended
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TABLE 1
Deftinition of symbols used in the text (and their units). Yearly rates are from standard incubations and hourly rates
are from standard incubations uniess otherwise stated.
*These values are aiso given in mg C-m-2y=1in Table 3.

symbol definition units

NDP, hourly water column net daytime production mg Q,m-2h-"

NDP, annual water column net daytime production mg Opm-2y-1"
GP, hourly water column gross production mg O;m-2h-"
GP, annual water colymn gross production mg O,m-Zy~-!

DR, hourly daytime water column respiration mg O,m-2nh- "
DR, annual daytime water column respiration mg Oym-2y-"
NA, annusl night-tima water column respiration mg O;m-2y~!

NO, concentration of NO, plus NO, agat-dm-?

SRP concentration of soluble reactive phosphorus agaldm-?

P1 productlon versus irradlance N.A,

from a floating rack at each of the foliowing depths: the
surface: 1 secchi depth ; 2 secchi depths; and near the
bottom. Four dark botties were also incubated. Hourty
water column net daytime production, NDPh {all symbols
and units are defined in Table 1}, was calculated as the
integral of production in the light bottles over all depths
while hourly daytime respiration, DFIh was the average
of the dark hottles and was regarded as constant for the
water column. Hourly gross production, GPh. equaled
NDF'h plus DRh.

Moving incubations were used less frequently and
only concurrently with stationary incubations s¢ that
results couid be compared. During moving incubations
2 sets of 6light and 4 dark boitles were manually moved
through the water column so that a complete cycle took
either 0.5 or 1 hour in an attempt to mimic vertical water
movement. Hourly net production and respiration in
these bottles were calculated as the averages of all light
and dark bottles, respectively.

Four estimates ot water column net production were
generated for each stationary incubation by integrating
the areas under curves defined by values from randemly
chosen replicates from each sample depth. Results of
moving and stationary incubations were analyzed for
significant ditferences (p <.05) using linear conirasts
(SAS 1985).

Secchi disk depths were determined and whole
water samples taken at the start and finish of each
incubation. Two 100 m! replicates from each sampie
were analyzed for suspended solids gravimetrically
(Strickland and Parsons 1872) using Gelman Type A/E
glass fiber fiters. The euphotic zone was assumed 10
extend to the depth at which light was diminished to 1%
of its surface value as calculated from secchi depth
(Poole and Atkins 1928}.

Incident solar radiation was measured with an Ep-
pley pyranometer located approximately five km north ot
the upper bay site {Fig. 1) and used to construct photo-
synthesis versus irradiance (Pl1) curves using Secchi
depth data. Incident cadiation was also estimated from
climate data. Weather conditions in southeastern Louisi-
ana are classed according to 8 synoptic weather typas
defined by Muller {1977) based on data taken at 06:00
and 15:00 hours each day by the National Weather
Service office atNew Orleans. These dataweratakenfor
days of incubations and assigned radiation vaiues based
on the work of Muller and McLaughlin (1985) which gives
levels of mean daily solar radiation by month for each of
the 8 weather types. We assumed that the weather type
at New Crieans was the same as that at Fourleague Bay
on any given date (R. Muller, Dept. of Geography, LSU,
personal communication} and fiekd observations con-
firmed this.

Estimates of Annual Production and
Respiration

To estimate annual rates of Net Daytime Production,
NDPY, the hourly rates determined during stationary
incubations were first converted to daily rates. The most
common way of doing this is to multiply the hourly rate by
the number of hours of daylight on the day in question
{method A). However, this may overestimate production
because it assumes rates measured around noon are
supported by the lower levels of irradiance earlier and
later in the day (Shaffer and Onuf 1985). Therefore,
production rates were aiso calculated from hourly rates
with the following method (method B). The daylight hours
of anincubation day were separated into periods before,
during and after incubations. The average hourly irradi-
ance for each of these periods was calculated from the
pyrancmeter data. These percentages were used to
calculate average irradiance values for the morning and
afternoon peniods for each depth at which samples had
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been incubated. Production rates for these irradiance
levels were taken fromthe Pt curvefor the incubation and
plotted with depth. The production rates were then
integrated with depthlo yield areal rates. Hourly ratec for
each period were then muttiplied by the number o1 hours
inthat period and production from the 3 periods summed
to yield adaily net production estimate (see Randail 1986
for further detail).

The daily rate of daytime respiration was caiculated
by muitiplying DR, by the hours of daylight on the day in
question and the daily rate of night-time respiration
squaled DRh times the hours of darkness. The daily rate
of gross production equaied the daily rate of net daylime
production plus the daily rate of daytime respiration.

Annual rates of net daylime production, NDP , gross
production, GP daytime respiration, DFI and night-
time respuratlon NFIY were calculated by plotttng the
respective daily rates with date and integrating the areas
under the curves. Measurements made on consecutive
days at the same site were averaged. A photosynthetic
quotient (PQ) of 1.2 and a respiratory quotient (RQ) of 1.0
were used to convert values from g O to g C (Strickland
and Parsons 1972).

Chiorophyli a

Whole water samples were collected immediatety
prior to incubations and placed on ice for later analysis.
Within 5 hours two 50 ml replicates from each sample
were filtered through Millipore 0.45. membrane filters
which were immediately frozen on dry ice. They were
later thawed, dissolved in 90% acetone, and the percent
absorbance of the solutions measured on a Varian
Techtron Model 635 Spectrophotometer according to
methods outlined in Strickland and Parsons (1972).
Chlorophyll a concentrations were calculated using the
equations of Lorenzon (1967). Production per unit

biomass was estimated by dividing NDP by chloraphyil
a concentration.

Nutrlents and Other Physical Parameters

Water samples were taken prior to incubations,
immediately fitered through Millipore Type AP glass
fiber prefilters into Technichon autoanalyzer vials and
frozen on dry ice. They were later analyzed with a
Technichon auloanaiyzerfor nitrate plus nitrite (NO,)
ammoenium (NH, *). and soluble reactive phosphorus
(8RPY (U.8. Envrronmental Protection Agency 197%).
Discharge of the Atchafalaya River at Simmespor,
Louisiana, was obtained from the U.S. Army Corps of
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Engineers (1984,1985). Average flow for the 7 days
preceding incubations were used in the data analysis.
Water temperature and salinity were recorded with a
Beckman RS5-3 salinometer. An analysis of variance
(SAS, 1985) was performed on the data to determine
relationships among the different variables.

RESULTS
Seasonal and Spatlal Patterns

Production and Respiratlon (stationary
Incubations). Aquatic primary production exhibited
similar seasonal patterns in lower and upper Fourleague
Bay with peaks in the late summer and early fall respec-
tively, and smaller secondary peaks at both sites in late
winter (Fig. 2). Generally, production was significantly
greater at the lower bay. The difference was especially
pronounced in June and July during the lag between the
start of the period of peak production there and at the
upper bay. However, the range of rates at the 2 sites
wera not significantly different (Table 2). At the upper
bay, over 80% of the annual net production and nearly 60
% of the annual gross prodtuction occurred during the
period from late July to mid-November. Atthe lower bay,
with higher rates of production for more of the year,
figures for the comparable mid-June to early October
period are 55% and 50%, respectively.

a. Net production

Fig. 2. Seasonal production and respiration patterns at

both sites. Production and respiration in mg

Q,m-2h-" scale on left. River discharge at Sim-

mespon, Lomsuana in m35-7; scale on right. 8 upper
bay. & lower bay, — river discharge,



TABLE 2

Means and ranges of hourly rates of net daytime pro-
duction, NOP,, gross production, GP,, and daytime

respiration, DR, measured during incubations.
Units =mg Oym-2h-1.

measurement site mean range

NOP, upper bay 147.0 - 7668 to 775.8
lowar bay  325.7 -850 to 798.7

GP, upper bay  273.8 - 2.6 to 899.8
lower bay  430.8 19.8 to 858.3

DR, upper bay 126.8 31.0 to 255.0
lower bay 1048 26.2 10 2304

NDP, and GP, were near zero in mid winter at the
lower bay and trom mid-fall to mid-winter at the upper
bay. MI:‘:Ph was near zero at the upper bay againin iate

March and mid-June but there was substantial GPh at
these times. Seasonai pattems of DR _ did not track
production, neither site consistently exhibited higher
rates than the other, and seasonal variations were small
relative 10 those for production (Fig. 2b, Table 2).

Chiorophyll 8. Chiorophyll g concentration at the
upper bay ranged from 3.2 mg m™ in January to 19.8in
both November and earty March with a mean of 13.4 mg
m™>. At the lower bay it ranged from 4.0 in May to 26.7
mg m™ in July with a mean of 14.5. Chiorophyll 2
concentration was correiated with secchi depth at the
upper bay but it was not correlated with net production or
any other factor at either site or in the bay as a whole.
Production per unit biomass {NDPhl / chlorophyil a con-

centration) varied considerably both spatially andtempo-
5ally1 Atthe uppgr bay, the ratic rangedfrom-8.8gQ, m’

hr'' mgChla ' in January to 50.1 in September with a
mean of 6.7. Al the lower bay production per unit
chiorophyli a ranged from -8.29 O, m2nhr! mgChla’
in January to 96.6 in May and averaged 30.9. Inthe bay
as a whole the P/B ratio was positively correlated with

surface iradiance (r“=0.335 p<.01) and water tempera-
ture (r2=0.321 p<.025) and negatively correlated with
riverfiow (r2=0.209 p<.05). At the upper bay it was
negatively correlated with riverfiow (=523 p<.025) and

at the lower hay it was positively comreiated with surface
irradiance {r°=358 p<.025).

Riverflow. Seasonal variations in the flow of the
Atchatalaya River have marked effects on physical and
chemical characteristics of the water in Fourleague Bay
{Madden, 1986, Caffrey, 1983). The varations were
more pronounced than usual during the period of this

study. The spring flood peaks were above average in
1984 and 1985 while the 1984 annual low was slightly
below average. The highest flow during the period,
13,800 m® sac™!, occurred on March 21, 1985 and the
lowest flow, 1,400, occurred on September 21 1984. The
peak was unusually late in 1984 and was still a tactor in
Junewhen the study bagan. Flowwas also exceptionally
high in late 1984 and earty 1985 and the mean flow in
January, 9,200 m® sec™, was one of the highest
recorded at that time of year. Production was negatively
correlatad with riverflow at both sites and inthe bay as a
whole (Fig. 2a). The relationship was much stronger at
the upper bay where S i depth was negatively
correlated with riverflow (r°=0.51 p<.025}.

Light. Secchi disk depth at the upper bay ranged
from 1510 30 crn with a mean of 20.5 cm. Atthe lower bay
it ranged from 20 to 60 cm with a mean of 36.5 cm. At the
upper bay the depth of the euphotic zone averaged 539
cm and ranged from 41 to 81 cm. At the lower bay &
averaged 98.5 ¢m and ranged from 54 to 160 cm (coin-
cident with the bottom). Turbidity varied widely and
without a recognizable seasonal pattem at the lower bay
and, unlike the upper bay, secchi depth was not signili-
cantly correlated with rivertiow there. Floccutent sedi-
ments in the area are often mixed into the water column
by winds and currents (Teague 1983) and the estuarine
turbidity maximum is located in the lower bay for much of
the year (Madden 1986). Secchi depth was not corre-
lated with suspended sediment load at either site ,
indicating that colloidal and dissolved compounds may
be responsible tor much of the light attenuationinthe bay.
$uspended sediment load ranged from 0.0510 0.175g1°

at the upper bay and from 0.013 10 0.202 g I’ at the
lower bay with means of 0.087 and 0.116 g1 ', respec-
tively.

Incident radiation on days of incubations ranged
from 9.3 in November to 24.7 in Juna. NDPh was
rrelated with incident radiation at the lower bay.
(r-=0.486 p<.025)and GP,,| was correlated with incident

radiation at the lower bay (P=0.515 p<.025 ) and in the
bay as a whole (P=0.215 p<.025 ).

Nutrients and other physical factors. Nutrient
concentrations varied seasonally and spatially inthe bay.
The riveris a source of NO ., and the bay acts as a net sink
50 that concentrations decrease non-conservatively with
increases in salinity (Teague 1983, Madden 1986 ).
Concentrations ranged from 0.4 to 87.5 ugat I' " with a

mean of 41.7 ug at " at the upper bay and from
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Yndelectable {0 45.3 pg at i1 with ameanof8.0pgat !

atthe lower bay. Productionwas negatively corralated
with NO, atbothsites and in the bay as a whole reflecting
the high NC)3 levels in turbid river water. Thus, NO,, did

not negatively affect production but its negative correla-
tion with secchi depth for the entire bay (r°a.305 pe.025
) Indicates that it served as a tracer for turbidity. During
thefall Nf:J3 concentrations were low at the lower bay and
production may have been N limited.

Atthe upper bay SRP ranged from 0.3 10 2.3 pgatl
! withameanof1.2pgati’! and atthe lower bay it ranged
from 0.110 1.4 ug at ™! with a mean of 0.6 ug at I\, At
theupperbay NH,* ranged trom0.4t0 12.2 pgatl” with
ameanof 2.7 ug at IV and at the lower bay it ranged from
0.3105.5 pgat!™ withameancf2.4pg at('. N:P ratios
(total inorganic nitrogen/SAP) ranged from 2.7 in Sep-
tember to 63.6 in March and averaged 34.4 at the upper
bay, and from 0.6 in Septamber t0 45.0 in July and
average 14.7 at the lower bay.

Salinity in the bay also varied Seasonaliy due to
riverfiow variations aithough tides and winds may cause
short term changes, especialiy at the lower bay (Catfray
1983, Madden 1886). The upper baywas fresh or nearly
fresh (<2 ppt) most of the yearwith a mean salinity of 1.5
PRt. Only during the fall low flow period did brackish
water penetrate into the upper bay. The highest value,
13.6 ppt, occurred in September. Salinity was more
variable at the lower bay, ranging from 1.6 ppt in January
16 23.9 ppt in September with a mean of 1 1.6 ppt. NDP
was correlated with salinity in the upper bay (r2-0.875

P<.005 ) and in the bay as a whoie (r2-0.383 p<.005),
apparently because salinity was correlated with secchi
depth at the upperbay (F=0.546 P<.025) and inthe bay

as a whole {r2-0.592 P<.0001) and served as an

indicator of water clarity. Salinity tracked riverfiow at the
upper bay and was negatively correlated with it (r2-0.5 16
p<.025) .

Water temperature ranged from 8.5° ¢ at the upper
bay and 9.7° C at the lower bay in January t0 28.8°C at
the upper bay in July and 29.7°C atthe lowerbay inJune.
NDF'h and GPh were correlated with water temperature

(P= =0.412 p<.05; P=0.568 P<.025) In the lower bay
while at the upper y respiration was corrglated with
water temperature {r<a{.459 p<.08).

Within and Between Depth Differences

Coefficients of variation for hourly rates of net pro-
duction in sets of light bottles incubated at ong depth
averaged 15.8% (n=4). For all incubations differences
between means of samples heid atthe surface and those
held near the bottom were greater than the greatest
within group variation so difterences in production with
depth were considered significant. Light diminisheg
rapidly in the turbid water and net production was rareiy
positive near the bottom. Surface net production was
less than that at 1 secchi depth (indicating photoinhibi-
tion) inmore than half of the incubations with no seasonal
pattern at both sites.

Annual Production and Respiration Estimates

NDP, atthe lower bay was more than double that at
the upper bay, and GP, at the lower bay was over 60%,
greater than that at the upper bay (Table 3). DFly was

similar at both sites (Table 3). Shon-lived blooms and
major storms may have been missed by our sampling
schedule resutting in over- or under- estimation of actual
annual production.

TABLE 3
Estir_nates of NDP,. GP,, R, and NR, at both sites. Estimates were converted to g Cm~2 with a photosynthetic
Guotient (PQ) of 1.2 and a respiratory quotient {RQj of 1.0 {STRICKLAND & PARSONS, 1972). The two methads of
caiculation are described in the text.

site

astimate method

upper bay fOwer bay

gog.m-z gCm-2 goz.m-z gCm-2

NDPY A 627 196 1404 439
B 383 120 1016 a1z

pr A 1167 399 1927 635
8 923 322 1539 514

DFly 541 203 523 196
NFI), 489 183 484 182
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TABLE 4

Comparison of NDP, {mg O, m ~2h =) estimates from stationary and moving incubations and the difference be-

fween them as a percentage of the stationary incubation estimate. Negative differences indicate lower moving

estimates and positive difterences indicate higher maoving estimates. Differences greater than errors (percentage
greater than 16 or less than — 16) are indicated with a”. U.B. = upper bay, L.B. = lower bay.

type of incubation

date site
stationary 1 hour moving 0.5 hour moving

NOP, NOP, % differance NDP, % difference
11/18/84 L.B. -489 -2 8. -588.4 :E;:
03085 u.B. 1210 29.4 -78 62.0 P
0v28/85 uB. =377 -54.0 — 43" - 48.0 -
051485 u.n. 188.1 859 - 54: 87.5 - >
10127184 LB. 353.3 283.5 - 20 308.0 ~34.
11117184 L.B. 150.0 2126 42~ 200.2 o
01/19/85 LB. - 8B.0 -B87.5 1 -88.8 8
Q02785 L.B. 3322 35100 -] 3913 1
027185 L.B. 187.5 2142 14 189.0 e
0513185 L.B. 3976 3514 -9 305.4 -

Comparison of Incubation Mathods

Significant difterences ware found between asti-
mates of NDF, from stationary incubations and moving

incubations when only experimants conducted at the
upper bay were considered. Tabie 4 compares NDP,
mates from stationary and moving incubations for each
date and presents the differences between them as
percentages of the stationary estimates. Differences
less than 16% (positive or negative) were considered
smaller than emors because coefficients of variation for
sets of light bottles held at one depth in stationary
incubations averaged 15.8% {coefficients of variation
between replicates in moving incubations averaged
15.1%). The difterences ranged from -84 to 42%.

At the lower bay oniy two 1-hour and three 0.5-hour
moving incubations out of a total of 12 conducted varied
from stationary incubations by more than 16% and of
those, 3 were greater than and 2 less than the stationary
incubation estimates. At the upper bay three of four 1-
hour and four of four 0.5-hour incubations werg more
than 16% lower than the stationary estimates.

When comparisons from both sites were considered,
the difference between 0.5 hour moving and stationary
estimates as a percentage of stationary incubation esti-
”:j"es was significantly correlated with secchi depth
(r"=0.402 p<.05) and with the depth of the water divided
(P=0.496 p<.025; Fig,
an 25 cm during the 7

by the depth of the euphotic zone
3). Secchi depths wera less th
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comparisons in which differances were greater than
errors at the upper bay while they were 38 and 60 cm on
the 2 occasions when moving estimates were higher at
the lower bay. However, on October 27 when the moving
estimates at the lower bay were lower, the secchi depth
was 60 cm.

DISCUSSION

Spatial and Temporal Patterns of Aquatic
Primary Production

The spatial and temporal patterns ot production in
fleagus Bay were strongiy influsnced by the dis-

Fou
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Fig. 3. Relative production estimates from 0.5-h moving

and stationary incubations {difference as a percentage

of stationary estimate) as a function of retative light

penetration {depth of water column: depth of euphotic

zone). @ upper bay; A lower bay. Regression was fit
with the least squares method.



charge of the Atchafalaya River. Spatially, NDPy at the
upper bay site was less than half that at the more distant
lower bay site. Temporally, NDP, and GP, were nega-

tively correiated with riverflow at both sites and in the bay
as a whole, undoubtedly caused by light limitation due to
the extreme tusbidity of the river water. In general, light
penetration increased with distance from the river due to
the settling of particles and mixing with clearer Guif
water, and turbidity decreased as riverflow decreased.

At the upper bay the negative comelations of NDP,,
GP,, production per unit biomass and secchi depth with
rivertlow and postitive correlations of NDF, and GP, with
secchi depthindicate that for most of the year, production
was limited by the extreme turbidity of river water. Light
was so strongly attenuated in the water column that
production rates decreased rapidly below one secchi
depth and net production was always negative at the
bottom. NDP, was negative during 6 of the 11 incuba-

tions conducted at the upper bay, indicating that the
critical depth was less than the water depth. Atthe lower
bay production also appearedto be fimited by turbidity for
part of the year, especially during pericds of high river
flow when fresh turbid water inundated the entire bay.
However, relationships of NDP,  and GP, with secchi
depth were not consistent at the lower bay and aithough
the greatest secchi depths were encountered during low
river flow, at times resuspension of flocculent sediments
increased turbidity independent of riverflow there. Pro-
duction declined rapidly below one secchi depth at the
lower bay exceptin Octoberwhen positive net production
was measured at the bottom. Negative NDP, was

encountered at the lower bay oniy in January when
secchi depth, water temperature and salinity were mini-
mum and net production was negative at aii depths. The
higher NDP, and GP, generally encountered at the lower
bay were apparently due to the deeper euphotic zone. In
addition, a euphotic zone of the same depth occupied a
greater proportion of the water column at the lower bay
because it was 30 to 50 cm shallowerthan the upper bay.
Horizontal gradients of increasing production from areas
of high turbidity to areas with clearer water have also
been found in San Francisco Bay {Cole and Cloern
1984), the upper Chesapeake (Flemer 1870}, the Wad-
den Sea (Cadee and Hegeman 1974), Corpus Christi
Bay estuary (Fiint 1984), Bristol Channel, U.K. (Joint and
Pomeroy 1981) and the Mississippi Delta {Thomas and
Simmons 1960).

The Atchafalaya also contributed nutrients, notably
inerganic N, which apparently stimulated production
when light was not limiting. NDPh and GPh were gener-
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ally highest in a zone intermediate in water clarity and
nutrient concentrations where relatively clear, nutrient-
poor water from the Guif mixed with the turbid, nutrient-
rich riverwater (Fig. 4a). This zone of low-salinity water
{the mixing zone) advanced toward the Guif and re-
treated seasonaily as riverflow varied. Thomas (1966)
found a similar mobile zone of relatively high production
off the mouth of the Altamaha River, Georgia.

The mixing zone was usually in the lower bay during
the mid to late summer and retreated up-bay as flow
decreased moving as far as the upper bay site during the
earty fall. Because the mixing zone retreated no farther,
NDP, and GP, there were positively correlated with

salinity which acted as a tracer for water clarity. How-
ever, at the lower bay production rates decreased at
salinities above about 15 ppt despite increasing water
clarity (Fig. 4a). Datataken by Sklar (1976) at a site inthe
nearshore zone influenced by the discharge of the Mis-
sissippi River, also showed decreases in hourly net
production with salinity from about 10 to 30 ppt (Fig. 4b}.
In addition, Sklar and Turner {1981) tfound maximum
rates of production in this area during peak riverflow in
May indicating that the mixing zone indeed moves into
the nearshore region when flows are high. They sug-
gested that the decrease in production with increasing
salinity was due to deficiencies of some nutrient(s) and
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Fig. 4. Net production versus salinity. {a) In upper and
lower Fourleague Bay. {b} in Fourieague Bay and near-
shore Louisiana (from SkLaR, 1976) B upper bay; &
lower bay; < nearshore Louisiana. The curves were
plotted with the least squares method.



suspected that N was the primary limiting nutrient. tnor-
ganic N concentrations and N:P ratios were low when
salinity was high in Fourleague bay and it is likely that N
was limiting at these times. Cadee (1578} reported a
similar production-versus-salinity relationship when he
piotied data from the Amazon River plume.

Surface iradiance, water temperature, chiorophyil
a, and interactions of these factors were also related to
production rates, especially at the lower bay. A multipie
of surface kradiance and chlorophyll 8 was the best
single predictor of NDP,, at the lower bay, explaining

49% of its variability. Falkowski (1981) related integral
production to chlorophylt 2 and surtace iradiance in the
New York Bight, and Gieskes and Kraay (1977) con-
cluded that the production of surface samples from the
southern North Sea could be estimated from chlorophyil
& and surface iradiance. Coie and Cloemn (1984) noted
that water ciarity was an important factor in turbid estuar-
les and found that a composite parameter of chiorophyll
a, surface irradiance and extinction coefficient explained
82% of the spatial-ternporal variability in production in
San Francisco Bay. However, NDP, in Fourieague Bay
was better correlated with the multiple of surface irradi-
ance and secchi depth, which explained 39% of its
variability, than it was with factors incluging chiorophyll a
. Secchi depth alone expiained 64% of the variation in
production at the upper bay .

Production Estimates from Moving incubations

This is the first study we know of in which production
estimates from samples moved through the water col-
umn were, on numerocus occasions, signiticantly lower
than estimates derived from samples held at fixed
depths. Jewscn and Wood (1975) obtained estimates
from samples circulated in glass tubing that ranged from
10% higher to 18% lower than those derived from
samples held atfixed depths in bottles but concluded that
the differences were less than errors. Other compari-
sons carried out in the field and laboratory or with
simuiation models indicated that production in samples
moved through the water column or a light gradient was
either always higher (Kowalczewski and Lack 1971),
higher when there was photoinhibition in surface
samples of stationary incubations (Marra 1978, Platt and
Gallegos 1980), or not significantly different (Gallegos
and Platt 1982, Faikowski and Wirik 1981).

The relationship of relative production estimate
(moving incubation : stationary incubation) to relative
light penetration (depth : euphotic depth) for 0.5 hour

movingincubations shown in Fig. 3 suggests that at least
2 distinct time-dependant light-versus-irradiance phe-
nomena affected production rates. When phytopiankton
are exposed to light after a period in the dark they do not
immediately fix carbon and evolve oxygen at the maxi-
mum rate for the new light intensity butinstead requira an
induction pericd on the order of minutes to reach full
photosynthatic rate (Waker 1973, Walker 15§76, Harmis
1978). At high light intensities, photoinhibition, a decay
from the maximum rate, will occur after periods ranging
from 10 minutes to several hours depending on the
species and the light intengities involved (Harris and
Piccinin 1577, Belay 1981, Kirk 1983).

The relative importance of these two phenomena
apparently varied with relative light penetration and thus
circulation affected rates of production ditferently at dil-
ferert times. When relative light penetration was iow
samples from moving incubations were exposed to ima-
diance levels adequate to support photosynthesis only
for the brief periods when they were near the surface:
when the water was most turbid photosynthesis was
probably possible only for the 4 or 8 minutes when the
samples were actually at the surface. On these occa-
sions phytoplankton may have been in the induction
period and evolving oxygen at suboptimal rates for a
substantial portion of the time that they were exposed to
light during each rotation, ieading to lower total produc-
tion (lower right Fig. 3). The induction period is often
appreciably shorter after a brief period of darkness (e.g.
10 minutes) than it is following longer periods of darkness
(Walker et al. 1973). Thus, the reiative importance of the
induction period wouid have decreased in moving incu-
bations as relative light penetration increased and the
amount of time samples spent in the dark decreased.
When samples were exposed to irradiance during most
or all of a rotation photosynthetic reactions may not have
ceased entirely and there may have been no induction
period when they were retumed to the surface.

Onthe other hand, samples in stationary incubations
heid at a depth with high levels of irradiance were
sometimes photoinhibited white samples moved through
the water column were not exposed long enough to be
photoinhibited (upper left Fig. 3). Several workers have
suggested hat this was in part responsible for the higher
production rates they found in samples that were moved
through the water column or exposed to varying light
levels (Marra 1978, Jewson and Wood 1975, Platt and
Galiegos 1980). On the days when moving incubations
yielded higher production estimates, surface samples
were photoinhibited; however, if production in surface
samples had equaled the maximum rates, stationary
incubations still would not have yielded estimates as high
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as moving incubations. Marra (1978) also noted that
photoinhibition alone was not sufficient 1o explain the
differences between methods of incubation in his study.
He showed that the maximum {light-saturated) rate of
production was time-dependent and decreased with the
length of incubation from 12.5 minutes to 4 hours. Thus,
he suggested, bottles circulated through the fight gradi-
ent were able to photosynthesize at greater rates for a
given light intensity than were samples held at 1 depth
and so yiskded greater and more realistic estimates of
integral production.

The difference between 1-hour maving incubations
and stationary incubations showed the same trend with
relative light peneatration but the relationship was not
significant. This difference between 0.5-hour and 1 ~hour
incubations and the time-dependent nature of the pro-
duction-versus-imadiance phenomena suggest that the
rate of movement through the light gradient is an impor-
tantfactorio consider. Tharateis probably rapid in turbid
areas like Fourleague Bay where lightis often attenuatad
by 50% or morgin 10 ¢m, and this may bewhy adecrease
in production because of circulation was noted oh numer-
ous occasions for the first time in this study. All of this
points 1o the need for more accurate determinations ot
rates of vertical motion experienced by phytoplankton in
order to assess how production is affected by circulation
in nature.
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AQUATIC PRIMARY PRODUCTION AND CHLOROPHYLL
MAXIMA AT FRONTAL ZONES IN FOURLEAGUE BAY
AND THE COASTAL WATERS OF LOUISIANA

Christopher J. Madden and J. W. Day, Jr.

INTRODUCTION

Phytoptankton production in estuarine systems is
generally high, averaging on the order of 250 g C/me/yr
and ranging from 70 to 600 g C/mPyr (Boynton et al.
1962). Production varies seasonally, and in temperate
esiuares peak production tends to occur in summer,
Most marine phytoplankion production is by nanoplank-
1on, but neiplankton tend to be more important in coastal
areas because high netplankion production is often
associated with mixing events (Malone 1980). The
spring bloom in coastal estuarine plumes has been
associated with netplankton (Malone et al. 1983, Malkone
1980, Hallegraaft 1981). There Is also some indication
that netplankton are more important in low salinity areas
of estuaries (McCanbhy et al. 1974). Nanoplankton pri-
mary production is generally based on remineralized
nitrogen whila thal of netplankion is based on new
nitrogen (Malone 1987).

There has been some controversy over the relative
importance of new versus remineralized nutrients to
sstuarine produciion (Nixon 1981, Kemp et al. 1982).
Because peak agquatic primary productivily (APP) often
lags peak rivering nutrient input (Kemp and Boynton
1884, Nixon 1981} and remineralization rates are often
coincidert with and more than sufficient to meet peak
APP requirements (Nixon 1981), i has been suggested
that recycled nutrients are more important that new
inputs. Howaever, rivering inputs of nutrients have been
significantly correlated with APP and ambiert nuirient
levels (Boynton et al. 1982, Cadée 1986) and it has been
suggested thal new riverine inputs are taken up and
subsequently recycled (Kemp and Boynlon 1984,
Malone et al. 1986).

Primary productivity of estuarine systems is depend-
ent on the combined interactions of light and nutrients
such that maximum rates of production occur when
neither of these Is limiting {e.g. Riley 1967, Pratt 1985,
Hitchcock and Smayda 1977). Both horizontal and
vertical water movements ¢an alter light and nutrient
regimes. During periods of high river flow, water column
light levels increase away from the river mouth while
nutrient levels decrease. These changes are due to
soveral factors including dilutionwith clearer, low nutrient
maring water, flocculation, and nutrient uptake. Inmany
partially mixad and well mixed shallow estuaries, the
highest chiorophyll levels and rates of phytoplankton
preduction tend te occur seaward of the turbidity maxi-
mum. This zone |8 an interface between turbid nutrient-
rich fresher water and clearer high salinity water with
lewer nutrient levels (Kemp et al. 1982, Fisher et al. 1986,
Randall and Day 1987). This high production zone varies
from year to year as well as on a shortertarm (Malone et
al. 1980, Cloern et al. 1983, Filardo and Dunstan 1985,
Pennock and Sharp 1986, Litaker et al. 1987). The
pattern of increasing production from areas of high nutri-
ents and furbidity to clearer waters have been reported
for a number of estuaries inciuding San Francisco Bay
(Cole and Cloern 1984), the upper Chesapeake (Flemer
1870}, the Wadden Sea (Cadée and Hegeman 1974),
Corpus Christi Bay estuary (Flint 1984), Bristol Channel,
UK (Joint and Pomroy 1381), the Mississippi Delta
(Thomas and Simmons 1960), and Fourleague Bay
(Randall and Day 1987).

_Venical_ mixing also afects APP. Such processes as
vertical mixing, coastal upwelling and frontal shears are
often associated with high phytopiankton productivity

116



because they make nutrients available for exploitation by
phytoplanktan. The formation and destruction of the
summer thermocline control the nutrient regimes and
thus APP in several types of systams {Pingrea et al.
1976, Blasco 1977, Seliger et al. 1981, Incze and
Yentsch 1981, Tyler 1984, Morin et al. 1985). In well
mixed systems, nutrisnts from benthic remineralization
can be mixed info the surface waters and stimulate APP,
while # stratification occurs, nutrients can be trapped
beneath the pycnocline. As pointed out by Malone et al.
(1986), summer in most estuaries is the peariod of maxi-
mum vartical stabifity and minimum mixing of the regen-
erated nutrient thix through the water column. Summer
stratification otten results in trapping of nutrients below
the pycnocline which mix to the surface only infrequently
(Kemp and Boynton 1984, Malone et al. 1986). Some-
times the mixing of different waters produce sham,
distinct density fronts and high plankton productivity and
biomass levels are associated with these fronts (Blasco
1877, Parsons et al. 1981, Seliger ot al. 1981).

Other water movements can lead to complex spatial
patternsof APP, Malona et al. (1986) reportedthatiateral
sioshing in Chesapeake Bay Jed 1o injections of nutrient
rich bottom water onto the shallow tlanks of the bay and
resulted in higher production there. in the St. Lawrence
Estuary, internai tides in combination with semnidiurnal
tides lead to periodic upwellings and subsequent phyto-
plankton blooms in surface waters which were then
advected downstream (Thesriault and Lacroix 1976).
The initial nutrient concentrations in {he upwellted waters
was the factor which determined which nutrient fiest
became limiting {Levasseur and Theriauit 1987).

High river flow can resuit in low APP and chlorophyil
levels if phytoplankion growth rates are less than
the flushing rate. Welsh et al. {1972) reported that
reduced phytoplankton levels during high flow years in
the Duwamish River estuary, Oregon, was due to wash-
out of phytopiankton cells. Malone and Chervin (1879)
reported that this also happened in the spring in the
Hudson River estuary. This process does hot simply
transfer the productivity related processes 1o a region
further ofishore because sinking material may not be
recycled offishore whereas it would have been in shallow
inshore regions.

Phytopiankton production in the Fourleague Bay
system is as high as 2.5 9 C/m%day (Madden 1986,

Randail and Day 1987). Randall and Day reported that
Production was greater in the lower bay (317 g C/imryr

than in the upper bay (120 g C/m2/yr) over an annual
cycle. Peak production at both sites occurred in Septem-

ber during low river fiow. Production began to increase
in the Jower bay in June, two months earlier than in the
upperbay, due to higher light levels. Withinthe bay there
was a strong relationship between productivity and salin-
ity with highest productivity at Intermediate salinity.
Randall and Day (1987) concluded that this was likely
due to light imitation at iow salinities and nutrient limita-
tion at high salinities.

This paper investigates the spatial distribution of
phytoplankton production and water coumn chiorophyil
in Fourleague Bay and the nearshore zone. Expanding
the eartier study at two sites by Randall and Day (1987),
we present chiorophyll and productivity maps of the bay
during different hydrological and weather regimes. Tha
data presented here are preliminary.

METHODS

Data from three cruises in Fourleague Bay are pre-
Sented here. Each three day cruise aboard the RV
ACADIANA was for a duration of four days during which
chiorophyll a and nutrient Concertrations, salinity, and
phytoplankton werg measured at saveral
sites along an axial NW-SE transect of the bay. Fluorom-
stry transects were used to map the chlorophyll distribu-
tion in Fourleague Bay and to identify sites of chiorophyil
maxima and shipboard incubations were used to deter-
ming the productivity of piankton in these fronts. A
Turner Designs fluorometer outfitied for continuous flow-
through sampling (Lorerzen 1966) camied on a small
boat on transects though areas of the bay continuously
measured chlorophyll concentrations by flucrescence.
Periodic samples were taken for immediats acetona
éxtraction and measurement of chtorophyll on board ship
to calibrate the in vive transects (Stricklard and Parsons
1872).

Frontal zones were identified as areas of rapid hori-
zontal change in water column parameters such as
temperature, salinity, and chlorophyll concentration.
Water samples were coilected from within the frontal
zone(s) andother areas inthe bay foraquatic productivity
measurements.

Aquatic primary productivity was measured in a
shipboard phytoplankton incubator under ambient tight.
The incubator worked as toliows: 300 mi BOD bottles are
placed on their sides in a three-point framework of thin
stainiess steel rods. The steel frames formed long
cylinders, each accommeodating eight bottles. Eight
cylinders allowed 64 botiles to be incubated at a time.
Frames rotated at 12 rpm so as to maintain water
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movement, and sediment and plankion suspension in
even distribution. Ambient bay water was drawn by
pumps from the bay and circulated through the incubator
{0 maimain the sampies at ambient bay temperatures.
Oxygen concentration in the botties was measured be-
fore and after the incubations with an Orbisphere Model
2714 oxygen meter and carbon fixation rate was calcu-
lated from the change in oxygen concentration. Photo-
synthesis-insolation (P-) curves ware calculated for
each site based oncontinuous insolation measuraments
by a Li-Cor 1700 data logging radiometer, and underwa-
ter light profiles measured with a Li-Cor 1200 radiometer
outfitted with an underwater sensor. Spatial patterns of
aquatic productivity over the bay were estimated based
on rates of photosynthesis in incubated samples and the
aigal distribution determined from the mapping studies.

RESULTS

There was a strong seasonalily in tolal APP, the
spatialpattemns of APP, chlorophyli concentrations, nutri-
ent concentrations, and physical factors affecting pro-
duction. In a spring chlorophyll transect in June, 1987,
there was a strong frontal zona with ¢hierophyll increas-
ing from about 5 ugt Inthe upperbay to over 13 uglinthe
mid-bay (Figure 1a). This Increase occurred abruptly
about 3 kmfromthe upperbay sntrance at a salinity of 10-
12 *.. Although the chiorophyll maximum occurred

where salinity was increasing, it was not associated with
a sharp salinily change and probably is related 1o a
decrease in turbidity with distance from the river, At 13
kmfromthe bay sntrance, chiorophyll declined, returning
10 a level of about 7 ugvl.

in August, 1987, when river fiow was much reduced,
the chiorophyli protile was Inverted, with highast lavels
{3-5 g/} at the end members, and a minimum {1.5 ug/)
in the central bay (Figure 1b). In three successive
transects over two days, the pattern was replicated
tlesely.

Spring production was higher than fall production
and highest rates were associated with fronts {Figure
2a). Data from April, 1986 show highest production in
mid-bay, where riverine turbidily had decreased but
riverine nutrients remained in the water column. Rates
ranged from 193 mg O,/m?/hr in the lower bay at Oyster

Bayou to 633 mg O,/m?/hr in the middie bay. Measure-

ments on consecutive days showed good consistency of
data.

Measurements in afali, 1987 ransect showed much
lower production rates ranging from 5 to 488 mg O/m¥

hr. Lowest rates occurred in mid-bay, increasing toward
gither end of the bay. This pattern parallels the chioro-
phyil pattern measured contemporaneously (Figure 2b).
Overall productivity was lower in fall than in spring,
atthough the Oyster Bayou station was more than twice
as preductive as in spring.

DISCUSSION

Preliminary results (Robert Twilley, unpub. data)
indicate that the link between nutrient supply and phyto-
plankton demand may be nutrient regeneration proc-
esses. Nutrient retention within the estuary cccurs by
flocculation, adsorption onto soil particles, and incorpo-
ration by piankton which sattle to the estuary bottom. As
lemperatures increase, regeneration processes in the
astuarine sadiments accelerate and liberate remineral-
ized nutrients to the overlying water column. As pointed
out by Kemp and Boynton (1984} for the Chesapeake,
s:mmar is the period In temperate estuaries of maximum
vertical stability and minimum mixing of the regenerated
nutrient flux through the water column. Summer stratifi-
cation often results in trapping of nulrients below the
pycnocline which mix to the surface only infrequently
(Kemp and Boynton 1984, Malone et al. 1986).
Fourleague Bay does not stratify and thus nutrients
regenerated from the sediments are continuously avall-
able for uptake by phytoplankton.

Inthe spring during high river flow, APP is low in most
of Fourleague Bay due fo fight imitation and tiushing of
cells. High APP occurs in the lower bay assoclated
mainly with fronts. These fronts are highly mobile, lasting
onatime scale of hoursto a tew days, responding to wind
évents and tides. In the coastal boundary layer, APP Is
also high due to lower turbidity and abundant nutrients
fromthe river. Phytopiankton stocks inboththe lowerbay
and the coastal boundary layer are isolated trom inner
shell water by fronts and therefore can buikd up to high
levels. In both the bay and the coastal boundary tayer,
the riveristhe primary source ot nutrients. Nutrient inputs
from the coastal boundary layer to the surface waters of
the inner shelf are greatly restricted by the coastal
&yboundary layerfrom, resulting in lower primary productiv-

During the summer and early fall low flow period,
there is high levels of APP on a volumetric basis in both
Fourleague Bay and the coastal boundary layer. We
expect this 1o be due to high levels of recycled nutrients
from sediments, the water column and possibly the
marshes. Areal productivity will be higher in the coastat
boundary layer because of lower turbidity coupled with
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Figure 1. Chiorophyil and salinity transects in A: June, and B: August, 1987. June transect was during a weak
spring flood, but trontal maximum is apparent. Three August transecis were during Jow flow and exhibit inner bay

minimum.

the deeper water column. APP is low in inner sheil
surface waters because the only nutrient source is water
column remineralization. Because Fourleague Bay and
the coastal boundary layer are well mixed, sinking cells
are not permanently lost and nutrients from benthic
remineralization are available for surface productivity,
This is not the case in the stratified inner shelf.
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SUCCESSION OF VEGETATION IN AN EVOLVING
RIVER DELTA, ATCHAFALAYA BAY, LOUISIANA*

W.B. Johnson, C.E. Sasser, and J.G. Gosselink

INTRODUCTION

The geomerphology of Louisiana’s coast is largely a
preduct of the Mississippi River. Repeated upstream
diversions ot the river have resulted in the formation of
overlapping delta lobes, associated with the successive
dominance during the last 8000 years of several different
distributaries (Kolb and Van Lopik 1958, Frazier 1967,
Shiemon 1972). The Mississippi River's present major
distributary is the Atchatalaya River, which discharges
into the Gulf of Mexico through Atchafalaya Bay. Diverg-
ing at Simmesport, Louisiana, about 87 km upriver from
Baton Rouge, the Aichalalaya River follows a much
shorter {by 307 km), and thus hydrologically more effi-
cient, route to the Gult of Mexico than the present
Mississipp River channel.

Throughout 1his century, the flow of the Mississippi
River has been shitting gradually to the Atchafalaya
River. At present, the tlow of the Atchatalaya River is
stabilized, at approximately 30% ot the combined flow of
the Mississippi and Red rivers, by control structures
located at Simmesport, Louisiana.  Since the 1930s,
sediments canied by the Alchafalaya River have been
filling Atchatalaya Bay (van Heerden and Roberts 1980).
After the severe spring flood of 1973, the first land above
mean low tide was observed inthe bay at the mouth of the
Alchafalaya River (29° 61° N, 91° 18' W). Emergent
piants began to colonize these islands immediately after
sediments accreted to intertidal elevations. By 1979,

“Johnson, W.B., C E. Sasser, and J.G. Gosselink. 1985.
Succession of vegetation in an evolving river delta,
Atchafalaya Bay, Louisiana. Journal of Ecology 73:973-
986 Used with permission.

atter several high-flood years added large quantities of
sediment, newly formed islands totalled 38 km? of new
land (van Heerden 1980), of which aver 16 km? was
vegetated.

The purpose of this study was to describe the domi-
nant plant associations that have become established cn
these islands and the environmental 1actors that are
important in determining the distribution of these asso-
cCiations.

METHODS

We have mapped annually the extent of vegetation
onislands inthe defta since the first emergent vegetation
was observed in 1973 (C.E. Sasser, unpublished).
Vegetation pattems were mapped using color infrared
aerial photography in October 1979. These maps were
verifiedinthe field, andthe area of each vegetation group
determined. Subsequently a fieid survey provided de-
tailed data describing the vegetation associations and
felated environmental variables. Stations were estab-
lished on twelve of the delta islands (Fig. 1) within each
vegetation association, using a technique similar to that
of Noy-Meir (1971). Sixty stations were sampled be-
tween 27 and 30 May and fifty-seven between 8 and 12
September 1980. At each station duplicate samples
were taken. Stations andg samples were located ran-
domly in May within each mapped association: Septem-
ber sample locations were established 3Imtothe north of
May sampling locations.

. A saz_'nple consisted of the live and dead aerial
biomass in a rectangular plot {1.0 x 0.5 m) and gne
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Figure 1. Sample stations (dots) on the Atchatalaya
Delta, Atchatalaya Bay, Louisiana.

sediment core 7.6 cm in diameter by 25 emdeep. Live
and dead vegetation were separated, and live vegetation
was sorted into species. Both live and dead vegetation
were dried at 65°C fo constant weight and weighedto the
nearest 0.19, Species were identified using Correll and
Correll (1875} and Godfrey and Wooten {1979} and
nomenclature follows these. In Salix fiigra stands, when
the diameter at breast height (1.50 m above the soil
surtace) exceeded 0.85 cm, dry weight standing crop
was calculated from:

Standing crop (g) = -122.1 + 187.9 (dbh (cm})
(= 0.93)

This relationship was determined from a least-squares
regression of data from twenty-four 3. pigra trees
sampied in the Atchafalaya delta.

The sediment core was dried to constant weight at
65°C. All sediment analyses were on sub-samples from
the homogenized core. Sand (>50 pm) and silt {(> 2 to «
50 pym) fractions were determined using a hydrometer
{Patrick 1958). Sediments were analyzed for organic
carbon after 24 h treatment with 6N HCL to remove
inorganic carbon, using a gasometric CO, evolution
method (LECQ 1874). Total Kjeldahi nitrogen (TKN) was
determined by the macro-Kjeldahl U.S. Environmental
Protection Agency method 351.2 (Darmrell and Sormmers
1980, U.S. Environmental Protection Agency 1978). The

Louisiana State University Soil Test ing Laboratory deter-
mined extractable P, K, Mg, and Ca, as described in
Brupbacher, Bonner and Sedberry (1968). Phosphorus
was determined colorimetrically by the molybdenum
blue-stannous chioride method after extraction from the
soil with a solution of 0.1M HCL_ containing 0.03M NH,F.
A soil-to-soiution ratio of 1:30 and an extraction period of
15 min were used. Potassium, Mg, and Ca were detsr-
mined by atomic absorption spectrophotomeiry after
leaching of the soil sample for 15 min in 1M NH L OAC (pH
7.0) at a soii-to-solution ratio of 1:10.

Using a sel-leveling Lietz level and stadia rod,
elevations of each station were determined between July
1980 and January 1981 in relation to the nearest bench-
mark of a network established in the delta and main-
tained by the U.S. Army Corps of Engineers.

Three recording tide gauges, levelled to the berch-
marks, are maintained in Alchafalaya Bay—at the mouth
of the Atchafalaya River and at 7.4 km and 15.9 kmn south
of the mouth (Fig. 1). Readings at 0800 hr Central
Standard Time during 1980, exciuding the tlood period
from 15 March to 15 May, were used to estimate mean
water levels at each tide gauge. From these data, the
water level slope from the mouth ofthe Afchafalaya River
to the Gulf of Mexico was determined by least-squares
regression. This regression equation andthe distance of
each sample station from the mouth of the river were
used to estimate the mean water leve! at each station.
This established elevations at each station relative 10the
walter level,

Several indices were used o describe the plant
community. Percent constancy was estimated using
Mueiler-Dombois and Ellenberg {1974). Diversity (H)
and a componant of diversity, evenness {J’), were calcu-
lated following Pielou {1975).

A non-centered principal components analysis
(PCA) was used to classify the delta’s vegetation into
species associations, 1o verify objectively the manually
mapped pattemns. Principal components analysis is a
technique used to summarize cemmunity data. (t allows
a large matrix of standing crop estimates by species at
each station to be reduced 1o a few pringipal compe-
nents. Each principal component represents a species
association and consists of a vectoror linear combination
of species loadings, one for each station. The analysis
gives anindex of the degree of relationship between any
two stations, based on the degree of similanty of the
species spectra. The use and interpretation of PCA
results have been described by Isebrands and Crow
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(1875) and Nichols (1977). The specific PCA methodol-
ogy used was nodal component analysis and has been
described by Carleton and Maycock (1980), Feoll (1§77),
Noy-Melr (1971, 1973}, and Orlocl (1966, 1967).

A sums of squares/cross products (SS/CP) matrix
was estimated from the community matrix for May and
Septernber.  Then the SS/CP matrices were used to
derive the principal component veciors for May and
September. Insach period eleven principal components
were used and rotated following Kaiser (1858). Only
unipolar components (having only high positive values
and near zero values) were used. Also, only those
componeants which included three or more stations were
considered (stations were included in a cormnponent if the
ioading was greater than or equal to 0.25).

Componants ideniify species groups or vegetation asso-
ciations within the overall plam community. Stations
become assoclated with & component by having high
positive values, in contrast 1o near zero values for sta-
tions not associated with that componenl. Wihin a
componant the group cf stalions with high values have a
similar species assemblage, based on biornass, at each
of the stations in the component. Compaonents are not
entirely distinct because some stations are inciuded in
more than one component. This alkbws an Index of
resemblance to ba estimated between ali pairs of compo-
nents or species associations. Plant associationsimilari-
ties were determined by estimating the conjunction
coefficients {described by Noy-Meir (1971)) between all
palrwise principal componants.

Environmental faclors were analyzed using linear
models, which allowed sources of variation to be sepa-
ratety examined. The models thal were used included
two sources of nested error-tarms.  One was the error
dus to variation among replicate samples that were taken
at each station. (This source of variation could not be
estimated for elevation because only one value was
avalflable at each station.) The othaer source of error
variation was the variation among stations that were
classified by the PCA within the same vegetation type.
The main effect components of the linear mode! were in
afactorial arrangement and inckided the variation due to
differences between the May and September samplings,
the vasiation due to differences among PCA plant asso-
ciations, and the interaction of the seasonal etfect with
the plant association effect. The variation dueto the main
effects was pooled and represented as a single source of
variation. Because grain size and elevation were only
measured once, a seasonal effect is not included in
pooled main effect variation for these tactors. Using the
0.25 loading criterion, stations appeared in more than

one component, but, for the purposes of these linear
models, stations were classified into one of four associa-
tions using the maximum loading across the eleven
components from the results ol the September PCA
analysis.

RESULTS

Vagetation

The vegetation that has established on the islands
within Atchafalaya Bay includes wetland species com-
monly found in freshwater marshes along the Louisiana
coast (Chabreck 1972). Forty-five plant species were
found during our study. Since our sample sites were
rastricted to the naturally forred deltaic isiands, exclud-
ing islands influenced by dredged spoil, our species list
is not as extansive as that of Montz {1878}, who sampled
transects acroas disturbed and alevated spoilislands. Ot
the forty-five plant species, three are the most common
and occur in faily homogeneous stands: Sagitiada
fatifolia, Typha latifolia, and Salix pigra. In the PCA tor
May, tive unipolar components were identified, accoumt-
Ing for 55% of the total variation within the community
matrix; while in September, six components were identi-
tied, accounting for 53% of the variation. The identifica-
tion of more than a single unipolar principal component
Indicates that several ot the vegetation associations
were segregated spatially within the defta's vegetation
{Feoli 1977, Noy-Meir 1971). Table 1 shows the percent-
age constancy of plants in the Atchatalaya River delta by
spectes and the number of stations each species occurs
at within each component (association). Percenage
constancy s the ratic of the number of sampling stations
&t which a given species occurs 1o the total number of
stations at the study site during each sampling period,
times 100. Tabie 2 summarizes the biomass of each of
ihe most abundant species inthe unipolar components in
May and September.

The first three principal components in the May and
September analyses identity the three most pervasive
associations on the delta islands. Although these asso-
ciations wers named from the genara of the dominant
species — Jagittaria, Typha, and Salix — each associa-
tion Includes a group of species. The resufts of our
rpapping confimed that, in 1979, these three associa-
tions were areally the most extensive and occupied 93%
of the vegetated area in the dalta. The Sagittaria associa-

tion covered 64%, Salix 19%. and Iypha 10% of the
vegetated area.

The mapping and ground verification reported by C.
E. Sasser (unpublished) have suggested thatthese three
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primary associations were discrete, with abrupt transi-
tiens between them (Fig. 2, Table 3). The degree of
similarity between all pairwise comparisons of the three
mostextensive plant associations inMay and Septermber
was low, never exceeding 0.12 (where 1.0 raprasents
identity).

The analysis of the cormunity diversity characteris-
tics also supports the PCA similarity and mapping re-
sults. The overall diversity (H') in the three major asso-
clations Is low (Fig. 3). The reason for this is that one
component of diversity, svenness (J'), is low. Evenness
Is a measure of the similarity of the biomass of gil species
in an association. The low value of J' in thess associa-
tions reftects the presence of a dominant species. Table
2 shows that the standing crop biomass is dominated by
the type species on each association.

Sevaral minor plant groups were aiso identifiedinthe
PCA. Incontrastio the major associations, these arn less
constant both spatially and temporally, and have highar
diversity. They can be placed into two categories. One
category, referred to as seasonal associations, includss
those that undergo a marked seasonal shift in the spe-
cies that are dominant. In May the singie seasonal
association accounted for 3% of the variation in the
analysis. It was characterized by an even mixture of
Sagittaria latifolia, Eleocharis paryula, and Cypenys dil-
formis and was located close to the Sagittarig association
at the rear of the Island. By September the aerial
standing crop at most of the stations in this seasonal
association had become dominated by the annual
species Ammania coccinga and
(Table 2). Inthe September PCA these stations fell into
three distinct associations, characterized by similar
species, but in different proportions {Tables 1and 2, Fi.
4),

The second category of minor associations was
dominated by Najas guadaiupensis. a submerged plant,
in May. in September most of the stations of this
association were included in the Sagittaria association.
N. guadalupensis is seldom found as the dominan
species except early in the spring before Sagittaria
growth overwhelms it.

Environmental Factors

There was little spatial variation or change over time
of soil nutrients. The variation in organic carbon, TKN, P,
K, Ca, and Mg was primarily due io the variation between
replicate samples and the variation among stations
within a vegetation association and sampling lime. The
percentage variation in soil nutrients amongthe associa-

tions and between May and September (main effects)
was small {Table 4).

in contrast, grain size (percentage sand) and
elevation above mean water level have larger percent-
age varigtions that can be related to variation among
vegetation assoclations (variation due fo different sam-
pling times for water level and grain size cannot be
estimated because these variables wers measured only
once}. Table 5 shows that the seasonal and Salix
associations which exist on the island levees (Fig. 2)
occupy substrata which have a relatively high percent-
age of sand. Also, Salix associations are found on the
island head levees and thersfore have a higher elevation
than the seasonal associations. The Iypha and Sagjl-
1aiia associations are in areas having intermediate per-
centages of sand and intermediate water levels, whila the
Naias association is found at the downstream ends of the
Island which have the lowest elevations and the lowaest
percentages of sand.

DISCUSSION

The distribution and species composition of wetland
plant communities can be influenced by hydrology
(Segal 1971, van der Vak 1981). This has been demon-
strated repeatedly in a variety of situations, but is particy-
larly true of riverine freshwater marshes {Junk 1970,
Tansley 1953, Klopatek 1978). The resuits of our study
indicate that this is also true of the wetland community on
the Atchalalaya deta. The environmental factors which
vary the most consistently as plant associations change
are physical factors that depend directly on hydrology, in
contrast to sediment chemical factors which are indi-
rectly determined by the fiooding regime. Although
sediment chemical variables in wetland ecosystems
(such as redox potential, salinity, and limiting nutrients)
have potential for influencing the distribution of species,
this does not appear 1o be true in the Afchafalaya detta.
The chemical variables we measured varied little
throughout the detta, probably because they are largely
determined by the tremendous volume of river water that
fiows across the islands during spring floods.

incontrastto the chemical environment, the physical
environment is made heterogeneous by river sedimenta-
tion. Riverine delta formation and evolution are con-
trolled largely by physical processes (Wright, Coleman,
and Erickson 1974) which create physical heterogeneity
both within and among the deta istands. The general
pattern of delta formation in Atchafalaya Bay involves
repeated mouth-bar development frem deposition of
suspended sediments at the end of the delta distributar-
ies {van Heerden and Roberts 1980). This results ina
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FiG. 2. Niustration of a typical mouth-bar islend in the Atchafalya River Deita, Louisiana,
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flows.
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FiG. 3. Diversity characteristics of the important floral ssociations (noda) of islands in the
Atchafalaya River Delta, Louisiana, in May and September. /” is the Shannon-Wiener diversity
index (H' = —T p,In p} and J' is Pielou's evenness (J' = H'/H,, ) (Piciou 1975).

series of islands forming at the point of channel bifurca-
tions (Figs. 1 and 2). Because of the deposition patterns,
each island has its highest elevation at the upstream end
and along the leading edge, with slevation decreasing
inland and towards a flat at the back of the islands. There
18 also a range In age of the delta istands from young
islands at the downstream deltaic periphery to older
Islands higher upstream.

This physical heterogeneity and island age influence
the distribution of piant dssociations onthe delta islands,
The distribution of Salix is one example of this. The
heads of the mature deltg islands are exposed directly to

riverflow. Duringthe spring floods whan fast Hlowing river
water passes over thgse islands, tlow velocity de-
creases, and suspended sediments are deposited. As a
result, the mature istand heads have the highest
elevations and the greatest sand content in the natural
delta. The only species that can withstand the physical
stress of the high sedimentation rates and grow vigor-
ously is §. nigra, a woody, fast-growing plart with targe
fibrous roots. Onthe youngestisiands that develop atthe
extreme downstream end of the delta, S. nigra has not
developed. The elevations are lower on these islands.
Only when elevations increase throu gh repeated over-
ficoding can . nigrg invade.
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FiG. 4. Change m he Aichaislays Delta, Louisians, vegetation associations from May to

September. Numbers at the top and bottom refer o the number of stations 1hat were classified

{principal compenent loading >0 235) as being in each associstion at each sampling time. Arrows

ilustsate the patern of change and the numbers that sccompany each smow indicate the number

of stauons that foliow each pattern. Number of stations does not equal the number sampled

and 15 nol conserved between times becaust a station may be classified into more than one
plant ssrociation,

TaBLE 4. Percentage variation in soil variables in soils from islands in the
Atchafalaya River Delia attributable to different sources. (The percentages were
estimated assuming a mixed linear model with a nested error structure.)

Main effects

Yegewnan assaciauan
snd sampling imes

Altizude 4.9
TKN 9.9
P 126
K 178
Ca 94
My 154
Organic carbon 15
Percentage sand 4.1

Gleason et al (1879), Kellerhals and Murray (1969),
and Pez2zetta (1973) showed the importance of vegeta-
tion in stabilizing and trapping sediments in river deltas
and on beach swales. Inthe Atchatalaya delta sediment
deposition is strictly physically controlled until elevations
are reached that can sustain S. igra. Biotic moditication
of sedimentation, as described by these scientists, can
occur only after this spacies is established.

Incontrastto S, nigra, Yypha latifolia is the dominant
plant in another primary association which appearsiobe
distributed in rasponse 1o both the physical envirenment
and the presance of the Salix association. It does not
occur on the young islands, but only at intermediate
elevations on the most mature islands immediatety
behind the Salix associations. T. iatitelia. like §. nigra
has an extensive tibrous root system (Fiala 1971, 1973)

Varistion sources

Error
Station within Replicates within
vegelation association stations

651

36-2 53.9
M0 48-5
519 286
656 25.0
68 .8 15-8
49.2 193
56-3 19-6

It is capable of withstanding flood waters near the island
heads, but apparently only when protected by S. nigra
stands from the direct effect of upsiream spring flood
waters.

Sagm.ma latifolia is the dominant member of the
Sagittaria association, which has the largest areal extent
inthe delta. It is the first emergent species that invades
channel mouth-bar istands. S.[afifoliz, a succulent her-
baceous marsh species, has a perennial root system but
the top dies to the sediment surface each wirter, re-
emerging from rhizomes and tubers in the earty summer
after spring floods recede. The species becomes astab-
lished at elevations immediately above mean low water
and can colonize all areas of the detta. Other species—
for example, Salix nigra—appear in the Sagittaria stands
when sediment deposition raises the island elevation,
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Tapte 5. Means and | S.E. (in parentheses) of percentage organic ca_rbon.
percentage sand. and altitudes in each vegetation association on isiands in ll'!c
Atchafaiaya River Delta. Abbreviations: SAG. Sagiraria association: SAL, Sak:v
association: TYP, Tipha association: NAJ, Majas association: SEA Eleocharis
parcula—-Cyperus difformis association: SEAI, seasonal association 1: SEA2,

seasonal association 2: SEA3, seasonal associaton 3; n

the number of

observations.
May SEA
SAG SAL TYP NAJ
- 0-27
! bo 0-56 0-60 0-65 0-63
Or(a;r]uc con {003} {0-06} {0-09}) (0-E4} (?-03]
n 56 LE 9 9
Sand (> 50 gm) 47 55 43 42 70
(%} (2 [£)] %) 5 {6)
n 55 11 g 9 5
September SEA3
SAG SAL TYP SEAIl SEA2
v 0.13
i bo 0-558 0-64 0-73 0-10 0-51
Or(sqzr;lc Farben (004} {0-06) {011 (0-03) (2‘09) {2-101
n 35 11 9 B
i . -2-1 -5.0
Elevation above mean 9.6 219 17.4 9.7
water level (cm) 2.3 (2-8) {4-3) {2-8) {1:2) {8
n 35 11 9 8 3 3

but 3. latifolia continues to grow in these stands and is
found in all of the plant associations.

The Najas association is influenced by the rivers
annualtlood cycle of high spring water levels and lower
summer and autumn water levels. In late spring, before
flood waters recede, N. guadalupensis, a submerged
plant, dorminates in areas 100 deeply flooded, and per-
haps too coid, for emergence of 5. latifolia plants from
underground parts. As spring flood waters feceds, §.
iatifoliz develops in association with N. guadalupensis
and becomes the dominant plant. Later in the season it
is only in the extremely low elevation areas on the
downstream flats of the iglands that N. guadalupensis
exists indepandently.

Thus, although S. Jatifolig is the first emergent
species to invade the delta islands, the Salix association
firstintroduces a degree of biotic controlinto the succes-
sional sequence. The Salix association provides a de-
gree of protection from direct river flows that enables the
Typha association 10 become established, As the Salix
association on the island levees develops and overall
elevations increase with island age (decreasing the
depth and duration of tidal flooding) an increasing barrier
to the movement of fiood water is created and more
diverse and seasonally dynamic freshwater wetland
plant associations develop. These “seasonal” associa-
tions usually invade Sagittaria stands in the protected
zone immediately behind the Salix and Typha associa-

tions and are above the deeply fiooded flats at the back
of the islands. The higher diversity and evenness of
these seasonal communities are characteristic of mature
freshwater marshes (Doumlelle 1981, Whigham and
Simpson 1976), whereas the floristic simplicity of the
pioneering associations is typical of early successional
communities (Odum 1968).
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INTRODUCTION

MODELING OF VEGETATION DYNAMICS IN THE

MISSISSIPPI RIVER DELTAIC PLAIN*

M. Rejmanek, C.E. Sasser, and J.G. Gosselink

has not been increasing monotonically (Fig. 1).

Deltaic plains of big rivers belong to the most
variable and leas! predictable environments on eanh
(Bird 1985, Wright 1985). The complicated development
of vegetation in river deltas retlects the unstabie charac-
terot these landscapes. Realistic modeling of vegetation
gynamics in fiver deltas is therelore necessarily limited to
stochastic simulations. However, only long-term field
studies can provide data for the estimation of those
parameters needed for stochastic models. Available
data from the Atchatalaya defta, Louisiana, give an
opparntunity for the first estimation of transition probability
betwean diffarant river flow regimes.

The Atchalalaya defta represents one of the
most dynamic geological events in historical times.
Throughout this cantury, tha flow of the Mississippi River
has been shifting gradually to the Atchafalaya River.
Since 1963, the fiow of the Afchatalaya River has been
stabilized at approximately 30% of the combinad flow of
the Missigsippi and Red rivers by control structures at
Simmesport, Louisiana. Sediments caried by the
Atchafalaya River have been filling Atchatalaya Bay.
Between 1965 and 1972, the average annual flood
discharge was 7500 m?/s, which carried an average

sediment load of 42.6 X 10° metric tons (Roberts et al.

1980). New islands which first emerged in 1973 are the
first stages in the formation of a new Mississippi delta in
the center of Louisiana's coastal zone. This delta lobe

——e _
—_—————

'Rejm;nak. M..C E. Sasser, and J.G3. Gosselink. 1987.
Modglmg qt vegetation dynamics inthe Mississippi River
deltaic plain. Vegetatio 69:133-140. Used with permis-
sion.
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general, the growth of the deita only occurs during floods
with mean monthly discharge greater than 14,060 ms.

Erosion or no growth takes place in intervening years
with normal or sub-normal regimes. Islands situated
adjacent to the navigation channei are influgnced by
dredged spoil. Their vegetated are is not shown in Fig.
1. The vegetated area ot natural islands is still relatively
smali and foliows, with a one year delay, changes in the
total area of land above mean water level. [n addition,
heavy grazing by mutia (coypu, Myocastor covpus
(Melina) Bodentiz), has affected vegetation dynamics
recently. Vegetation development from 1973 to 1982
was described by Moniz {1878) and Johnson et al.
(1985).

The aclive delta building is in sharp contrast to
prevailing subsidence and erosion of Louisiana coastal
marshes which occupy the area of ancient Mississippi
deltas successively formed and abandoned during the
last 8OO0 years (Kolb and Van Lopik 1966, Van Heerden,
1983, Baumann et al. 1984). The Atchafalaya River is
building a dela iobe in an area where Maringouin and
Teche deftas were built and abandoned 7000 to 4000
years ago. While wetiand loss is part of the natural
geomorphic scena, historically it has been balanced by
land extension elsewhere, so that since the last ice age
the Mississippi River deltaic plain has grown
anarmously. Inthis century this trend has been reversed
and net loss of coastal wetlands is the rule. The present
coastal land erosion rates are estimated to be 102 km?/
yr, or 0.8% annually (Gagliano et al. 1981 ).

DATA AND METHODS

Atotal of 110 permanent plots, each 1 x 1 m, placed
at intervals 20 - 40 m along two pemendicular fransects
on each of four natural islands, have been maintained
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Fig. I Towsl exposed area of the Atchafalaya delta (T, area
above mean sea level), vegetated area of natural islands (V) and
maximum mean monthly discharge for the Atchafalaya River at
Simmesport, Louisiana (D). The doted line represents Lhe
approximate critical D value for positive growth of exposed
area. The values of vegetared area of natural islands are based on
LANDSAT and low level acrial imagery for the years 1973 - 1980
and estimated from relative changes of vegetated area covered by
permanent plois during 1979 1o 1984

since 1979. Two of the islands, Hawk and Log islands,
are on the west side of the delta; the other two, Rodney
and Teal islands, are located on the east side of the delta.
Cover estimates of vascular plant spacies and elevation
changes in relation to the nearest benchmark were
monitored in all plots during the period 1979-1984.

For the estimation of transition probabilities
between particular vegetation stages, four main veqeta-
tive types were distinguished on the basis of multivariate
analysis. They were characterized by dominance of
Cyperys difforrmis, Saqittariz (S. latifoliz and .
platyphylia), Typha domingensis, or Salix pigra. Re-
maining plant communities dominated by Justicia gvata,
SCirpus americanus, S. fi, or Leersia
oryzoides were considered as a fifth category ('Other’).
Aquatic vegetation was therefore classified in a sixth
calegory ‘Non-vegetated', together with mud flats and
openwater. The proportion of quadrats remaining in the
Same category, or changing to another was determined
forthe five year-to-year changes during 1979-1984. The
set of transformation probabilities for six vegetation cate-
gories constitutes a transition matrix, By muwitiplying a
vector of abundances of these categories by atransition
matrix, vegetation dynamics could be simulated Be-
cause the matrices were very different, depending on
flood (erosion or sedimentation) conditions, they were
combined in a stochastic Sequence derived from the
analysis of long-term discharge data for the Atchatalaya
River. Further details on the use of fransition matrices
canbe foundin Kemeny and Snell (1978), Austin {1980),
Usher (1981), and Hobbs (1983).
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A similar matrix was completed for transitions
from solid marsh to open water in abandoned Lalourche
Mississippi delta, southwestern Barataria Basin, Alr
photographs from 1945 and 1956 were used (Dozier et
al. 1983). Marsh vegetation in photographs was clas-
sitied according to digitized water area in 10,000 quad-
rats (50 x 50 m).

RESULTS

Simuiation of vegetation succession based on
four different transition matrices (Table 1) is shown in
Table 1. Transitions between the six states included in the mod-

el. C: Cyperus, $: Sogittaria, T: Typha, X: Salix, O: Other
vegetation types, N: Non-vegetated.

Transition Probability

*80 - 81 82 -1 ‘79— 80 ‘8384

‘Bl 82
C=C 4] 0.500 o 0.170
C-~5 0.570 0.500 0.3715 0
C=T 4] i} 0.500 0
C—-X 1] 1] 0 ]
C-0 4] 0 0.12% 0.510
C—=N 0.430 0 0 0.320
§-5 (3.794 0.840 0.R57 0.428
S~C 0 0.072 0.024 [#]
5-T 0.029 0.028 0.024 0042
S=X O 0 (0.024 4]
5-0 0.029 4] 0 0.042
5—-N 148 0.060 .07} 0.488
T-T 0.850 3625 0,900 {.499
T-C 1] 0.125 1] 0.167
T=5 0 0 0 0
T—X%X 0 0 0 0
T-0O 0.15%0 0.250 0.100 0
T-N 4] 0 0] 0.334
X-X 0.560 0.920 1 0.860
X—-C 0 a 0 i}
X=5 0 0 0 0.140
X=T 0 0 [ 0
X-0 0 0 Q 0
X—~N 0.340 0.080 a Q
O-0 0.500 0.500 0.500 0.383
o-C 0 0 Q 0
O-8 0 0.160 0.500 (.083
0O-T 0.100 0.180 \] 0.167
0--X 0.400 0.160 1] [¢]
O=N 0 Q 0 0.3g"
NN 0.600 0.%00 0.229 0,700
MN-C 0100 4] D.1R2 O
N—5 0300 0100 0500 0250
N-T ¢} ] Q 0
M= 0 4] 0.08% 0
N=-O b] Q o 0.G%0




Figs. 2 and 3. Matrices 1980-1981 and 1981-1882
represent times of rather low river discharge, with erosion
prevailing over sedimentalion, on the average. These
two matrices were very similar, and resulting simulations
were practically indistinguishable. The average matrix
was therefore used for all simulations. Matrix 1882-1983
represerts high river discharge (maximum mean
monthly discharge over 14 x 10° m¥s). Under such
conditions, the whole subaserial area of delta is growing,
but the vegetated area is slightly decreasing. During
years of high floods, the prolonged submersion and
reduced light penetration, combined with low river water
temperstures, shorten the growing season and appar-
enily inhibit germination and growth. The most remark-
able diftarence between low and high river discharge is
in contraction and expansion of stands dominated by
Cypenis difforois  The ficst year after high river dis-
charge (matrix 1879-1880} is characterized by a rapid
increase of vegetaled area.

Vegetation responsas are diffarent under ditfer-
ani discharpe-sedimaniation conditions. [t would be
compietaly misleading it only one year-io-year transition
wares used 10r pragdiction of succession in a deltaic envi-
ronment. Moreover, ihe transition 1983-1984, whichwas

800 LOW AND MEDIUM RIVER DISCHARGE
\ {('80-81-82)
00 F 5 S 5
aWwo ot
Qe v N N N
00 [—
_._z. 166 X X X
[ -] oo i " " N 1
: 5o ] 5 10 15 20 25 30
« T T
90 +
60 o 0 0
Ig L C C
[+ 4] L L L n 1 y
[\ S 10 15 20 25 {s]

Time {Years]

Fug. 2. Vegeation developmen: on the At
and for high river discharge. Vegeration
damingensis, C - Cyperus difforms, O
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chalalayas delia islands as predicted by the transition matrices for lows
calegories are abbreviated as follows: 5 —

— other types, N — nonvegetated area.

predicted to bs similar 1o that of 1979-1980 was com-
pletely difterent (Fig. 3). We believe that !he_heavy
grazing by nutria is mainly responsible for this discrep-
ancy. Exclosures established by Fuller et al. (198%5) in
dense slands of Sagiltaria latifolia were the only spots
where Sagitaria was present in 1984, Surrounding,
unprotected marsh was converied to non-vegetated
area. There were no differences in elevation (sedimen-
tatiorverosion) between exclosures and surrounding
rud fiats in 1984. Because a high number of nutria has
been obsarved in the delta in the last years, we assume
that an Increase of their abundance In 1984 Isthe reason
fordecreasge of vegetated area. This opportunisticfeeder
consumes a variety of marsh plants, but tubers of Sagit-
taria species are preferred over other vegetation (Ch-
abreck el al. in press, Wentz 1871). Nutria grazing may
also be responsibie for the lack of recovery of Salix nigra
in 1984,

A more realistic simulation of vegetation dynam-
ics should reflact patterns of river floods and subsequen
sedimentation, erosion, and vegetation change. The
final modei (Figs. 4 and 5} combines three transition
matricas corresponding to three discussed river dis-
charge sluations. The probabiiity of switching betwagn
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Fig. 3. Vegeiation development on the Atchafalaya delta islands as predicted by the transition matrices for the first year afier high river
discharge and for heavy grazing by nuiria. Abbreviations for vegelation categories are the same as in Fig. 2.
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them is based on the analysis of long-term hydrological
data. In particular, probability of high flood is 0.23. The
simulation exampla in Fig. 4A shows the possibla relative
areal changes of six vegetation categories on islands
existing in 1980. There was a more or less consistent
increase of area occupied by Salix pigra and Iypha
gomingensis vegetation types in all simulations during

the next 20 years. The area dominated by Sagittaria spp.
slightly decreased. The Cyperus difformis vegetation
type (C. difformis and Eleocharis paucifiora) exhibited
maximumrelative fluctuationswhich reveal an L-strategy
of component species (see Whittaker 1975, p. 51). The
Iypha domipgensis type exhibited the highest con-

stlarcy. Heavy grazing (Fig. 4B) can change some
proportions  dramatically, namely non-vegetated and
Sapittaria dominated areas.

Changes ofthe actual area occupied by different
vegetation categories are simulated assuming that a
high discharge ysar (>14 x 10° m%s) causes the
axtension of the demp_:miﬁtype areaby 70%, and
the first year after a high discharge year causes
extension of existing area of ali other vegetation types by
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60%. Available data do not atlow better estimates of
vegetated area extensions. Resulting simulations of
vegetated area changas (Fig. 5) are in agreement with
analyticat (Wang 1984) and regressional (Wells et al.
1982) model predictions of the Atchatalaya defta growth.
Heavy herbivory (Fig. SB) can change the vegetated area
substantially: the difference in the potential area of
Sagittaria spp. is most remarkable. Regarding data from
the modern Mississippi subdeltas, it is very unlikety that
some vegetation types not considered here coulkd play
and important role in the next 20 years of Alchatalaya
deltadevelopment. A possible exception might be a new
type dominated by Phyagmites ausralis.

A similar Markov model was completed for simu-
lation of temporal changes in coastal marshes in south-
western Barataria Basin (Table 2). This area, covered by
a mixture of saling, brackish, intermediate, and fresh
marshes, represents the Lafourche Mississippi defta
formed about 2000 years ago and completely aban-
doned only 60 years ago. The simulation based on
transition matrix 1945-1956 is shown in fig. 6. Although
simulation predicts dramatic land losses, the predictionis



Table 2. Matrix of the probabilities for transition belwesyn
marshes differing in the proportion of waler area. M. solid
marsh, M2: marsh with $% - 10%% waler, M3; 10% - 25% wa.
ter. Ma: 25 — BO%) water, QW' : BO% — 100Ts water. Transitions
between marshes, levees, beaches and developmenis are not

shown.
From
Mi M2 M3 M4 ow
To Ml 0323 0.117 0 0 0
M2 0.505 0.575 0.440 0.396 0.048
M3 0.052 0.151 0.460 0.124 0.013
M4 0.016 0.053 0.020 0.369 0.01%
ow 0.070 0.079 0.080 0.1 3.923

optimistic compared with reality. Since the 1960's,
intrusions of salt water, erosion, and subsidence have
been dramatically accelerated by the construction of
many navigation and pipeline channels in Louisiana
coastal marshes (Deegan et al. 1984). Even the 1945-
1956 period was notwithout human impact, and becausa
we have no undisiurbed reference area, we will never
know how much our simulation of the natural marsh
disintegration Is exaggerated.

DISCUSSION AND CONCLUSIONS

Since the last glaciation, the Mississippi River
has shifted its course several times, and sediments have
been transported to different portions of the Gui of
Mexico coast (Kolb and Van Lopik 1966, Frazier 1967).
New deltas have been built and old deltas have been
abandoned. We tried to moda) vegetation dynamics in
two short periods of this gigantic geomorphic scene,
Cyclic patterns of lancform changes do not provide
enough opportunities for autogenic and/or unidirectional
succession. Evidence from the Mississippi dettaic plain
and cyclic vegetation changes described from other
deltas and floodplains {Drury 1958, Waldemarson-
Jensen 1979) led us 1o the conception of cyclic vegeta-
tion sucgession in the Mississippi dettaic plain (Fg.7)
and to refusal of the earlier unidirectional and convergent
succession scheme for the same area (Penfound and
Hathaway 1938).

Qur studies and other available daia {Gosselink
1984, Neill and Deegan in press) show that only about
65% of the area of an open bay is converted to fresh
marsh (3agittaria spp., Typha spp., Phragmites aystralis.
Bagicum hem; etc.) when a new delta is formec
and input of sediments if high. Apparently no more than
25% of the 1otal area of a delta can be converted to

400
o 330
E ¢
- M0
8 oo |
L'}

PRS- L o
« 100
S 22
0

0 " 22 3‘3 « 5%

1934% 19%6 Time {ye“] 2060
Fig. 8. Simulation of the Barataria Basin marsh development
based on the transition marrix 1945 —1956. Marsh categorics are
abbrevizted as follows: M1 — solid marsh, M2 ~ marsh with
5% —10% water, M3 — 10% —25%, warer, M4 — 259 — 80%
water, OW - 80% — 100% waler.

swamp forests (Salix pigra, Taxodium distichumn, Nyssa
aguatica, Acer ubrum var. drummondii, etc.) and only
about 1% reaches temporarily the ‘climax’ stage of harg-
woods on natural levees (Quarcus virginiana, Q. nigra,
Ceftis laevigata, Limus americana, etc.). Remaining
woody vegetation {shrub communities dominated by
Myrica cerifera or Baccharis halimifolia and Iva {nutes-
£RN3) can cover about 2% of the area in some periods of
delta development. Later, when the river shifts its course
and sedimentation is restricted, the whole aroa starts to
sink bacause compression of sediments is not compen-
sated by the extemat sediment supply. Salt water intru-
sions are morg and more trequent. Fresh marshes and
Swamps are converted into brackish and salt marshes
(Spadina pateps, Distichlis gpicata Jupcus
memenanys, Spanina atemifiora, etc). Subsidence

LEVEE MAROWDOD

CYPRESS SwaMP
WiLLOW SwaAMP
J0% \
0%

100%

Fig 7. Flow diagram of long term oveliv vegetation dypamice im
the Mussisaippi deltaic plain. The values show the possible areas
N percentage.
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continues and erosion takes place until deltaic wetlands
are convertedinto openwater again. The complete cycle
lasis several hundred to several thousand years.
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THE IMPACT OF RISING WATER LEVELS ON TREE
GROWTH IN LOUISIANA®

W. H. Conner and J.W. Day, Jr.

INTRODUCTION

Numerous reports and papers (e.g. Barth and Titus
1984, Gomitz et al. 1982, Hoftman et al. 1983) have
recently smphasized the potential impact of giobat warm-
ing trends on future sea level rise In coastal areas.
Pradictions are that many coastal wetlands of the United
States wiil be fiooded as sea levels rise as muchas 2 m
bythe year2100 (Hofiman et al. 1983). Theimpact of this
increase in water levels on wetland forests is generally
not considerad. In southern Loulisiana, the Lake Verret
basin presents a unique epporiunity to study water level
changes and free growth patterns. The basin is located
Jn the Missiseippi Deltaic Plain and ranges In slevation
trom less than 1 m above mean sea level (MSL) at the
southern end of the basin to 6 m above MSL at the
northern end of the basin. Pravious work in tha basin
{Conner and Day 1984) has shown that subsidence
exceeds sedimentation and apparent water level rise is
approximately 1 m per century. The majority of the
forests in the area are either bottomiand hardwood or
baldcypress-tupelo. It was the purpose of this study to
look at the growth rates of the major bottomiand species
across an elevationtlood gradien to determine ditfer-
ences in growth patterns.
%

*Conner, W.H. and J.W. Day, Jr. 1888. The impact ot
rising water levels on tree growth in Louisiana. Pages
219-224 in D.D. Hook et al., eds. The Ecology and
Management of Wetlands, Vol. 2. Timber Press, Port-
land OR. Used with permisgion.
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METHODS

Thrae 0.1 ha piots (called WCI, WC2, and WC3
hereafter) were astablished along an elevation gradient
on abottomland hardwood ridge in the upper Lake Verret
basin. The logging history of the area is not known
pracisely, butwe do know that the entire area was iogged
around the tum of the century. WC1 was located on the
iop of the ridge and was the driest plot. WC2 was onthe
ridge slope, while WC3 was at the lowest end of the ridge
and in an area flooded nearly year-round, Within each
plot, aluminum vernier dendrometer bands (Liming
1957) were installed on alt trees greater than 10 ¢m
diameter at breast height in December 1983. Monthly
readings were begun in November 1984 after the bands
had experianced one growing season. This wait was to
allow the trees to grow into the bands in order to ensure
atight fit. There were a total of 49, 41, and 50 bands in
plots WC1, WC2, and WC3, respectively. All measure-
ments were converted to basal area (BA) increrments and
plotted as the average cumulative basal area change per
species per plot. Shrub and seedling numbers by spe-
cies were also inventoried 10 get an idea of what was
coming up in the plots.

Waterlevel measurements were taken on each field
trip. Water depths were taken approximately 1 m from
each tree and then all measurements were averaged to
arrive atthe depthof wateroverthe plotfor each trip. Two
water wells were installed in each plot to monitor the
depthof the water table whenwaterlevels droppedbelow
the surface during the summer.



RESULTS AND DISCUSSION

Total elevation differences between the highest and
lowest point in the fores! study area was approximately
30 cm. Water levels in WC2 were approximately 6 cm
greater than in WC1, and water levels in WC3 wera 20
cm greater than WC1. Flooding of the study plots is
typical of aluvival floodplain forests of the Mississippi
River. Fiooding occurred in the winter and eariy spring
and ficodwaters covered the plots until the spring or
summer. The forest floor, with 1he exception of WC3,
remained dry or nearly dry until late autumn., WC1 was
flooded about 50% of the year but only 1-2 months of the
growing season. WC2 was tiooded for 75% of the year
and 2-3 months of the growing season. WC3was flooded
for all except 3-4 weeks during the summer. WC3 is
generally flooded year-round, but the period from April to
August 1985 was exceptionatly dry (Louisiana Office of
State Climatology 1985). During the summer of 1985,
the water table dropped to 75, 60, and 30 cm below the
forestfloorin WC1, WC2, and WC3, respectively. Peaks

inflooding were caused by heavy rains (October-Novem-
ber 1984} and hurricanes (August and October 1985).

Growth started for almost all species between the
middle of March and the middie of Aprit and was com-
pieted by the end of September (growth patterns of the §
major species are illustrated in Fig. 24.1). Nuttall oak
(Quercus puttalli)) stared rapid growth bstween mid-
February and mid-March which is common for the ring-
porous vaks, Eggler (1955) observed that live oak
(Quercus virginiana) started growth by late Febnuary in
New Orieans and Day (1985) found that faurel oak
(Quercus laurifolia) started growth one month sarlier
than other species in the Disma! swamp. Baldcypress
(Iaxodium distichum} and water hickory (Carya ag-
uatica) were the last trees to start growth (between April
19 and May 23).

Across the elevation/flood gradient there were differ-
ences in growth rates among species (Table 24.1) similar
to what was observed by Briscoe (1955) in Mississippi

Growth patterns for six of the major bottomland

hardwood species in the Lake Verret watershed.

Figure 24.1:
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Table 24.1. Mean annual basal area {BA) increases for tree species on the three study plots in Louisiana.

PLOT SPECIES BA INCREASE (cm?)  SD N

WwWC1 green ash 1.04 0.73 g
water hickory 0.67 0.40 o
sugarbarry 0.99 0.74 g
swaetgum 0.52 0.40 4
Nuttall oak 273 1.16 :
baldcypress 1.27 0.7 3
swamp red maple 2.79 —_— :
American eim 0.65 0.57

wC2 reen ash 0.82 0.45 13
grater hickory 0.29 0.18 5
sugarberry 0.45 032 4
sweatgum 1.70 090 5
Nuttalt oak 2, 3.35 2
baldcypress 6.23 1029 3
swamg red mapfe 9.17 9.44 2
water elm 0.82 0.44 5
hawthorn ¢.11 0.15 2

WC3 green ash 0.13 0.13 14
watar hickory 0.00 0.00 5
baldcypress 345 1.86 8
swamp red maple 0.24 0.32 16
water elm 0.92 0.1 3
persimmon 0.02 0.06 2
water lupelo 1.82 0.84 2

River bottoms near Baton Rouge. Sugarberry (Celtis
laavigats), Amencan eim {Jlmus ameticana), green ash
(Eraxinus pennsylvanica), and water hickory grew best in
the driest area. Nuttall ocak, baldcypress, swamp red
maple (Acer mbrum var. drummondii). and sweetgum
{Liguidambar styraciflua) grew baest in the intermediately
flooded site. With all species except baldcypress, poor-
ost growth occurred in the parmanently flooded site.
Baldcypress grew the least on the ridge where intense
competition with other bottomiand hardwood species
probably limits its growth.

Water hickory, water eim (Planara aquatica). persim-
mon (Diospyroa virginiana), green ash, and swamp red
maple growth rates were significantly lower in WC3 than
in other plots. All of these species are moderately to
highly tolerant of some flooding (Hook 1884). However,
as water levets continue to rise in the Lake Verret forests,
the trees will eventually die as they cannot stand perma-
nent flooding (Broadfoot and Williston 1873, Eggler and
Moore 1961, Green 1947, Hall and Smith 1955). The
largest increases in BA occurred in plot WC2.
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Baldcypress, swamp red maple, and sweetgum growth
in WC2 were significantly higher than in the other plots.

The stress that many of the bottomland trees are
undergoing is visually evident inthe number of dead tops
and branches. As one goes from WC1 to WC3 the
number of visibly strassed trees increases from 8 to 53%
of tha total number of trees in each piot. if present trends
of increasing water level continue as the ¢coastal area
subsides, all but the most flood tolerant trees
{baldcypress and water tupelo) will die in the near future
as a result of permanent flooding. Even though
baldcypress and water tupelo do well under flooded
conditions, there is a limit 1o the depth and length of
foding they can endure (Brown and Lugo 1982, Eggler

and Moore 1961, Harms et al. 1980), and eventually they
also will die.

The shrub and sapling and seedling data give us an
idea of whal is coming into the areas as floodwaters
increase. In WC1 and WC2, the understory is composed
mainly of deciduous holly {llex decidua), water elm, and



swamp red maple. The total number of stems/hain each
piot was 1,050 and 1,630, respactively. In the flooded
area, there were 3,570 stems/ha with 90% of them being
swamp red maple. With the seadlings, the differences

between the plots is striking. WC1 being tha driest area
contained a variety of hardwood seedlings such as oak,

persimmon, water hickory, and sweetgum. Over50% of
the total numbersha, however, were swamp privet

(Earestria acuminata). The greatest number of seedlings
occurred in WC2 (1,230/ha). Oak and persimmon weare
still common in this plot, but bakicypress also becomes
a dominant member. in WC3, very few seadlings wera

found (270/ha}, and 95% of those came in during the

short dry period during the summer of 1985,

Cverall, what we see occurring in the Lake Verret
basin is a general decline in the growth of the major
timber species and the establishment of more water
tolerant shrubby species in many hardwood areas as
water levels rise. For the future management of these
areas for timber and wilditfe, this increase in water feval
musi be considered.
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PATTERNS OF EGG PRODUCTION IN THE COPEPOD
ACARTIA TONSA IN A SHALLOW LOUISIANA ESTUARY

M.J. Dagg and W.E. Walser, Jr.

INTRODUCTION

Biologleal production rates incopepods of the genus
Acartia can be high. For example, in Narraganset! Bay
during the warm summer months, Acartia lonsa is ca-
pabie of doubling iis biomass through growth and rapro-
ductive processes in less than a day (Durbin and Durbin
1981). Egg production in A {onsa is dependent on
savaral factors including termperalure and salinity
(Waliser 1985), food concantration (Durbin et ai. 1983),
and food quality (Parrish and Wilson 1978). Egg produc-
tion by A fonsa responds quickly to environmental
changes; for example, changes occurred within several
hours afier a change in available food (Kiorboe et al,
1983, Dagg 1987). Given the sansitivity of egg produc-
tiorr In A lonsa to the physical and biologlcal environ-
ment, it is not surprising that reported egg production
rates range widely A1 17.5°C, egg production averaged
31-44 sggsAemale/day, with peak values between 60-70
(Wilson and Parrish 1971, Parrish and Wilson 1978}); at
21°C rates averaged 30.5 eggsAemale/day (Johnson
andMiller 1373}, a1 10 5and 20.2°C, rates averaged 15.6
and 18.4 eggs/femala/day (Corkett and Zillioux 1975); at
15°C rates averaged about 40 eggs/Aemaie/day (Dagg
1977), at about 25°C, maximum rates observed in Narra-
gansett Bay were about 60 eggs/temale/day (Durbin et
al. 1983); and over a 1 year study in a subtropical Texas
lagoon, egg production varied between 23 and 105 eggs/
female/day {Amblar 1986).

Fourleague Bay is a shallow (mean depth 1.5 m} 93
km? esluary inthe central coastal zone of Louisiana. The
upper Bay is oriented in a nonthwest-southeast diraction
ailowing significant fresh water influence from adjacent
Alchafalaya Bay. The lower Bay is oriented in a north-
south direction, and is imMiuenced by the Guif of Mexico

150

through a deep {18 m) tida!channel called Oyster Bayou.
The upper Bay is dominated by turbid nutrient-rich river
water, especially during periods of high flow. Salinity in
the upper Bay ranges trom 0 to approximately 10 ppt.,
and secchi disk depth ranges from 5 to 35 cm (Madden
1886). The lower end of the Bay is connected o the open
Gutl ot Mexico by Oyster Bayou. Guif water is character-
ized by higher salinity and relatively lower turbidity and
nutrient concentrations. Salinity, turbidity, nutrient con-
centrations and chlorophyll concentrations in the lower
Bay vary widely, depending primarily on river flow, tide,
and wind speed and direction.

Aquatic primary production is high in the Bay despite
fts shaliowness and high turbidity. Annual net production
was 119.5 gC/m?yr in the upper Bay, and increased to
317.4 gC/mfly at a lower Bay site. Production was
highest at intermediate salinities. At low salinities, pro-
duction was apparently light limited because of the ex-
treme turbidity inthe river water. At high salinities produc-
tion declined bacause of nitrogen limitation (Randall and
Day 1987). Chiorophyll concentrations ranged between
3.2 and 19.8 ug/in the upper Bay, and between 4.0 and
26.7 g/ Inthe lower Bay during the study by Randalland
Day (1987). These may be underestimates because
values are derived from frozen samples.

Laboratory studies with A, 1onsawere completed as
a parnt of this project. The relationships between egg
production under conditions of saturating food avaitabil-
ity and temperature and salinity were examined in the
laboratory asapan of this project (Walser 1985), and the
rela@nonships between egg production and suspended
particulate material in the phytoplankton diet of A. jonsa
Wwere examined in the faboratory (White 1986). In this
Paper we examine the egg production of A, tonsa in the
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METHODS

Cruisesto Fourleague Baywere in
ber 1986 and March and August 1
Acadiana was anchored in Oyster Bayou and used as 3
laboratory during each 3 day cruise. Sampiing was
accomplished from a small boat which could operate in
most places within the shallow Bay

Apriland Septem-
987. The 57 ft RV

The rate of egg production by A, fonsa femaies was
measured every & h over 2 48 h period on each cruise.
Copepods were collected from 2 salinity regimes at each
sampling interval; in a typical small boat trip, salinity was
periodically measured with a refractometer until the tar-
get salinity was found. A more accurate salinity measure-
ment and a temperature Measurement were then made
with a Beckman RS5-3 salinometer. Awater sample was
collected by bucket, and covered until it was retumed to
the shipboard laboratory, 5-30 min later. Zooplankion
were collected with a 0.5 m ring net, with 256 um mesh,
towed slowly behind the boat for 2-3 min. Cod end
contents were diluted into & second bucket of surface
water, and returned to the ship.

Aboard ship, an aliquot of water was analyzed for
Chlerophyll and pheopigment (as chlorophyll equiva-
lents) content. Aliquots were fittered through 25mm GF/
F glass fiber fitters, and homogenized by grinding in
several mt of 90% aqueous acetone. The supernatent
was analysed before and after acidification with 2 drops
of 10% HCI, using a Tumner Designs Model 10 fluorome-
ter. Calculations were made according to equations
moditied sightly from Strickland and Parsons (1968).

Kif, - 1)
chlorophyll {ug/=
v
pheopigment (aspug!  K(RS, - 1)

chiorophyll equivalent) «
v

where F_and F_ are fluorescence readings before and
after acidification, R is the acid factor, k is the catibration
constant, and v is the volume of filtered in mi.

Triplicate water samples were filtered through
preweighed glass fiber filters and ptaced in a drying oven
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for later determination of suspended matter concentra-
tion.

Two A tonsa females were addedto eachof 10 125-
mi glass botiles containing water from the copepod
sample sight that had been screened through a 63 um
mesh siave 1o remove eggs and nauplii. Botlies were
sealed with plastic ids, and placed on a rotating wheel in
a dark incubator. Temperature was maintained by
purmping seawater continuously through the incubator.
Control botties, containing only screened water, were run
on several occasions {0 assure that no eggs or nauplii
were passing the 63um mesh sieve. Incubations were for
approximately 6 h, and samples were then preserved by
the addition of saveral m! of ful strength formalin, re-
sealed and stored. Atthe Marine Center, the nauplii and
eggs were entirely counted from gach sample by fitering
the sample onto a gridded glass fiber filter, ang counting
the 8ggs and naupiii under a dissecting microscope.

RESULTS
Diei Patterns

In 4 of the 8 time series, there was a pattern of die!
periodicity in egg production Figure 1). Inthese cases,
the maximum was always during the midnight to early
morning period. Sometimes diel cyciing occurred when
€99 production rates were high, such as during the April
1986 cruise, but nighttime maxima were also apparent
when rates were low, such as during the August 1987
cruise. On the other occasions, there wers no apparent
short term temporal pattems in eQg production.

Between and Within Cruise Patterns

Exceptforcruise 2, egg productionrates were simiiar
within a cruise at both of the salinity regimes examined
(Table 1); i.e. cruise 1, 3.0 and 3.0 egosfemale/hour at
16and 6 ppt; cruise 3, 2.0 and 1.8 eggfemaie/hour at 18
and 7 ppt.; and cruise 4, 0.6 and 0.5 eggsAemale/hour at
21 and 6 ppt.  Thus within cruises 1, 3, and 4 egq
production was not Correlated with salinty. Cruise 2
however, was different, During this cruise, copepods
fromthe high salinity water had a low egg production rate
(0.6 eggsAemale/hour) with no indications of any diel
periodicity whereas Copapods from the low salinity water
showed a significantty higher egg production rate (17
eggsﬂemalemour) and strong diel periodicity. Cruise 2
indic_ales that conditions within the Bay can sometimes
be significantty diferent in terms of Acaria egg produc-
tion rate ang patterns. More typically however, in 3 of 4
cruises, egg production rates and patterns were similar
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Figure 1. Acartia lonsa egg production in Fourieague Bay during April 1986 (1), September 1986 (I1), March 1987 (111},

and August 1987 (IV).

throughout the Bay on a given cruise. Most of the
variabilty in Acaria egg procuction apart from diel vari-
ation, was between crulses.

Environmaental Variation
Temperature vasied little within a cruise but widely,

between 13.9 and 31.1°C, between cruises. Average
temperatures for each cruise are shown in Table 1.

152

Salinity, of course, typically varies widely within the
Bay during a single cruise. Within a cruise, the same
salinity regimes were repeatedly sampled it possible,
every 6 h. On some occasions however, conditions
within the Bay changed during the study and water of the
desired experimental salinity could not be found over the
entire 48 h period. For example, for several h dusing the
second day of cruise 3, water throughout the entire Bay



Temperature Salinity  Chiorophylt  SPM Egg production
Cruise Date (°C) (%) (mgh)  (mo)  (eggsfemalesday)

l Apr/86 23.040.7  16.142.0 335 47.7 69.6
6.4+0.5 535 78.6 7.9

1 Sepv86 29.440.7 28.5+0.4 17.1 458 14.7
20.3+2.0 35.9 38.7 418

] Mar/87 13.9405 157441 24.7 193.4 427
5.441.0 276 113.2 47.2

v Aug/87 311411 21.0+24 11.8 43.9 5.5,17.1
6.3+1.3 25.6 322 3.524.7

Table 1. Fourleague Bay water characteristics and Acartiatonsa egg production.

was completely fresh (0.0 ppt). Salinity also varied
considerably between cruises so that the same salinity
regimes could not be utilized throughout the study. In
Particutar, low salinity water, in the 5-6 ppt range, was not
encountered during cruise 2. Average salinities for each
48 h period over which egg production measurements
were made are shown in Table 1,

Laboratory Rates

Laboratory experiments with A. tonsa were con-
ducted by Walser (1986). These experiments were
designedto measure egg production rates under saturat-
ing food concentrations over temperature and salinity
regimes spanning those found in Fourleague Bay. At
14°C, Walser observed egg production rates of about 24
eggs/temale/day at 16 ppt and about 19 eggstemale/day
at S ppt. These rates are considerably less than those
observed in situ in Fourleague Bay under similar tem-
perature and salinity conditions (43 and 47 eggs/female/
day respectively, see Table 1).

At 23°C, Walser measured egg production of about
45 eggsfemale/day at 16 ppt and about 35 eggsAemale/
day at 6 ppt. These rates are also jower than those
observed in the Bay under similar temperature and
salinity conditions (70 and 72 eggsfemale/day respec-
tively, see Table 1).

At 29°C, Walser measured eqq production rates of
about46 eggs/ifemale/day at 28 .5 ppt and about 58 eggs/
temalesday at 20 ppt. These rates are higher than those

observed in the Bay under similar temperature and
salinity conditions, (15 and 42 eggsAemale/day respec-
tively, see Table 1),

The highest experimental temperature used by
Walser was 30°C. However, if his data are extrapolated
to 31°C, then egg production rate at 21 ppt woulkt be
about 58 eggs/femaie/day, and at 6 ppt about 38 eggs/
female/day. These rates are higher thanthose observed
in the Bay under similar conditions of temperature and
salinity (6 and 17 eggs/female/day at 21 ppt, and 4 and
25 eggsfemale/day at 6 ppt, see Table 1).

In summary, during the 2 spring cruises, egg produc-
tion in the Bay was higher than predicted by the Waiser
empirical model, and during the 2 late-summer cruises
60g productioninthe Bay was lower than predicted bythe
empirical model,

Food limitation is a possible explanation for the low
€09 production rates observed in situ in Fourleague Bay
during the late summer cruises {cruises 2 and 4). Feed-
ing rates were not measured so there is no direct informa-
tion on food limitation. However, chiorophyll concentra-
tions were measured at each collection and can be used
asan approximate index of phytoplankton concentration.

During cruise 2, phytoplankton concentration in the
20 ppt water was unitormly high over the 48 h study
period, averaging 35.9 pg/l. Observed egg production in
this waterwas only slightly lowerthan predicted (42 vs 58
eggsAemale/day) indicating that the tield copepods were
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leeding at least near their maximal rates. in contrast,
chiorophyll concantration in the high salinity waters was
lower and varied considerably over the 48 h study,
averaging 17.1 ug/l with a standard deviation of 8.8 ug/
I Observed eggproductionrates were significamly_r lower
than predicled {15 vs 46 eggsAemalesday}, significantly
jower than observed in the 20 ppt water, and were
signiticantly correlated with chiorophylt concamraiiolj,
suggesting food limitation in this high salinity water atthis
time.

During cruise 4, the average chiorophyll concentra-
tion inthe low salinity water was significantly higher than
that of the high salinity water (25.6 vs 11.8 ug/}, but egg
production rates were about the same in both waler
types. Efther chlorophyll concentration was a poor indi-
cator of tood availability or 100g concentration was not
limiting during this cruise; if food was limiting, egg pro-
duction should have been higher in the water containing
higher chlorophyll centent.

In addition. it does not saem that egg production is
aflected by chiorophyl! concentration within cruises 1
and 3 During cruise 1, egg production patterns were
essentially identical in both parts of the Bay but phyto-
plankion concentrations were considerably higher in the
low salinity waters (53.5 vs 33.5 pg/). On cruise 3,
phyloplankton concentrations were approximately the
same in bolh regimes, and egg production rates were
about the same also; possible variations with lood con-
cantration cannot be discerned because food concenira-
ticn was essentially constant. On both ot these cnuises,
observed egg production rates in lhe Bay were higher
than predicted. Reasons for this are not clear.

Suspended Particuiate Matter

Suspended particulate material {Table 1) can inter-
fere with teeding processes ol copepods or, if ingested
along with food paricles, can lower the average nutri-
tionat value ofthe ingested material (White 1985). During
cruise 1, SPM in the low salinity waters increased sub-
stantially during the second day, but egg production rate
was not diminished. This indicates that 8gg production
was not inhibited by SPM in the diet during this cruise.
During cruise 2, SPM concentrations were low and
similar at both sampling salinities, whereas egg produc-
tion rates were higher in the low salinity water, indicating
that SPM was not related to egg production. During
cruise 3. river llow was the highest observed during our
study, on several sampling occasions the entire Bay was
fresh. SPM concentrations ranged widely and the high-
est concentraticns in the study were cbserved. Evenso,
only the highest value observedwas inthe range that has
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hown 1o cause a reduction in egg production in
::leb%r:aslory studies, greater than 500 mg# (\_Nhne 1986}.
Egg production rates were about the same !n.both water
types during cruise 3, and so there is insufficient data to
determine it SPM affected egg production, but there are
no indications of food limitation during this cruise and we
therefore conclude that SPM in the diet did not reduce
egg production seriously. During cruise 4, SPM concen-
trations were low at both salinity regimes. There were no
significant ditferences between SPM oopcenlratlops
during day 1 and 2, whereas e9g production rates in-
creased substantially on day 2, implying that egg produc-
tion rate was independent of SPM cancentration during
this cruise. This would be anticipated from the lab
experiments of White {1988).

DISCUSSION

In this study, egg production rate by A, fonsa in
Fourleague Bay varied in several ways: diellyin 4 of 8
daia series, daily in 2 of B series, between stations within
the Bay on 1 of 4 comparisons, and between cruises.

Diel patterns in egg production or egg release have
been observed in copepods previously (Marcus 1985,
Runge 1985, Checkley et al. in prep). Diel periodicity in
several aspects of copepod physiology and behavior
including vertical migration, feeding rate, and excretion
rate, are commonly observed and are thought to be
associated primarily with predator avoidance. Other
important components of the copepod's environment
have also besn implicated as determinants of diet behav-
ior pattemns in copepeds however, including light, food
availability, and temperature. Even in shallow systems
such as the 1.5 m Fourdeague Bay, A, fonsa apparently
migrates verically on some occasions. Inthis study, the
tactors determining the diel pattern in egg release on 4 of
the 8 occasions could not be identified.

During each of the first 3 cruises, egg production
rates were essentially the same on day t and 2. How-
aver, at both study sttes during cruise 4, egg production
rates during the secork! day were substantially higher
than during day 1. This change was not correlated with
changes in salinity, temperature, chiorophyl or sus-
pended particulate material, and #t is not cigar what
caused this pattern.

In 3 of the 4 cruises, egg production rate by A. fonsa
was essemigllythe same at both stations within the Bay;
egg production was unatfected by wide ranges in salindty,
chiorophylt concentration, and suspended particulate
materialinthese cases. Ontyon 1 ofthe 4 cruises did egg



production significantly vary between the 2 stations
within the Bay. We suggest that, at this time, egg
production was food limited in the high salinity water ot
the fower Bay, which confained comparatively small
amounts of phytoplankton.

Between cruises, egg production varied widely from
an average of 12.7 eggsfemale/day during cruise 4 1o
70.8 eggsfemale/day during cruise 1. Some variation is
due to temperature, which ranged during our cruises
from average of 13.8°C 10 31.2°C. Egg production was
actually higher during the 2 cruises with the lowest
temperatures so the role of temperature is not clear cut.
Inhibition of egg production at high temperatures is
commenly observed in copepods but laboratory studies
with A, lonsa failed to show any such inhibition as
temperature increased from 10-30°C (Waiser 1986),
althoughthe rate of egg production increase as tempera-
ture increased had begun to decline at 30°C.

Within a cruise, temperature did not vary sufficiently
to contribute much to variations in egg production within
the Bay system.

In laboratory studies, suspended sediment only
intertered with egg production at very high (> 500 mg/l)
concentrations unless phytoplankton concentrations are
low, or by inference, uniess the copepods were stressed
by some other factor. These sediment concentrations
wére not cbserved during our studies in Fourleague Bay
except on a single occasion, and we conclude that
suspended sediment in Fourleague Bay is unlikely to be
a factor that affects egg production in A, tonsa.

Temperature and food are typically thought to be the
dominart determinants of egg production in copepods. in
a study done wilh 2 species of Acartia, Uye (1981)
showed a strong relationship between temperature and
egg production. Significantly, Uye also showed that
summer and winter adapted copepods behaved differ-
ently in their response to temperature, aithough the
shape of the curves was the same. The pattern shownin
Uye's study is typical; egg production rate increased with
temperature up to an optimal temperature and then
declined dramatically as temperature increased further,

Aiso shown by Uye (1981}, was the effect of food
availability on egg production in the same 2 Acartia
species. Egg production was closely related to food
Concentration, increasing initially as f00d concentration
increased and saturating at higher food concentrations,
Combining the effects of temperature andfood avaitabil-
ity into a predictive maded, Uye was able 1o closely predict
the the observed seasonal pattern in egg production.

Marked seasonal vanation in reproductive rate was
observed (primarily related o phytoplaniton food availa-
bilty and temperature, although other food sources are
not quaniified).

The saturating food concentration for egg production
Is ditficult to ldentity; for example, Uye (1981) showed 2
Agartia species saturating at about 1 yig chior/ in labora-
tory studies whereas Durbin and Durbin (1983) showed
that saturation had still not eccurred at 10 po/ of natural
chiorophyll in Narragansett Bay. The quality of the food
particles is undoubtedly a factor in this comparison, but
it is clear that, even though estuearine environments are
highly productive and frequently contain high stocks of
phytoplankton, detritus, and microzooplankton, food
Imitation of physickogical processes in Acartia can exist.

Salinity also has an effect on egg production rate in
Acartia spp. For example, between 5 and 35 ppt, 890
production in A, fonsa was maximum at 20 pet and
declined at higher and at lower salinities, regardiess of
the temperature, although the salinity effects were more
dramatic at higher temperatures (Walser 1985).

Our laboratory studies indicated that egg production
rates of A, fonsa shoukd be high under the conditions of
temperature, salinity, suspended sediment and chioro-
phyll that are found in Fourleague Bay. Field measured
rates under a wide range of environmental conditions
supported these laboratory findings indicating that the
environment of Fourleague Bay is highly productive year
roundfor A, fonga. Howevar, duringthe 2 Spring cruises
rates were higher than predicted, and during the 2 iate
summer cruises rates were lower than predicted, indicat-
ing that some factor other than the ones we measured
has a significantimpact onthe egg productionof A, tonsa
in this system.

The estuarine Copepod A, tonsa actively produces
eggs under adiversity of physical and biological environ-
ments. Inthis study, reproduction took piace at salinities
ranging fromcompletely fresh to near 30 ppt. attempera-
tures ranging from 13-32°C, and under conditions of
phytoptankton availabifity ranging from less than B to
Qreater than 55 A of thiorophyll. The productivity of
Acartia in Fourieague Bay appears to be quite high at alt
times during our study, but varies widely seasonally.
Usually, it is constant within the Bay system at any one
time, although physicat and biological conditions within
the Bay vary widely. The food limitation effect observeg
in the high salinity water of cruise 2 suggest that Acartia
flushed from the Bay into the continental shelf waters will

quickly become food limited as the chiorophyll is diluted
by the oceanic water.
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THE ECOLOGY OF FISH COMMUNITIES IN
THE MISSISSIPPI RIVER DELTAIC PLAIN

Linda A. Deegan and Bruce A. Thompson

INTRODUCTION

The astuaries of southern Louisiana are vast and
support large numbers of many ditferent fish species.
Gunter (1967) relerred to this area as the fentile fisheries
crescent” because the area supports one of the world's
largest commerclal fish catches. These huge commer-
ciat fish catches are, for the most part, dependent on
species that during their juvenile stages use estuaries
formed during the successive defta complexas of the
Mississippi River. In this chapter we consider how these
fish popuiations contribute to the siructure, metabolism,
and regulation of enargy and nutrient fluxes in the dettaic
plain estuaries, and examina how differences in the
ecosystem aftlect tish communities. To do this we first
prasent an overview of the estuarine environment of
Louisiana’s deltaic plain, then examine general charac-
teristics of fish community structure and energy flow in
thase estuaries, and finally compare differences in pro-
ductivity and community structure among systems and
ralate these differences to changes in attributes of the
estuaries.

DESCRIPTION OF THE STUDY AREA

The coast of Louisiana is fringed by a band of
marshland 16-128 km in width which is naturally diviged
into two zones. The eastem partis the deftaic plainof the

—
——

‘Deegan, L.A. and B.A. Thompson. 1985, The ecology
of tish communities in the Mississippi River deltaic plain.
Pages35-56 in A. Yanez, ed. Fish Community Ecology
in Estuaries and Lagoons: Towards an Ecosystem inte-
gration, Universidad de Nacional Autonoma de Mexico
Ciudad Universitaria. Used with permission.
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Mississippi River and the westernpar is the chenier plain
formed by down dritt sediments from the river. In this
paper we consider only the fish communities of the
deftaic plain spans almost 320 km of coastal Louisiana
(Fig 1), and forms a distinct physiographic unit which
encompasses the active and abandoned deftas of the
Mississippl River. Several major deltaic complexes,
refiecling significant changes in the course of the Missis-
sippi River, have bean formed during the last 7000 years
{Fig. 2). The Mississippi River deltaic plain maintains
itsalt by the cyclic nature of delta building depositional
events (Frazier 1967). New delta complexes develop
over older deltaic lobes in other areas. As time pro-
gresses each delta complex goes through a cycle begin-
ning with subaqueous (below water) growth, subaeriat
(above water) growth, through abandenment of the delta
by the river, and subsequently a period of deterioration
due to sediment compaction and sea level rise (Gagliano
and Van Beek 1975). Figure 3 illustrates the sequence
of physiegraphic changes for a given delta compiex and
indicates the relative position of the four existing com-
plexes we will consider in this chapter. The product of
these cyclic events is a diverse assembiage of habitats
which change as deftas advance through the cycle.
Progression through the cycle is indicated by changes in
subaerial extent, length of the land water imterface, and
salinity. Gagliano and Van Beek {1975) suggest that
habitat diversity increases as the defta complex enters
the subaerial growth phase (Fig. 3) and is maximal in the
early s}ages of deterioration. Maximum length of fand
water interface and an increase in salinity to moderate
levels are also characteristics of the early stage of
deterioration. The physical processes which form the
delta complexes are befieved to control the distribution
and productivity of the plants and animals of the area
(Penfound and Hathaway 1938, ONeil 1949, Gagliano
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Fig. 1. Map of the Mississippi River deltaic plain region. Station locations withinin the four estuaries are noted by
numbers 1-5,
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Fig. 2. Mississippi River's previoua deita lobes and their influence on the evolution of Louim"ann'l constline.

and Van Beek 1975). Biological productivity and diver-
sity are believed to be directly retated to the physiogra-
phicchanges. Gagliano and VanBeek (1975) suggested
highest biotic productivity and diversity are associated
with the earfiest stage of deterioration.

Sufficient information exists for four of the estuaries
within Mississippi River deltaic plain to describe spatial
and temporal accurrence, food chain relationships and
ecosystem roles of nekton. We will also discuss the
effects of changes in ecosystem structure, which are
refated to their relative position within the della cycle, on
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fish productivity and diversity.. The bay systems exam-
ined in this chapter are (Fig. 1): The Aftchafalaya Bay
defta, Fourleague Bay, Barataria Bay, and Lake
Ponichartrain.

There are several differences among these four
systems which are pertinent to the analysis in this chap-
ter (Table 1). One of the most important diferences
among the estuaries is the source and amount of fregh.-
water influx because this controis the salinity regime.
The differences in salinity regime are reflected in the
timing (Fig. 4) and range of salinities observed {Tablg 1)
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and the areal extent of the different marsh types in each
esiuary (Fig. 1). The major source of freshwater to the
Aichafalaya Bay dehta, Fourleague Bay, and Lake
Pontchartrain is from river discharge and as a conse-
quence these systems have lower ygarly averages for
salinity and remain fresh longer in the spring than Bara-
taria Bay {Fig. 4). The salinity regime of Fourleague Bay
was more ke Barataria Bay than the Aichafalaya Bay
delta or Lake Pontchartrain because of low river dis-
charge during 1981. Lake Ponichartrain and the
Atchatalaya Bay deka have the largest retative axtent of
frash wetland systems, fotlowed by Fourleague Bay and
then Barataria. Turbidity values are also related to
freshwater discharge with high turbidity (low secchi disk
values) in the Atchatalaya Bay delta and Fourleaguie Bay
(Tabile 1). Despite differences in freshwater input water
temperature differences among the systems are glight
(Fig. 4}, probably because all of these systems are
shallow and easily heated by sofar inputs. Each of these
systems is also in a different stage of the delta cycie (Fig.
3} which affects the physiography of the estuary. The
Aichalalaya Bay delta represents an area which is cur-
rently building a delta, while the other three are aban-
doned deltas in the process of deterioration. One conse-
Quence of their stage in the delta cycle is the difference
inwetland to open water ratio (Table 1). The Atchafalaya
Bay delta has very little wetland relative to open water
because it is in the initial stages of development whie
Lake Pontchartrain has a large ratio becauss it is the
maost advanced (hence deteriorated) system in the delta
Cycle. Fourleague Bay and Barataria Bay have lower
water to wetland ratio’s because they are in the interme-
diate stage of the delta cycle. The ratio for Fourleague
Bay is not as large as anticipated on the basis of #ts
position in the cycle relative to the other systems. Bau-
mann and Adams (1981) have shown that the marshes
in this system are no longer deteriorating and attribute
this to the influx of sediment laden water from the
Atchafalaya River.

METHODS AND DEFINITIONS
Data Collection

The data reported on in this chapter are from a
variety of studies in the individual systems (Suttkus et al.
1954, Davis et al. 1970, Fontenot and Rogillioc 1970,
Perret 1971, Wagner 1973, Juneau 1975, Rogillio 1975,
Hoese 1976, Tarver and Savoie 1976, Barrett etal, 1978,
Chambers 1980, Thompson and Verret 1980, Guillory
1882, Thompson unpubl}. For comparison of commy-
nity structure and abundance stations of similar habitatin
each system were selected along a salinity transition
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trom fresh to saline (Fig. 1). Data from trawling studies
were used because they are quantitative and could be
adjusted to eliminate diffarences in etort between stud-
ies. All data were adjusted to a per square meter basis.
Data for the Atchafaiaya Bay defta and Fourleague Bay
systems are part of a current investigationonuse of these
areas by fishpopulations. The Atchafalaya Bay delta has
two stations because there is essentially no salinity
gradient within the delta region. Fourleague Bay has
three stations. Forthe Barataria Bay system, stations 1,
2,and 3 are from Chambers (1980) and correspondto his
stations 4, 12, and 15; Stations 4 and 5 are from Barrett
et al. (1978) and correspond lo stations 1 and 2 of his
study. Stations 1,2, and 3inLake Pontchantrain are from
Thompson and Verret (1980) and correspond to stations
1.9, and §; stations 4 and 5 are from Barrett et ai. {1978)
and comespond to stations 2 and 4. The most racent
study is the Atchafalaya study (1981-1 982). Datainthe
other studies were taken either 1976 or 1978

Measures of Community Structure

Simple measures of commuhity structure are the
total number of specias which have been recordediorthe
ecosystem and the spacies which dominate the commy-
Rity. The relative number of individuals perunit area and
the average number of Species per sarmnple are also an
useful measure of community structure. To aid in under-
standing species occurrence patterns each species was
classified into one of four ecological affinity groups {after
McHugh 1867):
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Freshwater (FW) - affinities primarily with freshwater.
Spawn in frashwater (below 0.5 ppt}; have slight to
moderate salinity tolerances.

Estuarine (ES) - spends most of life cycle within the
estuary. Generally has greatest spawning in {he
estuary. Wide salinity tolerances.

Estuarine-Marine (ESM) - time Spent in estuary is pri-
rnarily as young of the year. Spawn in either
nearshore or offshore marine habitat. Very wide
salinity tolerances; species often referred to as
‘estuarine dependent.

Marine (MA) - spend most of life in nearshore or off-
shore marine habitat; generally intolerant of low
salinity conditions; spawns in marine habitat.

The use of the estuarine area by these four groups is
summarized in Figure 5. The Shannon-Weiner (H) index
was usad as a measure of ichthyotaunal diversity (Pigloy
1975). The Shannon-Weiner index increases as the
number of spscies increases and the equitability of
Species distribution increases and has a theoretical
maximumof around 4 (Margalef 1968). Spacies fichness
(D}, which relates the total number of species to the total
abundance, was estimated using Margalef's index
(Margatef 1968). Evenness was estimated by Pieioy ‘s
index (J), which is the ratio of the Shannon-Weiner index
for the total number species and is equal to one whan at]
Species are found in equal abundance {Pielou 1975). An
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indices were calculated for each station every month,
then averaged over months 1o look at spatial trends or
averaged over stations to look at seascnal trends.
Because these indices are based on traw! samples and
do not represent the entire estuarine fish community
values are low. Studies of trawl caught fishin other areas
report values in the same range as this study (0-3). (See
Thompson and Verret 1980 for a discussion). We believe
these samples represent the basic aspects of the demer-
sal fish community structure in these estuaries.

RESULTS AND DISCUSSION
Species that use Loulslana Estuaries

A total of 208 species in 69 families have been
recorded from these estuaries (Table 2}, but 7-10 spe-
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cies dominate the community and constitute between 50-
98% ot the total caich (Table 3). This dominance by afew
groups is also shown in that of the 69 families 9 {13%)
contribute 84 species {40.4%). The dominant families in
these estuaries and the number of species they contrib-
ute are: Scianidae (14 species), Centrarchidae (14)
Carangidae (12), Gobikdae (10), Cyprinodontidae (8)
Clupeidae (7), Ictaluridae (7), Cyprinidae (), Bothidas
(6). Absolute ranking as first or second varies from year
1o year, but the top four or five species (Anchoa mitchill
. - . . '
Mmmnmmaa_ undulatys. Cynoscion arenarius,
%gmﬂm patronus, and Arius felis) are estuarine-ma-
orms common 10 most Lovisiana estuaries. Differ-
ences in salinity regime are usually reflected in the
Species ranked 5-10. The freshwater nature of the
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Aichafaiaya Bay delta Is reflected by the presance of
lctalurys furcatus in the top ten, while the more saline
nature of Barataria Bay system is shown by the presence
of Polydactylys octonemus and Anchoa hepsetys inthe
top ten. The ecological affinity distribution based on the
total number of species that occur in the estuary reflects
this same pattern (Table 1). Barataria Bay, which is the
most saline system, has 46 unique marine species. Lake
Pontchartrain is intermediate in salinity regime and has
fewer marine species than Barataria Bay, and the
Atchatalaya Bay delta has the highest number of fresh-
water forms (Table 1),

The estuaries of the Mississippi River deltaic plain
have been influenced by the presence of large amounts
of freshwater throughout their development, and have
vast expanses of brackish and fresh marsh, as well as
saftmarsh. It should not be surprising, given their evolu-
tionary history, that many species are successful in a
wide salinity range. The deftaic piain probably has local
stocks or populations of fish species that are specially
adapted to exist in these low salinity regimes. The result
of this adaptation is a fish fauna with some unusual
characteristics. One aspect of the deltaic plain fish fauna
that differs from many of the more classicat estuaries is
the component ot almost resident freshwater forms.
Three of the major iamilies (Centrarchidae. Ictaluridae
and the Cyprinidae) are generally considered to be

freshwater families. For example in Lake Ponichartrain,
bass and sunfishes (family Centrarchidae) are com-
monly found in the shallow protected areas of the entire
system. In Lake Pontchartrain and the Atchatalaya Bay
detta some even spawn. Another important ditference is
the presence of many estuarine-marine forms in com-
pletaly freshwater. Larvas of Brevoortia patropus, gulf
menhaden, are commonly found In fresh marshes: our
studies have found this species in the Alchafalaya Bay
delta and upsiream in the river. The occumence of
freshwater forms in saline regions and estuarine-marine
forms in freshwater regions has resuited in some inter-
esting ancd unusual species combinations in our
samples. For example, Notropis blenniug, a frashwater
minnow, was taken along with a huge schoot of
Brevoodia patropus, the gulf menhaden. Thefreshwater
drum, Aplodinotus grunnians, is a common member of
the family Sciaenidae, and often occurs with other estu-
aring-marine drums such as Sciaenops oceilatus,
Cynoscion arenariys. Numerous other éxamples couid

Spatial and Temporai Patierns of
Community Structure

Species diversity varies with space and time and
very few species are found during the entire year or
throughout the entire estuary at any one time. The
nekion community of these estuaries shows complex
ecological properties with recognizable patterns of spe-
cies composition and abundance and resource partition-
ing. In this section we will first discuss locations of

particular importance and then temporal sequences of
use.

Spatial Patterns of Community Structure. The
tish community structure of Louisiana estuaries is domi-
nated by estuarine marine species that use these areas
as nursery grounds. The percentage of estuarine-ma-
rine species captured in an average sample is high,
ranging from a low of 35% in the Atchafalaya Bay dalta
region to a high of 72% in Lake Pontchartrain {Fig. 6.
Resident species, the astuarine forms, are a very small
part of the total number of species (Table 1). Of the 208
species recorded fromthese estuarias only 23{11%0 are
estuarine forms, predominantly of the Cyprinodontidae
and Gobiidae famities. Joseph (1373) characterized
nursery areas as places that 1) are physiologically suit-
able in terms of physical and chemical features, 2)
provide some degree of protection from predators and 3)
provide an abundant food supply. Marsh tidal creeks
have higher biomass catches (Day et al. 1982). Smalter
average size, and higher species richness (Wagner
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1973, Chambers 1980, Thompson and Verret 1980,
Milter and Guillory 1981) than adjacent openwater areas
indicating the importance of these areas as nursery
grounds. Migration 1o these nursery areas is ensargeti-
cally demanding. However, these areas apparently
provide enough predator protection and food to compan-
sate for the expense. Tidal creeks are characterized by
high turbidity lavefs which may provide protection from
predators because predation on fish is essantially de-
pendent on sight for capture success (Nikolsky 1963,
Hyatt 1979). Qur studies have shown few lamge piscivo-
rous fish in these areas relative to abundance of larval
and juvenile fish. Rapid exploitation of a temporarily
abundant food supply has been hypothesized as a major
determinant in the evolution of migratory pattarn
(Nikolsky 1963, Cushing 1975, Northcoate 1978). Food
iteams, such as nematodes, amphipods and other
meiofauna, often have their highest densities in these
areas (Sikera and Sikora 1982b, Philomena 1983) and,
in general, the migration of larval or post-larval forms of
estuarine-marine species into the estuarine system is
timed to occur just before peak abundance of food
supplies (Fig. 7). Many Louisiana estuarine-marine
species enter estuarine areas in late winter or early
spring just prior to the peak standing crop of food items.
For example B. patronus reach their shallow marsh
teeding areas in early spring at the beginning of the
growing season when water temperatures and plankton
populations are increasing and other conditions for rapid
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growth and survival are better. Even though food availa-
bility is high, because of ihe unpredictability of food
resource composition, it would not be advamageous_ior
estuarine spscies to reduce compelition by pemmmg
specialized in food type. Competition has ad;u_sted the
migration timing of closely related species within these
areas and the immigration and peak occumence Se-
quence seems to make exploitation of food sources
optimal by reducing direct competition. Peak ococurence
time varies among estuaries, but in general, within tlha
major groups {i.e., drums, flatfishes) where feeding
habits are most simitar, peak occurrence of species do
not greatly overlap (Fig. 8). Using the occurrence of
species in the Alchafalaya dehas as an example, L.
xanthurus and M. undulatus both use shallow areas as
nursery areas and have similar diets (Levine 1980), but
the peak abundance of L. xanthurys is in early spring,
while M. undulats has two peaks; a much larger fall-
early winter peak and a second smalier peak in the
spring. Migration out of these areas is usualiy size
related, with the larger individuals leaving first (Herke
1977). Exhaustion of food supplies would occur if they
did not disperse and emigration of the larger individuals,
which are less susceptible to predation, leaves the marsh
areas as a nursery for the smaller juveniles.
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Another region of particular irmportance to fish com-
munity structure is the mid-salinity zone of the estuary.
Averagad over the year the number of species in a
sample (T), and species richness {D} and species diver-
sity {H) generally have a peak in the mid-salinity zone
(Fig. 8). The annual average mid-salinity zone repre-
sents an ‘interface zone’ whara all four acological affinity
groups occur at different times of the year. Tha occur-
rance of freshwater forms is negatively correlated {2 = -

46, p < 0.001} with salinity, and these forms occur in the
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‘interface zone' during the iow salinity period of the year
{Jan.-Aprif). The occurrence of marine forms inpositively
correlated (r? = .66, p < 0.001) with salinity and they are

present in this area during the summer and early fail
during high salinity incursions. The use ofthese areasby
estuarine-marine forms is nol signiticantly correlated
with salinity, but is related to individual species life history
patterns. During their stay in the estuary estuarine-
marine forms are broadly distributed within the estuaries
occupying ditferent areas at different times of the year.
The location within the estuary of this ‘interface zone’
varies between estuaries andis dependent onthe factors
which control the salinity. The high inflow of Aiver waters
pushes the ‘inlterface zone' for the Fourleague Bay sys-
tem near the opening to the Gulf. The equivalent zone in
Barataria Bay, which has rainfall as its only freshwater
input, is further inland at about the geographic middle of
the estuary. Lake Pontchartrain, which is intermediate in
frashwater inflow, has the equivalent ‘interface zone'
closer to the opening to the gulf, about a third of ihe way
into the estuary. Salinity in the Atchafalaya delta is
maintained at near zeroc levels by river discharge result-
ing in a basically freshwater estuary. The Atchafalaya
and Lake Pontchartrain systems, which remain tresh for
longer in the spring, also have high values for total
number of species and species richness in low salinity
areas. Thig high value Inthe iow salinity zone is attributed
1o the co-occurrence of freshwater and estuarine-marine
forms for a longer period of time in these systems
because of the extended freshwater period.

The distribution of the number of individuais per
square meter (N) showed no trend with salinity. This was
attributed to the admixture of adults and juveniles at
different times of the year in the different salinity zones
which results in a fairly even distribution of number of
individuals.

Temporal Patterns of Community Structure. The
average values of species per sample (T}, number of
individuals per square meter (N), species diversity (H),
and species richness (D} are differant among the estuar-
ies, but in all cases did not change significantly over the
coarse of the year (Fig. 10) because the migration
pattemns of the fish rasuft in ‘species compensation’ or
sequential replacement of one species by another.
Seasonally four major migrations (Fig. 5) occur among
the fishes of Louisiana's estuaries:

1} an early spring inshore feeding migration of post
larval estuarine-marine species using the area as a
nursery ground. These species tend to enterthe estuary
as larvae in winter and early spring (Jan.-Mar.), spend
the summer months in shallow marsh areas and move
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back into the open bay on their way to the Gulf in the fall
{Sept.-Nov.).

2) a mid surmmer to earty fall inshore migration by
juveniles and sub-adults of marine species and sub-
adults of some estuarine-marine species.

3) a late fall offshore overwintering migration by
juveniles of estuarine-marine species. A combination of
physiological readiness and changes in day length and
temperature is probably important in initiating the off-
ghere migration of figh in the estuary.

4) alate fall early spring downstream migration of
freshwater forms into the upper reaches of the estuary.

Seasonal extension of the freshwater community
into low salinity areas often coincides with the otfshora
emigration of juvenile estuarine-marine forms in the fall.
The reverse upriver movement of certain freshwater
torms and inshora movement of estuarine-marine forms
oceurs in the spring.

The migration pattemn is similar in all of the estuaries
but the timing and the extent of mixing of the ditferent
forms ditfers among estuaries because of salinity regime
(Fig. 11). The fish population of Atchafalaya Bay delta
system is dominated by the estuarine-marine forms
which move into the shallow areas of this system for
nursery grounds, and by freshwater adults and juvenile
which use this area as a feeding and nursery ground.
Because this system is fresh year round these forms co-
occur for a long time, with maximum overiap occurring in
the late spring after peak river discharge. Marine forms
which usually cannot tolerate freshwater, only occasion-
ally wander into the delta in late summer with low salinity
waters. The fish population of Fourleague Bay is also
dominated by estuarine-marine forms, but has strong
representation by both marine and freshwater forms.
Theseforms are well represented in this estuary because
of the large variation in salinity gradient caused by
seasonal changes in river discharge. Freshwater forms
use the upper end of the estuary during peak discharge.
Marine forms enter the lower portion of the estuary during
high salinity periods in late summer and fall. Barataria
Bay, which is a more saline system, has predominantty
estuaring-marsine and marine forms, with a regular but
small number of freshwater jorms which occur in the
winter, Lake Pontchartrain is almost completely estuar-
ine-marine species, bul has a freshwater component
which is smallin number of species, but often represents
a large number of individuals.
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The Role of Fish In Energy and Nutrient Flow

Estuarine fish, as secondary consumers, can be
important in energy and nutrient flow in several ways.
Secondary consumers can be stores of nutrients and
energy; they can control rates and magnitudes of energy
flow through grazing of food sources, and they can,
because of their migratory nature, move energy and
nutrients across ecosystem boundaries (Yanez-Aran-
chia and Nugent 1977, Kitchell et al. 1979). One of the
first steps indetermining the importance of an organism’s
roie inthe ecosystemiis the study of food habits because
diet selection determines the actual paths of energy flow
and nutrient cycling {Ellis et al. 1876). This section first
presents an overview of the relationship of fish 1o the food
web of a Louisiana estuary, discusses the energy costs
of production and metabolism and then considers evi-
dence for functional roles in energy and nutrient flux.
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¥ groups. Horizantal axis represens the lengrh of Lhe 1y
fresh. this is from fresh 1o marine. The widih of the arrows
affinky group. Degree of spatial use of the eRuary is indicated hy
of ro-occurence of differens Kvoupt can be interred from
affinity group are limed inside 1he box.

Nektonlc Food Webs. Many taxa appear in fish
stomaches with considerable spatial and temporal vari-
ation (Darnell 1958, 1961, Fontenot and Rogillic 1970,
Rogillio 1975, Levine 1980). Leving (1980) has shown
most species exhibit spatial variation in prey items se-
lected. For example, he analyzed the prey items of
similar sized M. yndulatys from three habitat types within
Lake Pontchartrain {Fig. 12} and tound variations in prey
selection that were correlated with available prey. Inthe
open lake stations where bivatves and mysids were
dominant members of the benthiccommunity these were
an important component of the food. These two food
ftems were fed upon by about 50% of all croakers
examined and constituted 58% of the total food items. In
the river mouth stations bivalves were a small portion of
the diet (5.5%) and were fed upon by less than 10% of the
croaker analyzed. Inthese areas bivaives were replaced
as an important food source by insect larvae; chi-




Fig. 12 Spatial varistion in the ferding habus umilar sired

ronomids and hemiptera fogether were 80% of the total
feod. In the pass stations mysids and amphipods were
the two most frequently taken prey, 30 and 23% while
bivalvia represented the thire most frequently taken prey
{17%). In most fish, feeding selection often also shows
progressive changes with growth {ontogenetic changes)
which often involves successive Specialization upon
widely different food taxa, often changing from an omniv.
orous mid-level teeder to a more specialized higher leve|
carnivore {Levine 1980, Damnell 1961). This is exempli-
fied by M. undulatys (Fig. 13). At small sizes {<56-75

mm) croaker feed primarily on amphipods and cope-
Pods.  As the croaker grow they increasingly feed on
more motite organisms such as crabs and fishes. How-
ever even the largest size studied (>151 mm) was not
dependent on these food tems alone. The use of a wide
variety of taxa as food and shitts in feeding sefection with
growth are characteristics of many species in Louisiana
estuaries, espacially the forms which dominate the
community (Fig. 14). Anchoa mitchilli and B. patronus,
the dominant planktivores in these estuaries, both use
four of the seven major food types outtined by Darnell
(1961). B. patronys in particular shows a distinct change

in feeding between larvae-postlarvae and juvenile-aduft,
changing from predominantly a zooplankton feeder to 3
detritus feeder, but still feeds on the same four food
types. Arius felis, the dominant cattish, feeds predomi-
nantly on benthic organisms, and takes a greater propor-
tion of larger pray in the adult form. The fish present in
greatest abundance in these systems are omnivorous
opportunistic feeders suggesting diet breadth is a critical
factor controtling the abundance of a species and that
delineation of distinct trophic levels in these fish is not
possible {Damell 1961, Levine 1980). This supports
Mamgalef's (1968) view of fesding behavior in relation to
resource avaitability and fits the expecied feeding behav-
ior of organisms in unpredictable environments charac-
terized by high abiotic stress. Feeding behavior is a
species characteristic which is formulated during its
evelution (Margalet 1968, Eliis et al. 1978). Margalef
{1968) predicts the more variable the feeding conditions
of the species during its evolution the greater the variety
of foods eaten and that selection for a particuiar teeding
habit should be strong during critical periods in the fishes
lite history. Healy (1982} has suggested that the range of
teeding specificity in salmon is inversely related to the
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degree of estuarine dependance. The selection for
omnivorous feeding in fishes dependent on the estuary
for a nursery ground is a result of the unpredictability of
food resources which vary considerably both temporally
(yearto year) as well as spatially (with salinity) within the
estuary (Sikora and Sikora 1982b, Barrett et al. 1978).
Wide variations in salinity and food supplies during the
development of different deita complexes may have
been a contribution tactor to the evaluation of omnivory
in defaic plain fishes. Aithough many fish use a variety
otfood sources, most ofthe énergy is transferred through
Studies on the major food

train, reveal a basig dependance on detritus and phyto-
plgnkton as food sources through two major pathways
(Fig. 15): (1) through small benthic meiotauna {cope-
pods, polychaetes, Crustacea, nematodes and others),
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1o stnail bottom dwelling fish (catfish, young drums and
flatfish) 1o large predators and (2) through pelagic
copepods, decapods, and mysids, to small fishes
(Anchoa, Brevoortia, young drums) to large predators.
These two trophic pathways are not murtually exclusive,
Many fish species, such as A mitchilli, M. updulatys. and
| turgatys eat prey items from both pathways and A,
itchilli is also a major food source in the pelagic path-
way. The importance of the benthic pathway in linking
fishes to productivity is thought to have been previously
underestimated partially because of the difficulties asso-
ciated with estimating food items (Sikora and Sikora
1982a), but also because somefishes classically consid-
ered 10 be planktivores are now known to consume
benthic animais. Levine {1980) reported that many of the
copepods consumed by pelagic estuarine fish were
harpactinods, indicating a previously unsuspected link
between the pelagic and benthic systems. Research in
the Maniamo estuary on the relationship between pri-
mary production and juvenile salmon production led to a
simiiar conclusion {Sibert et al. 1978, Naiman and Sibent
1979).

‘Energy Costs of Production and Metabolism,
There are not many studies of fish production in
Louisiana’s estuaries but they (Wagner 1973, Hinches
1977) indicate tish productivity is high. Average values
for annual productivity (sum of average daily biomass x
growth rate) for two of the dominant species, B. patronus
and M. undulatys, were estimated at 13 and 23 g wet
weight/m?/year respectively (Table 4). Because these
estimates are based on averages for all estuaries and
fish are not evenly distributed within the estuary preduc-
tionin preferred habitats may be higher. Hinchee (1977)
reported an annual production for 8. patronus in shaliow
marsh creeks of 14 gwet weightm?/year during their 3.5
month stay in this area. These estimates for annual
productivity are higher than estimates for other fish in
other ecosystems (Gerking 1978, Jorgenson 1979), but
on the same order as has been estimated for other
species in estuaries (Meredith and Lotrich 1979, Valiela
etal. 1977, Warburton 1979). Because of the life history
patierns of these fish and the nature of the estuarine
system high fish productivity should not be surprising.
Several worker (Allen 1851, Mathews 1971, Meredith
and Lotrich 1979) have shown the young-of-the-year to
be the most productive yearclass for agivenfish species,
accounting for up to 78% of the total production. This is
due primarily to the high growth rate characteristic of
younger year classes. Robertson (1979) has shown that
production/biomass ratios are negatively related to the
total life expectancy of the organism. Warburton {1979)
also found the highest production/biomass ratios in fish
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with early maturation and short life cycles. Thisintu itively
makes sense as an organismthat compietes its lifesparn
inone year has to complete more physiological functions
in a shorter time span than an organism that fives 10
years ormore (Mann 1982). The life expectancy of some
ofthe mostdominant species in Louisiana’s esluaries are
fairly short. M. undulatus has a typical life expectancy of
2years (White and Chittenden 1981) as does i
arenanus (Schiossman and Chittenden 1981) and B.
Ratronus (Nicholson and Schaaf 1978). Based on size
ciass information (Verret 1980), A. mitchill may live only
one year. Obviously total ife expectancy is not the only
detenminart of productionvbiomass ratios. Nekton pro-
ductivity is aiso dependent on such faclors as food
availability, predation and competition all of which we
have shown previously to favor high fish productivity
particularly in nursery areas. These faclors combined
with the life history characteristics of estuarine fish result
in high fish productivity.

Food requirements for metabolism were 210 4 times
greater than the food requirements for production {Table
4}. Annual metabolism (M) per day was estimated from
average weight {w)} using the relationship Maa‘w
(exp(0 8)) {Palcheimo and Dickie 1966, Warren and
Davis 1966, Gerking 1978, Brett and Groves 1973) and
summed over the average length of stay {days) in the
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estuary. Annual metabolism for B. patronus and M.
undulatus was estimated a1 27 ang 81 gwetwt./sqmeter/
year (Table4). Bacause oftheir small size and numerical
abundance energy flow through these populations is
high. This support Margalef's (1968} prediction that the
rate of enemy fiow through secondary consumers in

unpredictable and physically stressed ecosysterns
should be high. d Y

Total ration, or food requirement, can be estimated
from the following equation: Ration=1 25(Productivity +
Total metabolism) (Gerking 1978). The average food
requirements of B. patronus and M. undulatug were
estimated at 51 and 131 g wet weighvm?ryear respec-
tively or about 8 and 20 g C/m?year (Table 4). Because
fishabundance varies greatly overthe course of the year,
an estimate of peak ration was calculated as outlined
above based on peak densities and average weight of
individuai fish at that time. Peak ration was estimated at
17 and 12 g wet weightm?/week (2 and 1 g C/m?week)
for B. patronys and M. undulatys raspactively,

Functional Roles In Energy and Nutrient Flux.
The next section prasents evidenca for three functional
roles of fish: 1) regulation of prey species by predation,
2) transport of nutrients across ecosystem boundaries,
and 3} energy and nutrient storage.

Comparison of the average food requirements of B.
patronus and M. undulatus to production rates of food
sources indicates they could be cropping a substantial
portion of the benthic and pelagic secondary produciion,
and at peak fish abundance standing crop of prey organ-
iSm may limit production. Benthic macrofauna productiv-
ity has been estimated at between 0 to 240 g C/m?/year,
depending on location within the astuary, with an
average of about 100 g C/mPlyear for the mid-salinity
range (Philomena 1983). This represents an average
production rate of between 0-5 g C/m2awesk. The com-

bined food requirement of M. undulatus and B. patronus
was estimated at 28 g C/m?week which represents
about 28% of the average benthic production. At peak
fish densities tood requirements (3 g C/m?/week) exceed
the average benthic production rate (2 g C/m2aweek) and
are about 60% of the maximum average production rate
(5 g C/mPweek). While these estimates of weekly
benthic production rates are conservative this compari-
son indicateg fish are probably cropping a substantial
portion of the benthic production, especially during peri-
ods of peak abundance. Zooplankton production has
been estimated at between 16 and 104 g wet weight/m
yearor approximately 2-13 g C/mPiyear (Day et al. 1973,

Stone and Deegan 1980). Basad on these estimates
pelagic zooplankion apparently provide only a small
proportion of the 10od requirements of fish. Damell
(1964) suggested that fish utilize detritus directly but
current evidence Suggests the microbial populations
which colonize the detrifal partticies may be the achual
food. Unfortunately a definitive answer to this question
does not exist but it seems likly that fish are using either
the detritus or the bacteria because at peak fish con-
sumption rates the standing crop benthic and planitonic
organisms probably kmits fish production. During peri-
ods of peak fish abundance the standing crop, not the
annual productivity, of food organisms may limit fish
production because the fish can eat the organisms faster
than they can reproduce leading to deplation of the loca)
food supply. This has been suggested as an explanation
for some of the spatialvariationinfood habits of some fish
in Lake Pontchartrain (Levine 1980).

There is also experimental and field evidence which
indicates fish are influencing the structure of prey com-
munities in these estuaries. Experiments excluding
predators from benthic areas in other systems have
shown large increases in the numbers and biomass of
benthos supporting the concept that fish cropping is
important in determining benthic community structure
and biomass in estuaries (Vimstein 1977, 1978, Peter-
son 1979). In sirmniiar exclusion/inclusion experiments in
a Louisiana marsh Fitzhugh (1 882) observed decreases
in harpacticod copepods in inclusion cages, and an
increase in potychaete numerical abundance and spe-
cies present in the exclusion cages, indicating that
gobies were irnportant in regulating benthic populations.
Indirect evidence indicates fish are contrelling benthic
Popuiations in the open waters of Louisiana's estuaries
as well. The ‘peaks and valleys’ of meiofauna and
macrofauna abundances in open water areas closely
correlate with the migrations of certain predatory nekion
species (Skora and Sikora 1982b}. Evidence forgrazing
control In the pelagic system is less obvious. Both of the
dominant forms of pelagic feeders, Anchoa mitchitl and
B. patronus, are either active or passive selective plank-
ton feeders (Levine 1980, Durbin and Durhin 1975) and
covld affect the size spectra of zooplankton by selectively
cropping the larger size classes. Selective feeding has
been shown to atter the size spectrum of zooplankton
Populations in some freshwater lake systems (Brooks
gnd Dedson 1965, Sprules 1972). This could have
important in'pﬁcaﬁons for nutrient regeneration rates
because these rates generally increase as size de-
creases (Kitchel} ey 5. 1979). Other effects ot flish onihe
struclure of prey communities remains a litle studied
aspect of the 2Cology of Louisiana’'s estuarine fish,
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The feeding of young fish on detritus dependent
fauna forms a transport mechanism for the movement of
energy produced in the marsh to offshore (Yanez-Aran-
cibia and Nugent 1977, Weinstein et al. 1980, Sikora and
Sikora 1982a, Hughes and Sherr 1983). Several workers
(Richey et al. 1975, Durbin and Durbin 1975) have shown
that fish transpon significant quantities of nutrients in
other systems and there is indirect evidence to indicate
this may occur in Louisiana estuaries. Estuarine-marine
forms increase their individual biomass up to 2000 times
during their stay In the estuary (Wagner 1973, Hinches
1877). The predominance of estuarine-marine forms in
the top ten species based on numerical abundance
(Tabie 3), combined with phenomenal growth rates dur-
ing the estuarine portion of their lives (Table 4), indicate
tish could be transporting energy and nutrients to the
oftshore area. Other indirect evidence which supports
this concept is the work of Moore et al. {1970) who found
the highest caich of estuarine-marine forms in the Quit
directly offshore trom the dettaic plain region indicating
that large numbers of estuarine-marine forms cross the
ecosysiem boundary to the offshore guif region. This
area has been called the fertile fisheries crescent’,
{Gunter 1967) because B. patropus, a pelagic estuarine-
marine form, supports the fargest commercial catch (in
numbers and weight) in the United States (NMFS 1981 ).
These commercial landings are derived primarily from
age classes of estuarine-marine species which have
recently left the estuary (Nicholson and Schaaf 1978).

Recently investigators have hypothesized that fish
may influence phosphorus dynamics of freshwater Sys-
tems by storing phosphorus in their bones and releasing
phosphoerus after death (Durbin et al. 1979). Storage of
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phosphorus in the bones of fish may be important in
freshwater sysiems which are usually deficient in the
nutrient, but comparison of nitrogen and phosphorus
stored in fish biomass to other nutrient pools (Table 5) in
estuaries suggest that nutrient storage is not an impor-
tant tunction of estuarine fish. The dominant nutrient
storage pool in Louisiana estuaries is the soil which has
been formed by deposition of peat by saltmarsh plants
(Tabie 5). However, most of the nutrients and enargy in
peat are unavallable 1o the ecosystem because peat
forms the structural base of the marsh. It is possible figh
may be an important storage of available energy and
hutrients and may serve a short term storage function.
However, nitrogen and phosphorus in fish tissus is about
the same as zooplankton and an order of magnitude
lower than nutrients available in the water column, sug-
gesting that fish are not important as short term storage

poois.

Differences In Fish Communities among Delta
Systems

The cycles of delta growth and decay have been
Proposed to control the diversity and production of plants
and animals within the systems {Fig. 3). it has been
suggestedthat biological productivity and diversity tollow
the same pattern as the physiography of the delta lobes,
with peaks occurring immediately after abandonment
during the Initial stages of deterioration {Gagliano and
Van Beek 1975). According to this hypothesis both the
Alchafalaya Bay defta and the Lake Pontchartrain sys-
tems should have low productivity and diversity (Fig. 3),
but for different reasons: the Atchatalaya detta because
it is a new emerging system, and Lake Pontchartrain
because it is the oldest, most deteriorated system,
Barataria Bay and Fourleague Bay should have higher
values, with Barataria Bay higher than Fourleague Bay
because of their respective positions within the delta
cycle {Fig. 3). We wili first discuss differences in produc-
fivity an then diversity.

Ditferences in standing stock (number of individuals
per m?, Table 6) are significant (F = 11.59, p < .0001) and

suggest fish productivity is related to characteristics of
the ecosysten which change with position in the delta
cycle. The lowest values areinthe Atchafalaya Bay delta
area and Lake Pontchartrain and the highest values are
in Barataria Bay, followed by Fourleague Bay. It is
suggested that peak fish production occurs later in the
delta cycie because of the role of detritus in supporting
the food web of these systems. It is characteristic of
estuarine ecosystems to build detritus as an alternative
to direct consumption of primary production {Odum
1972). This results in a modulated transfer of enemy to
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the upper trophic levels and damps oscillations caused
by variation in primary production {Reichis 1975). Be-
cause primary production is not directly linkedto the food
web but passes through a detrital storage phase there is
a time lag between primary and secondary production
peaks. Areas inthe early stages of the dekta cycla will not
have built up a sufficient detrital base to suppon the
aquatic system. The fish production potential of these
estuaries is probably related to not only the detritus
preducing capacity of the estuary but aiso the detritus
availability of these areas. Systems inthe initiat stages
of deterioration still have vast arsas of uninterrupted
marsh to produce detritus, but this detritus is essentially
unavallable to aquatic organisms. As deterioration pro-
ceeds small water bodies and sinuous streams are
developed which trap and hold detritus and make this
organic carbon source availabie to the aquatic system.
Fish access detritai production through the use of these
shaliow water arsas as a nursery and feeding habitat.
Detrital availability probably decreases rapidly at the end
of the defta cycle because, as the system deteriorates,
the primary production base to replenish the detritus is
gone and the system is more open and exposed 1o the
flushing actions of storms and wind. Thus, fish produc-
tion should be highest in systems which have an appro-
priate mix of marsh areato produce detritus and streams
and bayous to trap detritus and provide fish agcess to the
stored organic base. Average standing crop does seem
to be related to the ratio of open water to wetland, with
peak standing crop at intermediate values of water to
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welland rations (Fig. 16). Cavit {1981) also found that
catches of menhaden off a particular hydrologic unit
increased with the product of total marsh acreage fo
intermediate marsh area and with the proportion of total
marsh to lotal water surface area. However different
spacies adapt to different portions of the estuarine sys-
tem and Tumer (1977), in a similar study, found commer-
dal penaeid shrimp yields are directly related to the area
of intertidal vegetation, not 1o the ratio of water to wet-
lands. We are stilt far from understanding the complete
naixofphysbgrapmcfactorswmchconmmnm
these systems 8o productive for fish, but the importance
of the wetlands seems clear.

While there is some evidence o indicate that habitat
divarsity is comelated with age of the deita lobe (Gagiiano
and Van Beek 1975) ichthyofaunal diversity apparently
does not foliow the simple curve suggested by Gagliano
and Van Beek {1975). Analysis of variance indicated
significant differences in average number of species per
sample (F = 33.36, p < 0.001, H (F = 5.89, p< 0.009), D
(F=29.96,p < 0.001) and J (F= 9.79,p<0.001) among
the estuaries, however nekton diversity is highest in the
Alchafalaya Bay delta and Fourleague Bay systems,
lowest in Barataria Bay, and has an intermediate value in
Lake Pontchartrain (Table 5). Fish species diversity is
influenced not only by the factors which control the
growth anddecay of the delta systems, but also responds
fo the immediate environment created by physical fac-
tors. Differences in diversity among these estuaries is
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Fig. 16. Average standing stock (number of individuals
Per square meter) versus approximate open water 1o
wetland area ratio. Verlical bars are standard error.
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related to the relative ability of the ecological affinity
groups to use these areas. Diversity is highest inthe two
areas (Alchafalaya Bay delta and Fourleague Bay) which
have the highest average number of species per sample
(7.6 and 12.89 respectively) and the most even distribu-
tion of species among the ecological affinity types (Fig.
6). Barataria Bay has a low diversity because of the
overwhelming numerical abundance of the estuarine-
marine forms inthe samples as indicated by the iow vaiue
for species evenness (J). The interplay of low numerical
abundance and number of species per sample gives
Lake Pontcharrain a fish community of intermediate
diversity compared 1o the other estuarigs in the deltaic
plain.

CONCLUSIONS

Estuaries are ecosystemns generally considered to
be characterized by high stress caused by fluctuations in
the abiotic environment (primarily temperature and salin-
ity). Predictions about ecosystem function suggest ar-
eas such as these should be dominated by fish species
with high potential rates of increase, high turnovers and
short lite spans. Energy flow through these species
should be high and they should be fiexible in their basic
requirements to survive fluctuations. Evidence pre-
sented in this chapter indicates these are attributes of
Louisiana estuarine fish populations. Fish in Louisiana's
estuaries have three characteristics, short life expectan-
cies, predominance of the young of the year, and high
growth rates, which combine to make production and
energy flow through the population high. Generalized
characteristics of feeding relationships are: 1) flexibility
of feeding habits in space and time; 2) omnivory; 3)
sharing a common pool of food resources among spe-
cies: 4) ontogenetic change in diet with rapid growth; and
5} short food chains based on detritus-algal feeders.
Evidence is also presented to show that Louisiana's
estuarine tishes control the structure of some prey
communities through grazing, and could possibly be
important in transponting nutrients across the ecosystem
boundary, but they are most probably not significant
nutrient storage pools.

Fish production and community structure respond to
the cyclic changes in the environment caused by delta
formation and decay. The most diverse and productive
system is the marsh region where the ratic of water to
wetland area is intermediate in value. These areas are
characterized by high fish production because the large
marsh areas are highly dissected by creeks and bayous
which allow fish access to detrital production and serve
as nursery habits.
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ESTUARINE FRONTS AS EPHEMERAL NURSERY ZONES
FOR ICHTHYOPLANKTON: A PILOT STUDY

R.F. Shaw and R.C. Raynie

INTRODUCTION

It is genarally recognized that density tronts or dis-
continuities and riverine/estuarine discharge plumes are
important sites for energy transfar and intense biological
activity with potentially large phytoplankton and zo-
oplankton standing stocks (Simpson and Hunter 1974,
Bowman and Esaias 1978, PROBES 1980, Holligan
1981, Incze and Yentsch 1981, Parson et al. 1983), The
timing and spatial occurrence of fish spawning tends to
take advantage of pericds and areas of high productivity
{Crisp 1854, Cushing 1967); spacial predator-prey rela-
tionships (Frank and Leggett 1982); and oceanographic
features and conditions, which not only atfect the distri-
bution and concentration of tish eggs, larvae and their
food, but also their transport, survivorship and ultimate
yearclass success (see Norcross and Shaw 1984 for
review). Recruitment may be enhanced by “safe sites”
(Frank and Leggett 1382) In which physical processes
usually insure that biological conditions are stable and
tavorable for survival (Lasker 1975, 1981). Reproductive
success for some species depends upon a “‘match or
mismatch” (Cushing 1972) of the most influential physi-
cal and biolegical factors (Townsend 1983).

Fish with pelagic eggs often reproduce in gyres and
fronts (Loeb 1980, Frank and Leggett 1983) thus making
areas of upwellings, fronts, and boundary currents
among the most productive for fisheries {Garrod and
Knights 1979, Mills and Foumier 1979, Bakum and
Parrish 1982, Atkinson and Targett 1983). Larval fish
aggregations are common in areas of concentrated nu-
trients and chiorophyll found in oceanic fronts (Hamann
etal 1981) and piumes, i.e., Columbia River (Richardson
1981) and Mississippi Delta {Govoni et al. 1983, Criner
and Hoss 1983). Therefore, any processes of mecha-

nisms responsible for smail-scale elevated gradients or
patches of microcopapod forage relavant to larval fish
searching behavior are crucial for survival.

The significance of physical stratificaton and
boundaries caused by the large riverine/estuaring inputs
of fresh water are greatest in the Atchafalaya Defta/
Fourleague Bay system during late winter 1o earty sum-
mer when river discharge is maximum. Conversely, the
significance of nutrient inputs to the estuarine/coastal
system is probably greatest when the coastaloceanic
waters for inner shelf-estuarine exchange are typically
stratified and surtace layers are oligotrophic. It is impor-
tant to note that these exchange processes are multi-
directional. The original source or direction of new
nutrients entering the Atchafaiaya Detta/Fourleague Bay
area is from the river (Madden 1986), although in such a
dynamic, shallow-water system (van Heerden 1983)
settled nutrients/materials are frequently moved, re-
settled, resuspended or remineraiized (Teague 1983).
The exireme shallowness of the system increases the
efficiency of the sediment charging-liberation cycle and
tightens the coupling between sediments and surface
waters. The resulting nutrient recycling illustrates the
importance of exchanges in the vertical or benthos-to-
water column direction in shallow-water systems. A thirg
axis of exchange is the route of biotic immigration,
whereby this rich estuarine environment is inoculated
with the planktonic early fife history stages of inner sheif
or coastal spawners, whose offspring use the estuary as
anursery ground, !t is the larval tish component of this
group that is the focus of this research. Ot specific
interest is (1) their flux through Oyster Bayou asthey are
transpored and successiully recruited into Fourleague
Bay, (2} once recruited into the bay, how their survivor-
ship and growih is attected by the elevated estuaring

183



productivity and the presence of ephemeral astuarine
fronts, and (3} if estuarine fronts are encountered, howdo
they respond to the dynamics of the frontal interfaces
boundary.

METHODS

Our gampling design consists of ichthyoplankton
collections from three environments along the continuum
of the continental shelf-to-estuarine recruitment corridar:
{1) an offshore transect consisting ot seven statlons
starting at the mid-shelf and extending landward to the
mouth of Oyster Bayou. (2) within Oyster Bayou, the
major tidal exchange or transport/immigration route into
Fourleague Bay; and, (3) with the Bay itseli.

To date all larval fish coliections have been taken at
the surtace. The sampling year consists of a 60-cm,
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bongo-type, plankton sampler fitted with 500 micron
mesh netting and a General Oceanics flowmeter (model
no. 2030). Tow duration is 3 minutes. Towing speed is
approximately 1m/sec, except for the Qyster Bayou
collections which are made passively by fishing the nets
in the tidal stream from the side of the boat while it is
anchoredinthe channel. Tidal velocity and mixing is very
intense in Oyster Bayou and curent velocities quite often
exceed 1m/sec. During the Novernber 1987 and April
1988 cruises the mean current velocity from the 12
readings taken during sampling was 0.63 and 0.96 nv
sec, respectively. Starting on the next cruise, August
1988, we will also take near-bottom collections In Oyster
Bayou as well. Also starting In August 1988, we will
discontinue towing in Fourleague Bay and convert to
sampling with a bow-mounted pushnet {60-cm, 500
micron mash) because of the extreme shaliowness of the
Bay. Pushnets have been used effectively for sampling
larval as weli as juvenile fish, especially in shatiow waters
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Mean larval fish density, logio[{totat numbqr of larvae
1100m3) + 1], from ichthyoplankion collections taken

10-12 Novembar 1987 from Fourleague Bay (upper,
middle and lower bay), Oyster Bayou, and from a transect

from the mouth of the bayou to the mid-continental shelf
(Offshore). N = number of replicate collections; NA =
sampie not avaitable .




(Dovel 1964, Miller 1973, Kriete and Loesch 1980,
Rogers 1985, Hillman-Kitalong and Birkeland 1987,
Meador and Bulak 1987, Bryan et al., MS).

Temperative and salinity are measured du ring each
station collection with a Beckman Portable Electronic
Salinometer {model no. RS5-3). A continuously record-
ing CSTD (Sea Bird) is suspended trom the boat wile
anchored in Qyster Bayou. Weather and hydrographic
observations (e.g., wind velocity an direction, occur-
rances of coid front passages, Atchatalaya River dis-
charge, etc.) are also recorded. One replicate (or one-
half of our net collections) are field fixed in 10% butfered
formalin and latter changed to 4% in the lab. The other
half of the collections are tiek preserved in 95% ethanol,
stored in ice (to further ensure against spoilage), and
later changed over again in the iab before processing for
otolith analyses,

The offshore sampling aiong the seven station
transect consists of a single, surface tow at each station.
As mentioned previously the ichthyopiankton sampilingin
Oyster Bayou is passive and conducted over a complete
tidal and die! cycle. Three replicate surface tows (and
botiom tows starting August 1988} are taken during each
tidal-diel combination {(i.e. 6 collections for PM ficod, 6
collections AM ebb, etc.). Tidalcurrent velocity measure-
ments are taken with a Montedoro-Whitney flow meter
(Mode! No. PVM2) during each of the twelve bayou
collections.

OYSTER BAYOU
11-12 NOV. 1987
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Figure 2.

There are two sampling options/protocols in
Fourleague Bay with implementation gdependent upon
whether there is an estuarine front present or not, if a
Gonvergent zone is encountered, we will determine the
fine-scale horizontal ichthyoplankton distribution and
abundance on a transect along the axis of the Bay and
through {i.e., pefpendicular to) the observed front. The
transect will consist of five plankton stations. One station
will be in the front (just along its seaward edge) and 2
stations will be located in the upstream and downstream
(seaward) diractions with the distance between stations
determined by the salinity gradient. The transect will be
replicated af least twice if the front is long-lived. In the
absence of an estuarine front, we sampie 3 stations (the
upper, middle and lower Bay) and each station is repli-
cated 3 times.

RESULTS

To date we have had two cruises: 10-13 November
1987 and 6-9 April 1988 with the next cruise scheduled
for early August 1988 (Table 1). Presented are results
from the November cruise {Figs. 1 and 2). Preliminary
analyses suggest a density maxima in mid bay (Figure 1)
which may be associated with the observed chiorophyil
maxima. In Oyster Bayou observed densities tlosety
reflect those encountered offshore. Alsothere appeared
fo be a slight elevation in offshore densities at station 5,
where similar elevations in chlorophyll have been ob-
served in the coastal boundary layer. Sampling within
Oyster Bay over the tidal-diei cycle (the tidal pass com-
ponent of this study) revealed elevated flood densities
(regardiess of day vs night) over ebb collections suggest-
ing net transport/recruitment of ichthyopianktoninto (and
retention within) Fourleague Bay.
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A DYNAMIC SPATIAL SIMULATION MODEL OF LAND LOSS
AND MARSH SUCCESSION IN COASTAL LOUISIANA*

R. Costanza, F.H. Sklar, M.L_ White, and J.W. Day, Jr.

THE LAND LOSS PROBLEM IN
COASTAL LOUISIANA

Wetland ioss in coastal Louisiana is a cumulative
impact, the consequence of many impacts both natural
and artificial, Natural losses are Caused by subsidence,
decay of abandoned river deltas, waves, and storms,
Artiticial losses resuit from flood control practices, im-
poundment, dredging, and subsequent erosion of artifi-
cial channels. Wetland losses also occur because of
spoil disposal upon wetlands and land reclamation proj-
ects (Craig et al. 1979). Land loss has been defined “as
the substantial removal of land from its ecologic mle
under natural conditions” {Craig et al. 1979).

Losses occur in three basic ways: (1) wetlands
become open water due to natura! or artificial processes
(loss of this type may be caused by erosion, subsidence,
or dredging to torm canais, harbors, etc.); (2) wetlands
are covered by fill material and altered to terrestrial
habitat; and (3} wetiands can be who Hy or parily isolated
By spoil banks (Craig et ai. 1979). Wetland loss in
abandoned river deftas was once compensated for by
land building in the region of the active defta. Today, due
to human intervention, there is a net loss of wetlands of
102 kn? (39.4 mi3 annually in coastal Lovisiana {Gagli-
ano et al. 1981).

-_—_____'_"__"——"———————-—____,______———————-
*Costanza, R., F.H. Sklar, M.L. White, and J.W. Day, Jr.
1988. A dynamic spatial simulation model of land loss
and marsh succession in coastal Louisiana. Pages 99-
114.in W.J. Mitsch, M. Straskraba, and S.E. Jorgensen,
eéds. Wetland Modelling, Developments in Environ-
merial Modelting, 12, Eisavier, Amsterdam. Used with
permission. o __

NATURAL WETLAND LOSS

The deltaic plain is an area of dynamic geomorphic
change. Forthe past severalthousand years, tha Missis-
sippi River has followed a pattern of extending a delta
Seaward inio the gulf in one area, and, afler a few
hundred years, abandoning it graduaily in favor of a
shorter adjacent route of Steeper gradient (Morgan and
Larimore 1957). When adelta lobe is abandoned, active
fand building via sedimentation ceases and net loss of
land occurs because of erosion and subsidence. Be-
cause of levee construction, the Mississippi River has
been effectively “walled in", and prasently most of the
sediments and nutrients of the river are deposited in the
deep Guif of Mexico and are unable to contribute to the
buildup or maintenance of the coastal wetiands (Craig et
al. 1979).

The most important processes affected by lack of
sediment input are the rates of sedimentation and net
marsh accretion of both streamside and inland marsh
types (Cleveland et al. 1981). DeLaune et al. (1978)
found that marsh sites closer to natural streams were
accreting at a higher rate than Inland marsh sites {1.35
emiyr vs 0.75 cmvyr), and only streamside marsh areas
were accreting fast enough to offset the effects of subsi-
dence. Similar pattemns of accretion were noted by
Baumann (1980), who observed a mean aggradation
deficit of 0.18 cnvyr for 80 percent of the marsh in
Barataria basin. He proposed that this mechanism was
responsible for & large portion of the marsh cumently
being lost in the Barataria basin. Most of the sediments
which aliow streamside marsh to maintain itg elevation
comes from resuspended bay bottom sediments (Bau-
mann et al. 1984).
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Barrier islands along the coast are a strong defense
against marine processes and hurricanes. The tidal
passes between the islands act as the contro! valves of
the estuaries by regulating the amount of high salinity
walter, storm energy, etc., that enter the estuaries {Gagli-
ano 1973). The barrier islands of the Barataria basin are
currently eroding; Grand Isle and Grand Terre are listed
as areas of “critical erosion” by state and federal agen-
cies. Limited coastal sand supply in Louisiana has
caused one of the most serious barrier istand problems
in the country. Barrier island retreat rates are as high as
50 myyr and loss rates of 65 ha (160 acres) peryear have
been reported (Mendelssohn 1982).

HUMAN-INDUCED WETLAND LOSS

Primary human activities that contribute to wetland
loss are fiood controt, canals, spoil banks, land reclama-
tion, and highway construction. There is increasing
evidence that canals and levees are a leading factor in
wetland loss (Craig et al. 1979, Scaife et al. 1983,
Cleveland et al. 1981, Deeganetal. 1984). For gxample,
in the 14-year period between 1962-1974, 18,138 ha of
wetland in Barataria basin were drained or converted to
water, with agricuttural impoundments and oil access
canais accounting for the largest acreages (Adams et af.
1976).

Mississippl River Levees

The leveeing of the Mississippi and Alchafalaya
Rivers, along with the damming of distributaries, has
virtually eliminated riverine sediment input to most
coastal marshes. This has broken the deltaic cycle and
greatly accelerated land loss. Only in the area of the
Atchafalaya delta are sediment-laden waters fiowing into
welland areas and fand gain occurring (Raumann and
Adams 1981),

Canals

Canals intertace the wetlands of the louisiana
coastal zone. Natural channels are generaily not deep
enough for the needs of oil recovery, navigation, pipe-
lines, and drainage, so a vast network of canals has been
buitt to accommodate these needs. The construction of
canals leads to direct loss of marsh by dredging and spoil
deposition and indirect loss by changing hydrology,
sedimentation, and productivity. Canals lead to more
rapid salinity intrusion, causing the death of freshwater
vegetation {Van Sickle et al. 1976). Canal spoil banks
severely limit water exchange with wetlands, thereby
decreasing deposition of suspended sediments, The

ratio of canal to spoil area has been astimatedtobe 1to
2.5 (Craig et al. 1979}, indicating the magnitude of spoil
deposition to wetland foss.

it has been estimated that between 40-80% of the
total land loss in coastal Lovisiana can be atributed o
canal construdlion, including canal/'spoil area and cumy-
lative losses (Craig et al. 1979, Scaife et al. 1983). Inthe
Dettaic Plain of Louisiana, canals and spoil banks are
currently 8% of the marsh area compared 10 2% in 1955;
there was an increase of 14,552 ha of canals between
1955 and 1978 (Scaife et al. 1983). Barataria basin had
a 0.93%/year direct loss of marsh due to canals for the
period of 1955-1978 {Scalfe ot al. 1983). Canals indi-
rectly influence land loss rates by changing the hydro-
logic pattem of a marsh, such as by blockage of sheet
tiow, which in tum lessens marsh Productivity, quality,
and the rate of accretion. Spoil banks specifically block
the import of resuspended sediments which are impor-
tant in maintaining marsh elevation in wetands distant
from sediment sources. Intime, canals widen because of
wave action and altered hydrologic paiterns, and appar-
ently the larger the canal, the faster it widens., Annual
Increases in canal width of 2 to 14% in Barataria basin
have been documented, indicafing doubling rates of 5 1o
60 years (Craig et al. 1979).

Generally, where canal density is high, land losses
are high, and where land losses are low, canal densities
are low. The direct impacts of canais are readily meas-
urable. For example, from 1855 to 1978, canal surface
area accounted for 10% of direct fand ioss. The indirect
influgnce of canals extends far beyond this direct loss.
Craig et al. (1979) estimated the tota! direct pius indirect
loss of wetland due to canals in 34 times the inttial canal
area alone. Although total canal surface area alone may
not be a dominant factor in wetiand loss, direct and
indirect impacts of canals may account for some 65% or
more of the total wetlands loss between 1975 and 1978
{Scaife et al. 1983).

Cumulative Iimpact of Canals

The canals, when viewed on a regional basin level,
become a network ultimately resulting in higher rates of
watland loss (Craig et al. 1979), increased saltwater
intrusion (Van Sickle et al. 1976), changes in the hydrol-
ogy of the wetland system (Hopkinson and Day 1973,
1880a, 1980b), a reduction in capacity for wetlands 1o
butfer impacts of large additions of nutrients resulting in
eutrophication (Hopkinson and Day 1979, 1980a, 1980b,
Kemp and Day 1981, Craig and Day 1977), a loss in
storm buffering capacity, and a loss ot important fishery
nursery grounds (Turner 1977, Chambers 1980
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Since canais are an important factor affecting land
loss, one measure of the impact of canals is pctential
lisheries loss. An estimated $8-$17 million of fisheries
products and services are annually lost in Louisiana due
to wetland destruction (Craig et al. 1979). Commercial
fish yields are related to the area of coastal wetiands;
higher shrimp yields are associated with larger areas of
wetlands and only incidentally with water surface area or
volume (Turmer 1977). Therefore any wetland ioss
Caused by canals is detrimental to fisheries.

Suggested Solutlons

1. Canal Regulation. Canals are an important agen
in wetland atteration, affecting not only marsh loss, but
salinity intrusion and eutrophication as well. It has been
suggested that canaling be permitted onty whera there is
absolutely no other alternative and then with a mitigation
ciause ot “no nat wetland loss.” There are other manage-
menttechniques that have been suggestedto reduce the
direct impact of the canals. The least damaging con-
struction technology available could be empioyed in all
cases. Several altemnatives are available, including
directional drilling, that would reduce the number of
canals needed for oit and gas exploration, and hydro-air
cushion vehicles that would eliminata the need for canals
entirely. Mitigation schemes to compensate for the
unavoidable adverse impacts associated with human
activities have aiso been suggested. Mitigation options
which seek to achieve zero habitat loss while maintaining
the functional characteristics and processes of wetlands
such as natural biological productivity, wildlife habitats,
species diversity, water quality, and other unique fea-
lures have been suggested (Coenen and Cortright
1979).

2. Creative Use of Spoit. Approximately 80% to 90%
of the dredging that takes place within the continental
U.S. occurs in Louisiana (Lindall and Satoman 1977). An
enormous amount of spoil is generated every year, and
spoil disposal onwetlands is the general rule. thasbeen
reported that for every mile of pipeline installed by tlota-
tion canal, 30-36 acres ot marsh are altered as a result of
spoil deposition (McGinnis et al. 1872).

in order to reverse this trend in wetland alteration,
spoil could be viewed as a reusable resource rather than
as waste. R is possible to use these sediments produc-
tively to create and aid in the management of habitat. A
S-year (1973-1978) Dredged Material Research Pro-
gram (DMRP) was conducted by the Corps of Engineers
atthe Waterways Expeariment Station in Vicksburg, Mis-
SiSSippi, based on this idea. Several uses of spoil are: a
substrate tor wikiiife habitat such as isiands for nesting

birds, marsh habitat, beach renewal, restoration of bare
ground, construction material, and sanitary landtill.
Wetland substrates which are subject to subsidence or
erosion can benefit from a deposit of dredged materiaito
replenish what has been lost {National Marine Fisheries
1979, Hunt 1979). Major field experiments have tested
vegetation establishment techniques and principles for
spoil. As a result of these studies, the ability 1o dispose
of dredged material in a biciogically productive manner
was demonstrated, and the engineering characteristics
and behavior of dredged and disposed sediments canbe
predicted and determined.

3. Barrier Isiand Stabilization. Barrier island stabili-
2ation has been used to retard land loss of both islands
and the wetlands they protect from storm wave activity.
Structural and biological approaches have been consid-
ered. The structural approach involves construction of
groins and riprap, which may stabilize one area at the
expense of another. Beach nourishment (pumping sand
ento the beach from offshore) is another techinique that
has been used, especially along the south Atlantic coast,
The biological approach generally involves planting
grass to stabilize dunes. This method appears to be
successful, at least in the short-term {Mendelssohn
1982).

4. Controlled Water Diversions. Flood control meas-
ures such as leveeing along the Mississippi River have
interrupted the balance between riverine and maring
processes whichresultin sediment transpont, depositicn,
and introduction of vaiuable freshwater and nutrients.
These processes, which built and stabilized the marsh
and swamp areas via overbank flooding, are now virtually
eliminated in most of coastal Louisiana.

Schemes for controlied diversions of the Mississippi
River have been developed as a means of introducing
river water and sediment into wetlands for offsetting
wetland loss. “Basically, this approach would reestablish
the overbank flow regime of the Deltaic plain, presently
disrupted by fiood protection levees, and restore more
favorable water quality conditions 1o the highly produc-
tive deltaic estuaries™ {Gagliano et al. 1981 ). Thefeasibil-
ity of controlled diversion is indicated by the relatively
small input of energy and materials needed to build a
major subdelta (Gagliano et al. 1971). The U. S. Army
Corps of Engineers (1980} has suggested a number of
potential sites for controlled diversions into the Barataria
basin. In addition, several diversion schemes for the
western Terrebonne basin have been proposed.
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THE NEED FOR AN INTEGRATED SPATIAL
SIMULATION MODELLING APPROACH

The various suggested solutions to the land loss
problem all have far-reaching implications. They depend
on which combination of solutions are undertaken and
when and where they are undertaken. Outside forces
(such as rates of sea level rise) also influence the
effactiveness of any proposed solution. In the past,
suggested sclutlons have been evaluated indeperdentty
of eachotherand in a “seat of the pants” manner. Inorder
to more objectively evaluate the many interdependent
implications of the various management strategies and
specific projectsthat have been suggested to remedy the
coastal erosion problem, an integrated spatial simulation
modeling approach is needed (Sklar et al. 1985,
Costanza et al. 1986). This approach can simu late the
past behavior and predict tuture conditions in coastal
areas as a function of various management alternatives,
both individually and in any combination. simulates
beth the dynamic and spatial behavior of the system, ang
will keep track of the important variables in the system,
such as habitat type, water level and flow, sediment
levels and sedimentation, subsidence, salinity, primary
production, nutrient levels, and elevation,

Models of this type are large and expensive to
implement, but once implemented can be used to quickly
and ingxpensively evaluate various management after-
natives. We envision an ongoing modeling capability for
the state's coastal areas, constructadin stages. Wea have
already spent considerable effort designing and imple-
menting this type of model for the westemn Terrebonne
basin and it has been used to evaluate several current
management alternatives for this area.

THE COASTAL ECOLOGICAL LANDSCAPE
SPATIAL SIMULATION (CELSS) MODEL

The model consists of 2,479 interconnected calls,
eachrepresenting 1 square kilometer, Eachcell comains
a dynamic simulation model. and each cell is connected
to each adjacent cell by the exchange of water and
Suspended materials. The volume of water crossing from
celtto cellis controlled by habita type, drainage density,
waterway ofientation, and levee heights. The buiidup of
land or the development of open water in a cell depends
on the balance between net inputs of sediments and
organic peats and outputs due to erosion and subsi-
dence. The balance ot Mputs and outputs is critical, and
i$ important for predicting how marsh succession and
productivity is affected by natural and human activities,

Forcing functions (inputs) are specitied in the formof
time series over the simulation period. Weekly values of
Atchafalaya and Mississippi River discharges, Guif of
Mexico salinity, river sediments and nutrients, rainfall,
5ea level, runoff, temperature, and winds are supplied to
the simulation with each Heration. The location and
characteristics of the major waterways and levees are
also supplied as input to the simulation. Water can
exchange with adjacent cells via canals, natura) bayous
and overland flow or it may be prevented from exchang-
ing with adjacent cells by the presence of levess. The
overall water flow connectivity parameter (K2) is ag-
justed during the model run to reflect the presence and
size of waterways or levees at the cell boundaries. i a
watarway is present at a cell boundary a large K2 value
i used, increasing with the size of the waterway. If a
levee is present a K2 value of 0. is used until water level
exceeds the height of the levee. The modei's canal and
levee network is updated sach year during a simulation
run, i.e. dredged canals and levees are added o the
model's hydrologic structure at the beginning of the year
they were bullt.

Each cell in the mode! is potentially connected 1o
each adjacent cell by the exchange of water and sus-
pended materials. Before this exchange takes place
however, the ecological and Physical dynamics within a
cell is cakulated. For example, Fig. 6-1 shows dia-
gramatically how the water (the large “tank"}, suspended
sediments {top, small “ank™), and bottom sediments
{elevation: bottom, small 1ank™} components are inter-
connectsd within a typical cell. The volume of water
crossing from one cell 1o another camries a specified
sediment load. This sediment is deposited, rasus-
pended, lost due to subsidence, and carried to the next
cell. The amount of sediment in each “tank"is a function
of the habitat type. Not shown in Figure 1 but included in
the model is the fact that plants and nutrients within each
cell will also influence these exchanges and flows,

Habitat succession oceurs in the model (after atime
lag) when the state variables within a cell become more
like another habitat type due to the changing conditions.
The biotic components in a celi (primary production)
respond 16 the abiotic changes according to the functions
iflustratedin Figure 6-2. inthis figure the model's relation-
ship between weekly productivity and salinity for three of
the habitat types is shown, indicating that productivity
and thus succession change with changing salinity. This
same typeoffunctionis usedto simutate the dependence
of primary production upon the ¢cumulative impacis ¢
changing flooding regimes. nutrient levels, urbidity, and
elevation.
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194



Mode! Output

The model can produce a huge amount of output,
most useful of which is a contour map for each state
variable as well as habitat maps for each week of the
simulation. To produce these maps the modal must solve
over 17,000 simutaneous ditference equations and
genarate over one million simulated data points for each
year of simulation. With present day computers models
with such large numbers of compuations are feasible,
and as computers continue to improve in speed and
convenience, this type of modeling should become mora
practical.

The results of the model are best comprehended by
viewing a video tape of the madel’s time series mapped
output for each state variable and habitat lype. Sincewe
cantrunthe video inthis chapter, we present afew “snap
shots™ of habitat change (Figure 6-3) and discuss some
of the findings.

The model predicts the gradual intrusion of salt into
the system from the southeasterm pan of the study area
with the concurrent freshening in the northwestern sec-
tor. It also illustrates a loss of elevation in the north and
anincrease in elevationinthe south. Bothofihese trends
areindicative of riverwater and sediments moving further
south in recent times plus & lack of connectivity with the
more northem fresh marsh areas. Predicted water
volume and suspended sediments behaved in a similar
way and are generally consistent with what is known
about the historical behavior of the systern. These
physical changes, In urn, have an impact upon the
biology of the area. The relationship between plants and
elevation of the marsh results in a feedback loop that
enhances the rate of land loss as suspended sediments
are diverted from an area of marsh.

The model accurately predicted changes in salinity
Zones and generalized water flow patterns. Qverall, the

present model does a fairty good job of predicting land-
scape succession,

To quantitatively assess the validity of the CELSS
model the 1978 habitat map generated by the model is
compared to the actual 1978 habitat map. The most
straightforward method to compare the maps is to calcy-
late the percent of corresponding ceils in the two maps
which have the same habitat type. In our current funs, a
cell-by-cell comparison has resuted in a fit of B86%
correct,

Another method has been proposed (Costanza, in
prep) to compare the degree of fit between wo maps of

categorical data. This method looks at the way the fit
changes as the resolution of the maps is degraded by
using a sampling window of gradually increasing size.
The sampling window is moved through the scene one
cell at a time until the entire image is covered.

Theformulaforthe fitata Particular sampling window

size (Fw) is:

il ;- 32il
1- ]
$ = 1 2W2 S
F =
w tw

(1)

where;

F . = the fit for sampling window size w
w = the dimension of one side of the (square)} sampling
window
a_ = the number of cells of category i in scene k in the
sampling window
P = the number of different categories (e.q.,. habitat
types} in the sampling windows
8 = the sampling window of dimension w by w which
slides through the scene one cell at atime
L, = the total number of sampling windows in the scens
for window size w
N = the maximum window size

One canthen plot the fit between the scenes {F ) vs.
the size of the sampling window {w) as in Figure 6-4,
Figure 6-4 contains piots of goodness of fit, Feasa

function of window size (w) for various mode! runs
compared with the data. i the piot behaves as it does for
the 1978 real vs. simulated maps (i.e., increasing rapidiy
at small window sizes) the pattem between the two
scenes is well matched despite the low fit at window size
1. This would be the case if the pattens between the
scenes were similar, but the precise boundaries in the
maximum resofution scenes were off Conversely, itthe
plot were flat the spatial pattern would not be welt
matched even though the inttial fit might be higher.

A weighted average of the fits at different window
sizes seems 10 be the most appropriate single measure
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Figure 6-4. Plots of window size (w) ve. fit (F,) for various

with real data. R refers to real data and S refars to simulated
weighted fit over all window Eizes,

runs of the mode] compared
model output. F; is the tota]

offit. Forthis purpose we use the following formula:

which each factor has two lavels (high - low) . This wil
Provide information on all two factor interactions in the

n test as well as imply which three factor interactions
ZF c-lc(w-l) produce the greatest effect in the simulated .
w Preliminary resufts indicate that waterfiow parameters
F=21_ __ associated with waterways and habitat type are most
! n Kow-1) sensitive in tuning the model. Further parameter adjust-
Zc‘ ) ments are expected to achieve an overall Spatial good-
— ness-of-fit (F,) of better than 90,

()

_ _ ‘ THE MANAGEMENT POTENTIAL OF THE CELSS
This formula gives exponentially less weight to the fit

: MODEL
atiower resolytion. The value of k determines how much

weight is to be givento small vS. large sampling windows. imulati

Mk is 0 alt window si ) mpng_ . e s il

objecti 1 CELSS Modef indicate that the current trend ot habilat
Iectives and the quality of the data. Succession will continue to result in wetland degradation
i - unless something is done. Each ol access canal, levee,
Sensitivity analysis is presently being conducted to and dredge and fill activity that is permitted may seem
determine the effects of combinations of over one small and unimportam On a case-by-case basis, appear-
hundred parameters on the geodness of it (F.) of the

' ing only as an insignificant localized impact. However, we
Model. The analysis consists of afactor screen designin  have shown that when spatial processes and cumutative

197



impacts are considere

d, the effects are greatly magni-  and as Supercomputers and amay processors become

fied. In addition, the effects of Some management  more readily available, models of this type will become
options are contingent upon which other options are practical tools for understanding and managing natural
simultaneousiy employed. The long-term implications of coastal systems,

Canal dredging, for example, may be dependent on the

sediment environment, an environment which may be

drastically affected by marsh management piansorother LITERATURE CITED
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THE DEVELOPMENT OF AN ESTUARINE ECOSYSTEM
IN A COASTAL FRESHWATER DELTAIC ENVIRONMENT

J.W. Day, Jr., WB. Johnson,

C.J. Madden, B.A. Thompson,

L.A. Deegan,W.B, Sikora, and J.P. Sikora

INTRODUCTION

systems of North America because of the tremendous
influx ofwater, sediments, andother riverine constituents
from the Atchafalaya River, a distributary of the Missis-
8ippi River (Fig. 1), Although the Alchafalaya River is

considared the second largest Eiver in North America
{(meandischarge s aboyt 7000 m /secor 30% of thetotal

iower Mississippi flow). The Purpose of this paper is to
describe the evolution of a coastal ecosystemin a fresh-
water dehtaic environment in doing so we want to raise

Since the holocene sea level stabilization aboyt
7000 years 230, sediments from the Mississippi River

_ Anewphase of deta buiiding has now been initiated
In Atchafalaya Bay. Beginning in 1873, subaerial (above
water) exposures first appeareqd and the new delta has

grown rapidly since (Fig. 3). This subaerial growth was
Praceded by a long period of infiling of lakes in the
Atchafalaya Basin to the north and subaqueous {beiow
water) defta growth in the bay. More detaliad descrip-
tions of these processes can be found elsewhare {Kolb
and Van Lopik 1966, Shiemon 1975, Raberts et al. 1980,
Adams and Baumann 1980).

ies, wetlands, and the nearshore Guif of Mexico.
Marshes which werg saline twenty years ago are now

!

22

Figure 1. Map of the study area showing uplands and
Coastal plain areas in Louisiana The Lower Atchafalaya
River empties into Alchatalaya Bayand Fourleague Bay
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Figure 2. Location and relative size of the seven major delta complexes that have been active in
southeast Louisiana during the last 6000-8000 years {from Kolb and van Lopik 1858).

MAASH  TYPES
fresh
) brackish
Hl saline

Figure 3. Comparison ot vegetation in Lower Atchafalaya Basin and Terrebonne marshes in 1949 and
1978. Extent of saline marshes has diminished and fresh marsh has expanded to the coast. Brackish
marsh zone has narrowed and in some cases disappeared. Note the delta at the river mouth in 1978
(from O'Neil 1942 and Chabreck and Linscombe 1978).
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more dominant role as a source of nutrients and organic
matter. In the fellowing sections of this paper we wili
discuss these changes in more detail,

entering Oyster Bayou has low cencentrations of nutri-
ents and sediments.

NUTRIENT DYNAMICS IN FOURLEAGUE BAY

This phase of the study consisted of five parts aimed
at quantitying the nutrient dynamics within and through
the bay system. Advective nutrignt inputs and losses

Forcing Functions

The forces that control the advective nutrient inputs
and exports in Foy eague Bay are river discharge,

bay, averaging 60-70 -atl. Wind direction before and
curingthe Fotmn, oo vas

west, directing the Alchafalaya plume into Fourleague
Bay. Salinities were low throughout the bay except in
Oyster Bayou (range 1to 21 %o). Discharge was about

east, east, and southeast. Nitrate declined from 85 1p-
atftinthe upper bayto15inthe lowerbay, Although there
was a lamge net Inflow through the Upper bay inigt,

Fabruary, 1982

April, 1982

Figure 4. Distribution of nitrate in pg-atn in Fourleague
Bay in February ang April, 1982, showing the varnability
in the lower bay versyus the upper bay. During spring
fiood, the upper bay is aways high in nitrate while the
lower bay canbe similar in character depending ontides
and wind direction.
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easterly winds prevented significant flow through @he
lower bay and deflected treshwater over surrounding

wetlands.
Nuttient Distribution and Flux

Synoptic data were used to establish the concentra-
tion and distribution of nutrients and salinity. The
Alchataiaya River Is 2 source of high nitrate and phos-
phats while ammonium levels inthe river are usually low.
Nitrate in Aichafalaya Bay ranges from 45-174 ug-at/,
phosphorus from 1.1 - 3.9. After riverine water enters
Fourleague Bay there is a trend ot decreasing nitrate and
phosphorus lavels from 1he upper to lower bay. While th
pattem of phosphorus disappearance is not consistent
through the year, the disappearance of nitrate from the
water column is dramatic, often complete, and occurs
throughout the year. During non-flood months, the mean
nitrale concantration in the upper bay and lower bay are
43.2 and 125 ug-avl, respactively. This decrease in
concentration is due 1o dilution of nitrate-rich river water
by nitrate-poor salt water and to biological and chemical
processes that remove nilrate from the water column.
These processes may inciude uplake by primary produc-
ers, denitritication or dissimilatory nitrale reduction.
Plots of nitrate and salinity varsus distance werg used to
deterrune how much of the nitrate disappearance is
biological and how muchis due to sattwater dilution (Figs.
5a b} Thedecrease in nitrate concentration far exceeds
the dechne anticipated from saltwater dilution alone,
indicating that duning non-flood moriths the bay is a sink
for ntrale  The maximum dachne was in the summer
months (June-September} when NG, dropped from 60
Hg-atlto & between the upper and lower estuary. Durin
the spring flood. high-nitrate rivering water is pumpe
thiough the bay with an init:al concentralion of about 80
Hg-at'l  Within the fresh upper astuary, nitrate levels

decline rapid!y 10 about 45 ug-all. inthe saline lower bay
the decline continues but is linear with respect to salinity,

indicating sirnple dilution,

We measured nitrate fluxes into and out of the bay
sediments. Losses of nitrate to the sediments averaged

19 4 ug-aym<hr with loss rates as high as 1839. The
strong flux into the bay bottom suggests that sediment
dendritication is a major pathway of nitrate ioss from the
water column. The water column ioss rates and sedi-
ment flux rates were highest in the upper estuary where
the concentration of nitrate is also high. The lower
estuary generally shows a smail net fiux of nitrate out of
the sediments except during spring flood when lower bay
nitrate is also high. Water column loss due o phytopiank-
fon uptake may also be important and is under study.
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Figure 5. Nitrate and salinity profiles along the long axis
of Fourleague Bay during spring fiood and low water
periods. X-axis is distance fromthe head of the bay in km.
Lower graph shows that even during low water flow, the
lower bay can be tresher than during spring flood. Neth-
eriess, ndrate is characteristically much higher through-
out the bay during spring flood than during low water.

Inorganic phosphorus concemrations in the water
column generally decreased toward the lower bay.
Upper bay concentrations averaged 1.3 pg-at/| annualty;
the lower bay, 0.7. There was no significant net flux of
phosphorus into or out of the sediments suggesting that
waler coumn loss may be due to phytoplankton uptake.
Ammonium concantrations entering the upper bay vary
between 0-20 ug-alt and exhibit no seasonal pattern,
Water column ammonia is lost through votilization and
phytoplankton assimitation. Major inputs of ammonium
1o the water column are benthic, water column regenera-
tion, and advective input from the river and surrounding
marshes. Regenerative flux of ammonium into the water

column from the sediments averaged 128 pg-at/m?/hr.

Bay water flowing over the marsh seems to undergo
processes which increase the concentration of ammo-
nia. In Aprit 1982 ammonium concentrations in marsh

drainage reached 19.4 pg-avl and averaged 7.5; bay
ammonium concentrations averaged 2.5, hus, marsh




drainage may represent a significant ammonium input to
bay waters. Nitrate concentrations inthe marsh grainage
averaged 51 ug-atiwhile the water entering the marshes
had an average concentration of 81. High rates of
deniiritication are apparently occurring in the marsh,

Bay water fioods the marshes and deposits sedi-
ments and nutrients on the marsh surface. Accreting at
the rate of 1.2 cmvyr the marsh receives 1.4-24 9 g/méiyr
in total P and 1.3-120.0 g/mPyr in total Kjeldahl N

imported in the sediments. fn streamside marsh $edi-
mentation rates are higher than inland and accourt for
99% of Nimported. Tenpercentof N inputs are supplied
by nitrogen fixation. Inland marsh receives less sediment
gaining only 50% of annual N inputs through this process.
Ininland marsh nitrogen fixation provides the equivalent
of 8 g NimZyr or 50% of the folai N input. Precipitation

inputs are negligible.
N:P Ratlos

Inthe first six months of the year, phosphate concen-
trations ara reiatively high throughout the bay. February
concentrations range from 2 ug-at/lin the upper bayto 1
inthe lowerbay. In Aprilconcentrations everywhere vary
slightly around 1 pg-ati. During the high flow period
extremely high concentrations of nitrate are supplied o
the bay creating conditions of phosphate limitation with
N:P ratios ot 70:1 in the upper bay droppingto 40:1 inthe
lower bay. During summer Alchatalaya discharge is
lowes!, and less nitrale enters the bay. While N:P ratios
of 50:1 are common in the upper bay, the rapid loss of
nitrate from the water column results in an NP ratio of
15:1inthe lower estuary, acondition of extreme nitrogen
limitation(Figs. 6).

THE VEGETATION COMMUNITY

Vegetation in the lower Atchafalaya River system
(Fig. 3} begins as swamp forest (Taxogium distichum
Nyssa aguatica) near Morgan City, Louisiana. To the
Southis a iarge area of diverse freshwater marsh, which
éxtends from west of the river 1o the northern end of
Fourleague Bay. This area has the most diverse assem-
blages including emergent tiotant marsh maidencane

icum hemitomon), wax myrtie floats {Myrica cerif-
£ra), submergent benthic lagoon plants (e.g., Myrio-
phwlum spp., Ceratophyllum spp.), reed stands of cattail
and roseau cane (Typha spp., Bhragmites communis),

choked canals of water hyacinth (Eichhomia crassipes).
and arrowhead marshes (Sagittarig spp.). Onthe north-
western side of Fourleague Bay fresh marsh has devel-
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Figure 6. Ratio of inorganic nitrogen to inorganic phos-
phorus in Fourleague Bay in March, 1982 during spring
flood and during October, 1982 during lowest riveriow.
Transect In km is from upper Fourleague Bay near the
niver, toward lower near the Gutt of Mexico. Redfield's
ratio of 16:1 is indicated.

oped on Point au Fer Island. The Atchatalaya delta is
also a freshwater area, but the communities are struc-
tured by elevation and tidal influences into several dis-
crete associations. Surrounding the south part of
Fourleague Bay is a brackish marsh with a uniform
assemblage of wire grass (Spanina patens) and three
Corner grass (SCirpug olnavi). These areas are burned
in the tate fall and early winter about every other year.
The saftmarsh occupies a narrow band parallel to the
coast. Itisless thanakmwide on Point au Fer istand and
getswidertothe east. Thisareais predominantly smooth
cordgrass (e.g.. Salicomia aternifiora) and halophytic
succulents (e.g., Salicornia virginica).

Surrounding Watlands

The vegetation zones described above have
changed drastically since the first accurate survey in
1948 (O'Neil 1949). The general trend is that increased
freshwater input shifted the halophytes cioser to the
coast {Fig. 3). In 1948, brackish marsh of wire Qrass
(Sparting palens) extended about 7.5 km in from the
northem margin of Atchafataya Bay. By 1868 (Chabreck
et al. 1958}, this marsh was fresh. To the east of the
Atchafalaya River the brackish marsh extended 13 km
north of the nonthern shore of Fourleague Bay in 1949
By 1968 1he marshes northot Fourleaque Bay wereiresn
and intermediate. In 1943, salt marsnh occupied the
southem border ot Fourleague Bay By 1968 1hl§ area
had become a brackisnhmarsh and sat marshwas limited
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1o a narrow tnnge along Ihe Guit of Mexico

The changes between 1968 and 1978 (Chabreck
and Linscombe 1978) are less profound because the
interval of time is smailer and the increased river flow had
already exerted its impact on the area The della
aemearged during this time crealing new freshwater marsh.
Observations from racant work (1981-1982) in the area
indicale that fresh marshes have replaced brackish
marshes at the northem end of Fourleague Bay.

Atchatslays Deita

The wetlands on the Atchatalaya deha are young;
the tirst naturally vegetated subaerial iand emerged in
1973 The vegetaticn communities that developed are
conirolled by the interaction of two hydrologic influences:
nver ficods and tides  The spring floods of the river
determine the height to which sediment is deposited on
differeni pans of the emerging defta Daily water level
fluctuatiens {influenced by tdes and weather events)
determing the degree that different elevations of the dalta
are tlooded. The daily tiooding regime in turn also helps
to determine the vegetative type.

i can be generally state that tha vegetation associa-
tons which develop in a particular area are related to the
hydrology of that area. Al the lowest elevations in area
mosi frequently and deeply inundated are beds of sub-
merged aquatcs (e.g., Najas guadalupensis.
Heteranthera dubia) Arrowhead (Sagittana latitglia)

marshes compnse about 60 percent of the vegelated

area.nthe delta and are found atl anslevation so that they
are bdally tlushed. Black willow stands (Salix pigra) are
at the highest elevations, intrequently Nooded and well
above the mean waler tevel. This aboreal association
remains standing atter dieback and duning the spring
floeds  Willows act to slow tiood water, thus enhancing
suspended sedimenl deposition and levee growth At

iIntermediate elevations between the arrowhead and
willow association, the catiail (Ixpha latitolia) association
is found On istands whose levees are not sufficientty

elevaled, canails may be found on the isiand heads, but
when willows are present cattail stands are in intermedi-
ale zones above the arrowhead and below the witlows .
Finalty, diverse assemblages with the greatest evenness
and relative to the atorementioned assemblages are also
tound behind the protective stands of willow and cattail

and mixed with arowhead in intermediate etevations.

The;e are composed primarily of annual plants and the

dotminant species are seasonally dynamic.

The structure aid function of vegetation associa-
tions in the Atchafalaya deta are well integrated despite

their youth. Woody vegetation which remains standing
during the floods, help trap sedimenis and thus increase
elevation. The resulting elevation gradient behind the
island barrier produces an inundation regime and pro-
vides hydrologic protection so that highly productive and
diverse wetland assemblages can develop including
cattail, arrowhead, annual assemblages, and sub-
marged aquatics.

The vegetation communities on the delta combine
elemants of an astuarine plant community structured by
hydrologic fluctuation and a treshwater plant community
characterized by spatially rapid and frequent changes in
species composition,

THE BENTHIC COMMUNITY

The benthic community of the Atchatalaya delta is a
highly dynamic, productive system. Initia survey collec-
tiens made in 1981 ranged in abundance from a high of
94.462/m® macrofauna in the mudtlats bordering detta
islands to a low of 1,617/m? in a main channel. Mean

abundance of 17,838/m? macrofauna was not signifi-
cantly difterent from the mean abundance in anciher
Louisiana low salinity estuary, Lake Pontchartrain, which
had 23,458/m?. Alhough these two estuarine areas

exhibited similar mean macrofaunal abundance, the
community structure at the two sites was quite different,
In Lake Pontchartrain 94% of the abundance is contrip-
uted by the Mollusca, principally by 2 small hydrobid
gastropods. Hydrobids have a productivity 10 biomass
(P/B) ratio of from 1.9 10 2.6 (Siegismund 1982). In the
Atchafalaya Delta the macrofauna is dominated by
worms, chiefly Polychaeta and Oligochagta. Mast of
these worms have high P/B ratios ranging trom5.510 9.3
(Waters 1977). This high tumover rate is characteristic
0! opportunistic species which are the pionger, coloniz-
ingtauna in new habitats. The resultant high productivity
of the benthos has created a rich nursery habitat for blue
crabs, shrimp, and many estuarine dependent species of
fish.

Diversity of the Atchatalaya Deka benthic community
has increased from 1.08 (Dugas 1978) in 1974 10 1.82
measured at present. As predicted for new habitats
(Sanders 1968) the diversity is low compared to older,
more established, brackish areas of estuaries which
have diversities of 2.2 to 2.8 (Rosenberg and Moiler
1979). The diversity is, however, significantly higherthan
the 1.13 found in the heavily polluted, disturbed Lake
Pontchartrain (Sikora and Sikora 1982a).




Meiofauna numbers ranged from an abundance of
11.26 x 10%m? in mudilats to 0.61 x 16%m? in main
channel habitats. The mean of 3.91 x 10%m? is live times

higher than the mean for meiotauna abundance in Lake
Pontchartrain.  The meiotauna are tfrequently rasus-
pended in this early depositional environment, and pro-
vide afood source for young fishes ina systam oo turbid
to provide enough phytoplankion for a significant zo-
opiankton community.

Many of the species of the Alchafalaya delta are
marine in origin, although the area is almost continually
fresh. The abundance of these organisms suggests that
aftairly typical estuarine benthic community is doing well
in this freshwater environment.

THE NEKTON COMMUNITY

The dynamics of the coastal Louisiana fishfauna has
been greatly influgnced by the cycle of growth and decay
of river deltas and the change in salinity regimes that
accompany these cycles as described in the geology
section,

Gunter (1945, 1950}, Turner and Johnson (1973},
Peterson and Paterson (1979}, Thompson et al. (1980),
Dovel (1981} and others have discussed the importance
of bays and estuarine waters as nurseries for fishes. The
concept of “estuarine depandent” species has develo ped
from the widespread pattern of many fish species spend-
ing at least thair first year of life in the estuaries. Despite
a growing data base supporting the concept of an esty-
arine nursery, Walford (1966) and Schubel and Hirsch-
berg (1978) have challenged the essential nature of
estuaries. We used a classification scheme, based ¢n
ecological affinities, 1o evaluate the importance of the
Atchafalaya Deta as a nursery ground.

Species, collected by trawls in channels and seines
inbays, lagoons and beaches, were place into one of four
“ecological attinity” categories based on a literature sur-
vey of the major salinity and coastal location patterns of
their ife histery. The four ecological affinity types are:

(1} Freshwater - (FW) affinities primarily with freshwa-
ter {below 0.5 ppt); will enter estuaries: have slight
salinity tolerance.

{2) Estuarine - (ES) atfinities within estuary; spends
much or most of fife cycie there: spawns in estu-
ary.

(3) Estuarine/Marine - (ES/M) affinities with estuary

are primarily as young-of-the-year: spawns in
marine (or rarely freshwater) habitat.

(4) Maring - (M) aftinities primarily with open
inshore/offshore marine habitat for alf stagas of life
cycle; will enter estuary from time to time; spawns
oftshore.

Table 1 shows the monthly varation in the
Atchafalaya fish community classitied by “scological
affinity.” Over the study periodihe percentage (based on
number) of frashwater, estuarine, and estuarine/maring
components were approximately equal, 30.2%, 25.4%
and 31.7% respectively. The monthly figures for the fish
assemblages show some variation, with April and Octo-
ber having more estuarine/marine than freshwater spe-
cies. Marine species were rare (8 of 63 species). The
yearly cycle of estuarine/marine species is related more
1o temperature than salinity. The salinity in the
Atchafalaya detta varies from freshwater to a maximum
of 1.6 ppt, with the higher salinity entgring the delta
betwaan August and Novamber (Table 1). This coin-
cides with the lowast river flows and strongest south
winds off the Gulf of Mexico.

Average water temperatures were similar to tha
found in many Loulsiana estuaries, howsver the fluctua-
tions were larger (Perret et al. 1971, Thompson et al,
1980). Several of the semi-enciosed, shaliow island
lagoons and flats reached lemperatures higher than
normaily found in Louisiana estuaries. Tempearatures
varled between 6.5° and 37°C ({Table 1), with the lowest
temparatures associated with periods of high river dis-
charge.

Earlier reports (Hosse 1976, 1981} hypothesized
that with increasing amounts of fresh water being intro-
duced into the Atchafataya Bay, the nursery capacity ot
the area would be lost. Hoese (1981) suggested that in
addition 1o salinity alterations, cold temperature effects
from winter and spring floods may play a significant rofe
in depressing the productivity of the system.

Data from our ongoing study, started in March 1981,
suggests that with ihe emergence of the delta islands, the
region has regained its nursery capacity, but that the
large amounts of cold river water directly entering the
system effectively “shuts down™ most of the fish activity.
The delta islands provide areas of “tlemperature relugia”
andthere is great potential to reduce the negative ettects
of cold river water it delta building continues.

The two numerically most abundant species were {1)
the bay anchovy, Anchoa muchili, and (2) the gud

207



‘1861 2unp ur Ipew sajdwes ou,
g8 €1 0°81 %61 862 9°97 6°82 9°27 rA A4 £°91 axnjeradusy
MA %0 9°0 20 8°0 X Md M X | Ajturteg
Lz 9°€ 0°0 L1 0°0 0°¢ 0°¢ 6°L %G €9 %
auraey
g 1 0 £ 0 I 1 £ r4 1 *oN
L'1¢E 0'se 0°6Z L1 0°1¢ £€'tE 1 N ¥ A 9°'1¢t S0y 1°92 %
Jutrel/Isq
0z L 6 9 ¢ 6 11 6 1 ST 9 *OoN
» G 6'eY L°9¢ e8¢ 21y %°9¢ %7 6€ T°%E 1°GE T1°6t %
auraienysy
971 A T 11 A Z1 €1 £1 14 6 "ON
T 0f 9°8Z A A S 9°'GZ 9° 12 £°1T £ 0t £°97 681 % 0t %
33JeMYsS3I1y
61 8 ot ot 8 6 01 01 L L ‘ON
£9 82 1€ 6€ 62 %% £€ 8¢ LE £z . 83T0adg
Te30L a N 0 S v r M v H yuoy
"1861 13quWads(-ydxey ‘elyaq edefejyeysqyy ay) Jjo
SITI8TIPoRIEYD LJTUT]ES ‘3amyeaaduay pue AjTunwuwod ysijy Jo Sar3turyje 1ed18ofody - | 21qef

208



menhaden, Brevoortia patronus, each making up
roughly a fourth of the community (Table 2). The blue
caffish, letaluns fiyrcatys, contributed most to standing
stock. The contrast between the species which domi-
nated based on number versus weight illustrates that
estuarine/marine species, which are mostty young-of-
the-year, are the most numerous, while the freshwater
species, largely adults, dominated the biomass.

Hoese (1981) has questioned whether a changs in
fish community structure will take place as Alchafalaya
Baybecomes more fresh. A shiftto afreshwatercommu-
nity would eliminate the area as a nursery for estuarine
and marine nekton. The delta area currently supporis a
diverse fish fauna that has major contributions from
estuarine and estuarine/marine members. It is virtually
identical to many other Louisiana estuarine fish commu-
nities. The novelty is that it exists in a freshwater
environment. Because Louisiana's estuarine fish fauna
has always been confronted with adapting to the cycles
of delta growth and decay, we believe they will continue
to use the dela area as a nursery.
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MANAGEMENT IMPLICATIONS OF RESEARCH
IN THE ATCHAFALAYA DELTA REGION*

J.W. Day, Jr., C.J. Madden, W.H. Conner, and R. Costanza

INTRODUCTION

One of the most exciting and encouraging processes
taking place along the Louisiana ¢oast is the emergence
of the new Atchafalaya Delta (Fig. 1). Within the general
context of a deteriorating coast, the Atchafalaya Delta
region offers the possibility of creating new wetlands on
a broag scale. Since the deltafirstemergedin 1973, over
50 km* of new land have formed in Atchatalaya Bay. In

addition, there have been profound changes in adjacent
waters and wetlands and along the coast of the Chenier
Plain.

Since the delta first emerged, there has been an
active research program designed to develop an under-
standing of the processes taking place. These studies
have included research on physical, geological, chemi-
cal and biological processes. Along with the evolving
delta there is also an evolving new ecosystem. An
understanding of these processes allows a capability for
prediction of what the system will be like in the future,
what impacts different human activities will have, and
what will be the effects of different management activi-
ties.

In this paper we will briefly review studies of the area
and outline management implications of these studies.
These include: 1) The new Atchafalaya delta. Studies of
sediment dynamics and vegetation succession suggest

*Day, JW., Jr, C.J. Madden, W H. Conner, and R.
Costanza. 1987. Management impiications of research
in the Atchafalaya Della region. Pages 445-467 in N.V.
Brodtman, Jr., ed. Proc. Fourth Water Quality and
Wetlands Management Conterence, New Orleansg, LA.

ways in which delta growth can be increased. 2) Qlder
marshes have responded dramatically 10 increased
freshwater, sediment, and nutrient influxes suggesting
that deteriorating marshes can be rejuvenated. 3) River-
ine input to shallow inshore lakes and bays seems to
stimulate productivity of these areas. 4) Weastward
sedimentiransport along the coast is leading to accretion
along the Chenier Plain shore. 5) A spatial landscape
simulation model has been effective in integrating infor-
mation and predicting future conditions under various
management alternatives,

EMERGENCE OF THE
ATCHAFALAYA DELTA

The Atchafalaya River has been a gdistributary of the
Mississippi at least since the mid-1500's (Fisk 1952).
The Atchafalaya is about 300 km shorter than the Missis-
sippi from the point where the two channels intersect to
the gu¥, making the Atchafalaya hydrologic gradient
much steeper. inthe course of time, the Mississippi River
wili divert into the Atchafalaya {Roberts et al. 1980).
Because of this, the Coms of Engineers constructed a
control structure at Old River to limit the flow in the
Alchafalaya to approximately 30% of the combined flow
of the Red and Mississippi Rivers. During the first half of
this century, the Atchatalaya River deposited sediments
in the Atchafalaya Basin, filling much of it. After about
1950 the locus of deposition shifted to Aichafalaya Bay
which also begantofillin. The bathymetry of the bay had
changed very little between the 1850's and the early
1950's (Cratsley 1975). Between 1952 and 1962, sedi-
mentationinthe bay accelerated (Shlemon 1975), andby
1972, atmost two meters of fill had been deposited in the
Wax Lake and Atchafalaya delta lobes.
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Figure 1. Regional setting, Aichafalaya Bay and surounding areas.

The first significant subaerial exposure of the detta
occurred in 1973, during the high water of that year.
Floodwaters not only carried sediment from the Missis-
sippi River but eroded channel banks along the
Atchafalaya River and, forthe first time, sard was depos-
ited in Atchatalaya Bay (Roberts ot al. 1980). Since then
@ compiex network of sand iobes has formed, separated
by branching distributaries {van Heerden and Robens
1980a and 1980b, Fig. 2). This is characteristic of a delta
building into unstratified, iow-energy, shallow water
énvironments (Welder 1959: Wright and Coleman 1974).
Van Heerden and Roberts {1980a and 1980b) presented
a schematic modei of such detta development {Fig. 3)

where many of the channels eventually close off by the
process of lobe fusion. Distributary channels in the
eastern haif of the detta underwent reductions in cross-
section between 1973 and 1979 {(van Heerden and
Roberts 1980a and 1980b). Van Heerden and Roberts
(1880a and 1980b) concluded that the eastem hatf ofthe
delta would cease 1o prograde in the long term. in the
Short term, growth is still possible as the main channels
ot the easiern delta consolidate. Areas between these
channels wil come 1o resemble imerdistributary bays of

the madern Mississippi Defta (van Heerden ang Roberis
1980a and 19800,
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Figure 2. Extent of subaerial depositional environments, 1977-1979. For simplicity, portions of the delta are not shown

(van Heerden and Roberts 1980a).

The dynarics of the process of deltaic evolution
suggests a number of ways that management could lead
to a greater area of wetland formation. Many channels
which form during the development of bifurcating chan-
nels subsequently close. In some instances, it might be
possible to reopen certain channels so that sediment
accretion continues in certain areas. Spoil from the
navigation channel could also possibly be used to create
shallow areas which would then vegetate. Spoil place-
ment might also be used to direct delta growth in desired
directions.

Several studies have shownthat westward sediment
transport in the nearshore Gulf Is leading shoreline
accretion along the Chenier Plain (Wells and Roberts
1980; Wells 1983; Wells and Kemp 1981, 1982). An
interesting and exciting possibility for stabilizing and
enhancing vegetation establishment on these mud flats
is the construction of brush fencing as in the Netherlands
{Wagret 1968). This technique involves construction of
fencing which enhances sedimentation and retards ero-
sion. Inthe Netheriands, over 100 km? of wetland have

been created over the past several decades using this
approach.

VEGETATION DEVELOPMENT
IN THE DELTA

The first subaerial land appeared in the Atchatalaya
delta in 1973, and appreciable vegetation cover ap-
peared in 1974 (Fig. 4). Atthe end of the 1974 growing
season, there were about 394 ha of vegetation. Vege-
\ated area generally increased over time, reaching 463
hain 1975, and 1142 ha in 1976 {Baumann and Adams
1980). The increase in vegetated area was smallin 1977,
andtherewas a slight decreaseinareaduring 1978. This
decline in area was probably due to a combination of low
river discharge and erosion (Adams and Baumann
1880). The 1979 flood was sufficient to cause an in-
crease in vegetative area once again. Vegetation in-
crease was less on the eastern haff of the delta, probably
as a result of lower rates of sedimentation and island
formation discussed above.
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Figure 3. Schematic diagram of defta development {van
Heerden and Roberts 1980a).

Adams and Baumann (1980) made several generali-
zations about vegetation establishment and growth.
During high water years, the combination of prolonged
submergence and low water temperatures seems to
inhibit vegetation and growth. Prolonged spring floods
shorten the growing season by reducing light penetration
and lowering soil temperatures. Maximum increases in
vegetated area occur when a high tlood year supplying
the sediment and seed is followed by a low-flood year,
with warmer soil temperatures and greater light penetra-
tion.

There is a characteristic pattern of vegetation devel-
opment in the delta (Johnson et al, 1985). Initially,
extensive algai mats seasonally coionize shaliow interti-
dal mudflats. As elevations of the defta islands increase,
emergent vegetation becomes established. The charac-
teristic zonation pattern on a typical delta istand is shown
in Figure 5. Johnson et al. (1985) described three
vegetation associations characterized by a single spe-
cies (Sagiftaria Jatifolia. Salix nigra. and Typha Jatifolia)
and a mixed community of S. iatifolia, Scimus spp.,
Cyperus spp. and others, Salix occurs on the heads of
islands where the effects of river flow are greatest.
During spring floods, current velocity decreases as water
passes over the head of an island and sediments are
deposited. Thus, these areas have the highest elevation

and sand content. Salix can withstand the high physical
stress and sedimentation rates. It does not occur on
young islands which develop on the downstream end of
the defta. Typha becomes established on intermediate
and mature islands where Salix is present, in effect
growing in the “protected shadow™ of Salix. Sagittaria is
the first emergent species 10 invade mouth bar islands.
The top of the plant dies back in winter, but re-emerges
in early summer after the spring flood. Sagitiara can
grow on all areas of the istands. Other species, such as
Salix, become established in the Sagittaria stands as
élevation increases.

Although Sagittaria is the first species 1o become
established, Salix is the first species to introduce strong
biclogical control on the succession. Salix provides
protection from the siver and aflows Typha to become
established. As the Salix growth continues, it becomes
anincreasing bamier to the movement of floodwater, and
a diverse and seasonally dynamic freshwater wetland
piant association develops (Johnson et al. 1985).

Based on these studies of zonation and succession,
Rejmanek et al. (1987) modeled vegetation dynamics on
the deltaislands. They concluded that successionduring
active defta building is heavily dependent on the se-
quence of fiood conditions and on the intensity of grazing.
Fromtheir analysis, they developed a generalized mode!
of long-term vegetation dynamics in the Mississippi del-
taic plain (Fig. 6). The importance of grazing is demon-
strated in an ongoing study in the Atchafalaya delta.
Preliminary results from large exciosures which exclude
nutria show dramatic increases in emergent plant bio-
mass {G. Peterson, Centerfor Wetland Resources, L.SU,
Baton Rouge, LA, pers. comm.)

These studies suggest several potential manage-
ment strategies. As indicated in the preceding section,
physical akeration of the delta (such as keeping a chan-
nelopen or creating a new one) may prolong delta growth
in a certain area. Likewise, this type of activity would
serve to enhance vegetation development. The excio-
sure studies indicate that vegetation biomass production
could be enhanced by controlling the nutria population in
the defta. The effects and methods for doing this are
fruitful areas forfuture research. In addition, researchers
have noted that the Point au Fer reef reduces wave
energy and allows more rapid deftta growih and vegeta.
tion establishment (van Heerden and Reberts 1980a and
1980L:; Adams and Baumann 1980). Thus, an imporan!
management implication is that these reefe shouldnotbe
disturbed.
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Figure 4. Atchafalaya defta vegetation maps, 1974-1976 (Adams and Baumann 1980).

CHANGES IN OLDER,
PRE-EXISTING WETLANDS

The studies cited above show that sedimentation is
important in delta development, but the role of sedimen-
tation in maintaining or building adjacent, pre-existing
wetlands has not been so well understood. Baumann
and Adams (1981) measured wetland area from maps
and aerial imagery. They found that the wetlands adija-
cent to the lower Atchafalaya River and in the western
Terrebonne region were deteriorating rapidly before the
emergence of the Atchafalaya delta and the floods of the

early 1970's (Fig. 7). There was a total net wetland loss
of 7,805 ha between 1955 and 1972. In contrast, there
was amuch reducedrate ot land ioss and, in some cases,
a net wetland gain from 1972 to 1878. Generally, the
areas closest to the source of sediment experienced the
grealest wetland gains. Those sites farther away from
the river experienced wetland loss, but the trend was
highly variable and generally reduced. The area of
greatest land loss (-346 in Fig. 7) occurred in an area of
fiotant, or floating marsh, that may have been damaged
during the abnormally high and long-term flooding that
occurred during 1973-1975. This loss appears 1o be
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Figure 5. Hlustration of a typical mouth-bar island in the Atchatalaya River defta, Louisiana, showing both aeriat and
cross-sectional views. Arrows represent direction of predominant water flows (Johnson et al. 1985).

temporary as the area is presently recovering (Kinjer et
al. 1980). Overall, the marshes peripheral to the new
Atchafalaya delta experienced a reversalfrom 421 hayr
k_:\stto €6 hayr gained. Clearlythen, influx of Atchatalaya
river water into these marshes is having a dramatic
effect. There have been a number of studies which

provide insight as to how this impacl is 1aking place.

Adams and Baumann (19.30).esumatitd rt\;?al\atl\?;
every 10 tons of sediment coming into men ::o er, and
system, 2ions were del:-o‘-'s""?‘_j into the bas t?ei phbé)ring
eight tons were digpersed into the Day. TIElg
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Figure 6. Flow diagram of long-term cyclic vegetation
dynamics in the Mississippi River deltaic plain. The
values show the possible areas in percentage {Rejma-
nek et al. 1987).

wetlands, and the Gult of Mexico. The ratio is highly
variable and depends upon the magnitude of the dis-
charge during flood periods as well as prevailing winds.
Forpredictive purposes, Adams and Baumann assumed
60% of the sediments in suspension in the lower
Atchafalaya Riverand Wax Outlet wil be dispersed inthe
peripherat marshes and offshore regions (based on
sediment input and shoaling rates of Atchafalaya Bay
during 1967-1977). Wells and Kemp (1981) working in
the Chenier Plain region west of Atchafalaya Bay esti-
mated that 50 x10°® m® of sediment per year are carried
westward from the Atchafalaya Bay resutting in increas-
ing mudflat sedimentation.

For much of the year, there is a strong net transport
of water and sediments from the Aichafalaya River into
the western Terrebonne marshes (Stern 1986, Stern et
al. 1986). A major avenue of transport is the Bayou
Chene-Bayou Penchant system, atthough many smaller
streams also carry sediment-laden water. Stern et al.
(1986) reported that bayous which are tidally dominated
during low discharge are riverine dominated during high
discharge. Net transport of water, sediments, and nutri-
ents are two orders of magnitude higher during high river
flow. Comparison of suspended sediment and nutrient
concentrations in the river and a bayou indicated that
these materials are retained in the wetland system.

Actual rates of sedimentation have been measured
at streamside and infand sites of the Aichafalaya system
by Baumann et al. (1984, Table 1). The input of sedi-
ments to the streamskie marshes (1.3 cmvyr) is greater in
the spring and summer during spring fiood events.
Sedimentation in inland marshes (0.6 cmvyr) is signifi-
cantly lower than streamside sedimentation and occurs
mainly during the summer and fallwinter. Tidal flooding
and winter storms tend to be largely responsible for
introducing sedimentto the inland marshes (Millar 1983).
These studies reveal the magnitude and mechanism of
sediment input to the marshas and show the importance
of the river in maintaining and buiiding wetlands.

The introduction of sediments has a direct influence
On accretion rates in the surrounding area (Table 2).
Future growthof the Atchafalaya deltais expectediotake
place at the rate 11.9 km?/yr and infilling of oider marshes

s occurring at 4.9 km 2yr (Baumann and Adams 1981).

Areversal of the Chenier Plain beach retreat is occurring
ar a rate of 1.1 km yr (Wells and Kemp 1981),

Table 1. Seasonal sediment inputs (percent of net accumulation) at streamside and inland marshes, 1981-82

(after Baumann et al. 1984).

Season Streamside Intand
Spring 42.4 15.9
Summer 48.7 51.9
Fall/Winter 8.9 31.2
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Figure 7. Land area changes for the marshes surrounding Fourleague Bay, 1955-1978. All values are expressed as
hectares per year (after Baurmann and Adams 1981).

Table 2. Land gain as the result of sedimentation by the Atchafataya River {after Day

and Craig 1982).
Activity Land gain(krAr)
New delta growth 11.9
Chenier plain beach buildup 11
Infilling of marsh area 49
Total 17.9




the hydrology of the Atchafalayq Bay

U,:::::ﬁ:yﬁ extenysively altered by the dredging of
o s waterways and access canals (Wang et al.
numeroghe construction of levees along the Atchafalaya
;ﬁ,iw inthe marshlands surroundingthe Atchafalaya
Bay area has the potential to cause sediment needed for
wetiand creation and mainignance to be lost to offshore
waters just as has happened in the present M@sussippi
River detta (Baumann and Adams 1981). Modeling work
by Wang (1987) has shown that .Iavees decreqse water
stages, lessening water circulation, thus shifting sedi-
ment loads and decrsasing 1he sedimantation potential
of some marsh areas. The only feasible means qf
combating subsidence in wetlands is through the addi-
tion: of sediment to the marsh surface (Baumann and

Adamg 1981}

Work s now being done on developing a spatial
model of the marshes surrounding the Atchafalaya Bay
area (Sklar and Costanza 1986; Sklar et al. 1985;
Costanza ot al. 1986). Spatial modeling has potential for
use In coastal management because it can be used to
project the impacts of natural and man-made stresses on
the structure and function of large landscapes (Skiar and
Costanza 1986),

All of these studies indicate that the influx of river
water into okler marshes of the Atchatalaya de'ta tagion
lsads to maintenance of the wetlands. One clear man-
agement implication is that freshwater and sediment
Input should be maximized. Thus, projects such as the
Avoca Island lavee (Fig. 1) should not be constructed.
The purpose of this levae is 1o reduce backwater flood-
Q. but Baumann and Adams (1981) showed that flood-
ing would bgcome increasingly worse in the area be-
cause of subsidence. The understanding gained from
work in the westam Terrebonne marshes aiso bears on
the issue of marsh management plans using semi-im-
poundment and water control structures. Since this area
8 one of major freshwater and sediment input, carsful
consideration shouid he given to any plan which limits
e#ther channelized or overland sheet fiow of freshwater
and sediments. The abundance of freshwater and sedi-

ments offers an exciting opportunity to address the
problems of ealt water intrusion and land loss.

ENHANCEMENT OF PRODUCTIVITY
AOSF SHALLOW INSHORE WATERS
A RESULT OF RIVERINE INPUT

Shaliow . o
productivity mumay be importart sites of high coastal
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high sediment and freshwater input. Fourleague Bay has
been well studied, and it is the site of high plankionic
primary preduction as well as an important nursery zone
for fishes.

Fourleague Bay lies 10 km to the east of the
Atchafalaya River mouth, and its chemistry is strongly
influenced by both the river and the Gulf of Mexico.
Measurements of water fluxes through the upper bay
entrance during periods of high river flow in the months
of spring tlood in 1982 averaged 150 m®/s {Denes 1883),
equivalent to a flushing peried of 6 days (Madden 1986).
During fall low river discharge conditions, the average
water inputto the upper bay was 17 /s, consistent with

a bay tlushing period of 61 days.

Upper Fourleague Bay is fresh throughout most of
the year except during the August-December period of
low river flow when saliinity averages 1.5 ppt in the upper
bay. The saline waters of the Gulf of Maxico influence
lower Fourleague Bay in ali seasons 8xcept during the
strongest spring freshets. During spring flood, the bay Is
almost completely fresh and only in the lowest section of
the estuary at Oyster Bayou does salinity abruptly in-
Crease to near guif levels (Madden 1986). When fresh
water input is at its lowest in October and Novembsr,
salinity gradually increases with distance from the river,
from an average of 10 ppt inthe upper bay to about 32 ppt
inthe lower bay. The entire bay averages 1.5 min depth
which promotes a well-mixed, well-oxygenated water
column with very little vertical stratification.

A proposed extension of the Avoca island fiood
protection levee would border the Atchafalaya River
along its eastern bank (Fig. 1) continuing through the
eastern haif of Atchafalaya Bay. The intentis to prevent
backwater flooding of lowland urban areas north of the
estuary. However, the levee would also cut off
Fourieague Bay and the surrounding marshes from the
Atchatalaya River and direct the flow straight offshore.

Turbid, nutriert-rich river water flows info shallow
Atchatalaya and Fourleague Bays and the fresh plurme of
tiver water moves up and down the bay depending on
fiver discharge, tides and wind conditions. During the
spring, fresh water fills the bays for long periods of time.
From August to November (low flow), the bay is more
often dominated by saline Gulf waters, but there is still
significant fresh water input.

The nutrient regime in Fourleague Bay is controlled
by internal regenerative processes in addition to external
inputs. Animportantfocusin coastal ecology foday isthe
retative contributions of new and remineralized nutrients




in sustaining estuarine productivity (Nixon 1981b,
Boynton et ai. 1982). Puises of “new” nutrients enter
Fourleague Bay fromthe Atchafalaya River duting spring
flood (Madden 1986). Although inorganic nutrient con-
centrations peak during the annual high flood, aquatic
primary productivity is highest in late summer and early
fall, when temperatures pgak and river discharge is low.
The bay system Is productive because of a high degree
of recycling. Materia! and energy are constantly being
recycled between water column and bottorn and be-
tween organic and inorganic forms, Because this mate-
rial is kept within the bay for longer periods of time by
sediment-water column cycling and by fronta! entrain-
ment, inflowing anergy {both organic and inorganic) can
be used more efficiently in the shallow estuary.

The Atchafalaya River is the major source of ad-
vectad nutrients to the bay (gulf waters are low in nutri-
enis) and we hypothesize that the river is also the
ultimate source of most remineralized nutrients in
Fourleague Bay, via the sediment cycie. When nutrient-
fich river water flows over an area of bottom, there is 3
strong uptake of inorganic nutrients, especially nitrate
and organic matter (Teague 1883). When higher salinty
waterflows overthe same area (on the rising tide or in fall
during low river flow) ammonium is released into the
water column. New inorganic nutrients can be thought of
as “"charging” the sediment nutrient sSupply via direct
uptake by benthic processes such as dissimilatory nitrate
reduction to ammonium, and incorporation by phyto-
plankton which are then grazed or die and sink to the
sediments. As bacterial decomposition oceurs or radox

conditions change, these sediment nutrients can be
linerated from the sediments and released to the overly-
ing water column. This uptake and release cycle takes
place ontime scales from a few days to seasonally. With
sach tide change, any specific location in the bay will
either be taking up or releasing nutrients depending on
the ditfusion gradient between the sediments and over-
lying water.

On a seasonal scale, during high river flow, the bay
is inundated for iong periods by nutrient-rich fresh water
and the sediments become progressively more satu-
rated with nutrients. The sediments that are charged
during spring flood release nutrients fo the water column
during the summer when riverine input of *new" nutrients
is at its lowest. These nutrients stimulate primary produc-
tion in the clearer, higher safinity water. The sediment
charging-release cycle seems to stabilize the nutrient
supply and fertitize the overlying water column, thus
extending the growing period and enhancing overall
primary production in Fourlaague Bay.

With distance from the shore into the Guif of Mexico,
as depth increases, bottom sediments become progres-
sively decoupled from the whole of the water column. At
depths of S to 8 meters, normal levels of turbulence are
ot adeguate to mix the water column to the bottom and
periods of stratification may occur (Fig. 8). Regenerated
nutrients may be retained in bottom waters, especially
during the warm season, and not reach the upper layer of
the water column where they can be used in phytoplank-
ton production. We believe that such water column-

Figure 8. Feedback loops involved in maintaining high nutrient, high primary production regime in shaliow bays. High
rivering and regenerated nutrient inputs stimulate high primary production. The organic material which settles out of

the water column stimulates higher benthic remineralization.

In shallow bays, wind mixes regenerated nutriems

throughout the water column. In deeper oftshore walers, wind mixing is less effective in distributing nutrients. Lower

productivity resuits in lower sediment regeneration rates and perio

zones.”

dic stratification may create low oxygen "dead
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ling has two major effects: Surface pro-
m:; d;fﬂ;ﬂc';g, and stratification ofthe water colurnn
and me);abo!ism of organic matter below the pycnocline

results in low oxygen conditions.

we hypothesize that the uptake and release of
nutrients by bottom sediments significantly controls
aguatic primary production in Fourleague Bay and is
probably significant in many shaliow systems. Tpe
shallow depth of Fourleague Bay Is imporant in main-
taining the high productivity levels because the euphotic
zone is close to the bay bottom where sediments are
releasing mineralized nutrients. We postuiate that the
density fronts and their movements up and down the bay
play an important role in controlling the chemistry,
aquatic primary production, plankton dynamics and fish-
eries proguctivity of the system. As these fronts move,
material including plankton cells, particulate organic
material, and larval and juvenile nekton is trapped or
concenirated at the frontal interface.

We expect that maximum aquatic primary productiv-
ity in Fourleague Bay occurs along the fronts and that
zooplankion which feed there represent a particuiarly
important link between primary productivity and fishery
production. High zooplarnkton concenrations in the
frontal zones may encourage juvenile tish to feed more
etficiently and grow faster. Thus, the fronis serve as
mobile, ephemeral nursery zones.

Upstream changes can have a great effect on the
hydrology, ecological structure and productivity of
fourleague Bay. Because the inflow of nver water is so
important as a source of nutrients and in the forrnation of
tronts, tactors which would change river low patterns
could aftect the entire system. Human impacts, such as
training of the main Atchafalaya channel to carry a
qrealar flow or the extension of the Avoca Island protec-
tion levee would reduce the amount of fresh water
entering adjacent Fourlsague Bay and adjacent
marshes. This wouks result in lowar productivity in the
whole region because river water would be shunted
directly oftshore and nutrient input and frontal formation
in Fourleague Bay would be reduced. However, aquatic
primary productivity in the nearshore Gulf of Mexico
wouldnatincrease proportionally with the increased river
mTfmglm of the sediment-water column system
retaining et ﬁ: 91""-"9"0)' of the system in reworking and
oxygen “dead z’;s- fgnhermore. the occurrence of low
ana coast may b:es In botiom waters aiong the Louisi-
(R E Tumer o aQQravated by channelizing river flow
comm) and & zFﬂt_!r for Wetland Resources, pers.
which do not haver'c‘“g Organic material into regions

‘g sediment-watercolumn coupiing.

Acommon feature observed during much of the year
is the formation of density fronts at the area of mixing of
fresh and salt water. These discontinuities are ephem-
eral and seemto move up and down the bay in response
to wind and tides. Zooplankton productivity is high along
these fronts, probably because of intense grazing on live
and dead organic material. The copepod Acartiafonsais
the dominant macrozooplankionic organism in regions
of Fourleague Bay with salinities greater than 5 ppt. This
copepod plays a dominant role in the transfer of energy
and materials within the bay. 1tis a major component ot
the community grazing on phytoplankion and, perhaps,
microzooplankton and is 2 major component of the diet of
organisms of higher trophic levels, particularly iarval and
juvenile fish and ctencphores such as Mpemiopsis
mecradyi and larval and juvenile anchovies, particularly
Anchoq milchilli. Thus, Acadia plays a dominant role in
the transfer of energy and materials from phytoplankton
to the higher trophic levels in Fourleague Bay. Elucida-
tion and quantification of these connections and the
processes involved is an important component of the
Atchafalaya Program,

Recent work has shown that a number of commer-
cially imporiant migratory fish species, which move into
tidal creeks and marsh areas around Fourleague Bay,
spend several weeks in the open bay and undergo a
series of characteristic changes there (such as shifting
from plankion to detritus consumption, Deegan 1985). i
s generally recognized that density fronts or discontinui-
ties at riverine discharge plumes are impontant sites for
energy fransfer and intense biological activity which
potentially can support farge phytoplankton blooms and
zooplankton stocks. The timing and spatial occurrence
of tish spawning tend to take advantage of such periods
and areas of high productivity.

Hydrographic conditions not only affect the food
Supply, but also the transport and ultimate recruitment
success of larval fish poputations (see Norcross and
Shaw 1984 for a review). Recruitment may be enhanced

by “safe sites" (Frank and Leggett 1982) in which physi-

cal processes insure that bioogical conditions are stable
and favorable for survival. Reproductive BUCCeSS or
failure for some species depends upen a “match or
mismatch™ (Cushing 1967) of the most important physi-
cal and biologicalfactors. Praliminary data from plankton
fows in Fourleague Bay show ichthyoplankton concen-
trated at the fronts, and we postulate that juvenile fish
actively seek these zones in response fo the high food
availability of phytoplankion, zoopiankton, and erganic
detritus.

In summary, we believe that flow of river water into
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shallow bays increases coastal productivity due to high
nutrient input, tight coupling between sediments and
surface waters, and formation of fronts. The river is the
major source of “new” and, via sediment remineraliza-
tion, of regenerated nutrients. Frontal zones are sites of
high phytoplankton and zooplankton productivity, and
serve as ephemeral nursery zones for ichthyoplankton.
Channaelizing more of the flow of the Atchatalaya River
offshore would lead to lower overall aquatic productivity
and possibly exacerbate low oxygen problems.

We believe that these findings have a number of
important management implications. As indicated
above, “training” of the river into a single channel could
lessen the input of river water into shallow systems such
as Fourleague Bay. The completion of ihe Avoca Island
levee would have the same affect. In either case,
freshwater and nutrient input wouid be lowered. This
would lead to reduced primary and secondary productiv-
ity due to the lack of fertilization as well as lowered
mcidence of frontal formation. The resuits of the studies
also suggest implications for shell dredging in the area.
Because the dynamics of the bays are so closely coupled
to sediment nutrient dynamics, significant sediment dis-
ruption could have far reaching effects on nutrient uptake
and release. In addition, because much of the area is
light-imited in terms of aquatic primary productivity,
increases In turbidity dus to sediment resuspension
would probably reduce primary production. These ef-
tects will probably be more than transient because dredg-
ing otten renders sediments more easily resuspendable
tor long periods of time.

SPATIAL LANDSCAPE SIMULATION
MODELING FOR ECOSYSTEM
MANAGEMENT

The various management suggestions discussed in
the previous sections all have far-reaching implications.
They depend on which combination of solutions are
undertaken and when and where they are undertaken.
Outside forces (such as rales of sea level rise) also
influence the effectiveness of any proposed manage-
ment activity. In the past, suggested solutions have
been evaluated independently of each other and in a
“seat of the pants” manner. Inorderto more objectively
evaluate the many interdependent implications of the
various managernent strategies and specific projects
that have been suggested to remedy the coastal erosion
problem, an integrated spatial simulation modeling
approachwas developed (Sklaret al. 1985: Costanza et
al. 1986). This approach cansimulate the past behavior
and predict future conditions in coastal areas as a

function of various management atternatives, both indi-
vidually and in any combination. It simulates both the
dynamic and spatial behavior of the system, and will
keeptrack of the important variables in the system, such
as habitat type, water lavel and tiow, sediment levels
and sedimentation, subsidence, salinity, primary pro-
duction, nutrient levels, and elevation.

Models of this type are large and expensive to
implement, but once implemented can be used to
quickly and inexpensively evaluate various manage-
mant attematives. We envision an ongoing modeling
capability for the state's coastal areas, constructed in
stages. We have afready spert considerabie effort
designing and implementing this type of model for the
wastern Terrebonne basin, and it has been used to
evaluate several current management alternatives for
this area.

The model consists of 2,47¢ interconnected cells,
each representing 1 square kilometer. Each cell con-
tains a dynamic simulation model, and each cell is
connected to each adjacent cell by the exchange of
water and suspended materials. The volume of water
crossing from cell to cell is controfled by habitat type,
drainage density, walerway orientation, and levee
heights. The buildup of land or the development of apen
water in a cell depends on the balance between net
inputs of sediments and organic peats and outputs due
to erosion and subsidence. The balance of inputs and
outputs is critical, and is important for predicting how
marshsuccession and productivity is affected by natural
and human activities.

Forcing functions {inputs) are specitied in the form
oftime sefies overthe simuiation period. Weekly values
of Atchafalaya and Mississippi River discharges, Gul of
Mexico salinity, river sediments and nutrients, rainfall,
sea level, unoff, temperature, and winds are su ppliedto
the simulation with each fteration. The location and
characteristics of the major wate rways and levees are
also supplied as input to the simulation. Water can
exchange with adjacent cells via canals, natural bayous
and overiand flow or it may be prevented from exchang-
ing with adjacent cells by the presence of Jevees. The
overall water flow connectivity parameter {K2) is ad-
justed during the model run to reflect the presence and
size of waterways or levees at the celf boundaries. If a
waterway is present at a cell boundary a large K2 value
i5 used, increasing with the size of the waterway. if a
levee is present, a K2 value of 0 is used until watert leve!
exceeds the height of the levee  The modet's canal and
levee network is updated each yeardunng a simulaton
run. For example dredged canals and levees are
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added to the model's hydrologic structure at the begin-
n|ng of the ysaf they were built,

Each cell in the model is potentially connected to
sach adjacent cell by the exchange of water and sus-
pended materials. Before this exchange takes place
howaver, the ecoiogical and physical dynamics within a
cell is calculated. The volume of water crossing from
one cell o another caries a specified sediment load.
This sediment is deposited, rasuspended, lost due to
subsidence, or carried 1o the next cefl. The amount of
sediment in each “tank” is a function of the habilat type.
Ptarts and nutrients within each cell will aiso influence
these exchanges and flows,

Habitat successionoccurs in the model (after atime
lag) when the state variables within a celt become more
like ancther habitat type due to tha changing conditions.
The biotic componenis in a cell (primary production)
respond to the abiotic changes. Productivity (and suc-
cesasion) change with changing salinity, flooding re-
gimes, nutrient lavels, turbidity, and elevation.

The mode! can produce a huge amount of output,
most usaful of which is a contour map for each state
variable as well as habitat maps for each week of the
simulation. To produce these maps the mode! must
solve over 17,000 simultaneous ditference equations
and generate over one million simulated data points for
each year of simulation. With present day computers,
models with such large numbers of computations are
feasible, and as computers continue to improve in
speed and convenience, this type of modeling should
become more practical.

The results of the mode are best comprehended by
viewing a video tape of the model's time series mapped
outputfor each state variable and habitat type. Sincewe
cant run the video in this chapter, we present a few
“snap shots™ of habitat charge (Fig. 9) and discuss
some of the findings.

The model predicts the gradual intrusion of salt into
the system from the southeastern part of the study area
with the concurrent freshening in the northwesiern
sector. ltalso lllustrates a loss of elevation in the north
and an increase in elevation in the south. Both of these
trends are indicative of river water and sediments
moving further south in recent times plus a lack of
connectivity with the more northern fresh marsh areas.
Predicted water volyme and suspended sediments
behaved in a similar way and are generally consistent
with what is known about the historical behavior of the
system. These physical changes, in tum, have an
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impact upon the biology of the area. The relationship
between plants and elevation of the marsh results ina
feedback loop that enhances the rate of land loss as
suspended sediments are diverted from an area of
marsh.

The modei accurately predicted changes in salinity
zones and generalized waterflow pattems. Cverall, the
present model does a fairly good job of predicting
landscape succession.

To quantitatively assess the validity of the CELSS
model, the 1978 habitat map generated by the model is
compared to the actual 1978 habitat map. The most
straightforward method to compare the maps Is 1o
calculate the percent of corresponding cells in the two
maps which have the same habitat type. In our current
runs, a cell-by-cell comparison has resulted in a fit of
86% correct.

The simulation of long-term habitat changes in the
coastal marshes of the Atchafalaya River demonstrates
that ecological and physical processes can be realisti-
caily and relatively accuratsty modeled. The resutts of
the CELSS Modsl indicate that the current trend of
habitat succession will continue to result in wetland
degradation unless something is done. Each oil access
canal, levee, and dredge and fill activity that is permitted
may seem small and unimportant on a case-by-case
basis, appearing only as an insignificant focalized im-
pact. However, we have shown that when spatial
processes and cumuiative impacts are considered, the
effects are greatly magn#ied. In addition, the affects of
some management options are contingent upon which
other options are simultaneously employed. The long-
term implications of canal dredging, for example, may
be dependent on the sediment environment, an efivi-
ronment which may be drastically aflected by marsh
management plans or other options.

We are currently inthe process of running the moge!
to the year 2050 for several different scenarios. These
include the affects of the proposed Avoca Island levee
extension, various canal dredging and backfilling op-
tions, controlled water diversions, and semi-impoung-
ments. Thess options will also be investigated in
various combinations. This will give govemmen
agency personnel, landowners, oil industry represania-
lives, and the general public better predictions of the
complex implications of human activities in the Louisi-
ana coastal zone, and shouid lead to better manage-
ment of the resource.

In addition, we can do “hindcasts” with the modal to




- MERLITRTR

—_— INER, 1902

LEGEND

L
rEAQADA] SwANS
EM[EH mARY
=8 T WRREH
LITISRE N LIRS
| OMEw wRIE

Figure 9. Western Terrebonne Parish marshes sample habitat map outputfromthe base case model run {right columm)
compared with real gata {let column).

225



[ acwal data
] simulated with canals
B simuiated without canals

400 -

Area (sq. km)

swamp brackish salt apen
Habltat Type

frosh

Figure 10. Preliminary resufts of running the model with
and without artificial canals and levees, Chart shows the
area of each of the habitat types in 1978 for the data and
model runs including and excluding canals (Costanza et
al. 1988).

study the impacts of past activities. For axample, we
have run the model without any of the canals dredged
between 1356 and 1978 to look at the impacts of past
canaldredging. Preliminary results are shown in Figure
10. We could also pick out types of canals or even
individual canals to eliminate in a simulation and thus
estimate historical impacts.

Al present, models of this size and complexity are
tairly new and expensive. However, as we gain expe-
rience, and as supercomputers and array processors
become more readily availabie, models of this type will
become practicaitools for understanding and managing
natural coastal systams,

LITERATURE CITED

Adams, R.D. and R.H. Baumann. 1980. Land buikding in
coastal Lovisiana: emergence of the Atchafalaya
Bay Defta. Louisiana State University, Certer for
Wetland Resources, Baton Rouge, LA. Sea Grant
Publ. No, LSU-T-80-002. 27 P

Baumann, R.H. and R.D. Adams. 1980. Land building in
coastal Louisiana: emergence of the Atchafalaya
Bay Deha. La. State Univ., Center for Wetland

Resources, Baton Rouge, LA. Sea Grant Publ. No.
LSU-T-80-002. 27 p.

Baumann, R.H. and R.D. Adams. 1981. The creation
and restoration of wellands by naturai processes in
the lower Alchatalaya River system: Possible con-

flicts with navigation and flood control management.
Pages 1-24 in Stovall, R.H., (ed.} Proceedings of the
Eighth Conference on Weltands Restoration and
Creation. Hillsborough Community College, Tampa,
FL.

Baumann, R.H., J.W. Day, Jr., and C.A. Miller. 1984.
Mississippi daltaic wetland survival: sedimentation
versus ceastal submergence. Science 224:1093-
1095.

Boynton, W.R., WM. Kemp and C.W. Keefe. 1982. A
comparative analysis of nutrients and other factors
influencing estuaring phytoplankton production. P.
69-90 in V.S. Kennedy, ed. Estuarine comparisons.
Academic Press, NY.

Costanza, R., F.H. Skiar, and JW. Day, Jr. 1986.
Modeiing spatial temporal succession in the
Atchatalaya/Terrebonne marstvestuarine complex
in south Louisiana. P. 387-404 in D. Wolfe, ed.
Estuarine Variabilty. Academic Press, New York,
NY.

Cratsley, D.W. 1975. Recent deltaic sedimentation,
Atchafalaya Bay, Louislana. M.S. thesis, La. State
Univ., Baton Rouge, LA. 142 p.

Cushing, D. H. 1867, The grouping of herring popula-
tions. J. Mar. Biol. Ass. U. K. 47:193-208.

Day, J.W., Jr. and N.J. Craig. 1982, Comparison of
effectiveness of management options for wetland
loss in the coastal zone of Louisiana. P. 232-239 in
D.F. Boesch, ed. Proc. of the Cont. on Coastal
Erosion and Wetland Modification in Louisiana:
Causes, Consequences, and Options. U.S. Fishand
Wildlife Services, Biol. Serv. Prog. FWS/OBS-82/
£9.

Deegan, L. A. 1985. The population ecology and nutrient
transport of Gulf menhaden in Fourleague Bay,
Louisiana. Ph.D. diss., La. State Univ., Baton
Rouge, LA. 134 p.

Denes, T. A. 1983. Seasonat transports and circulation
of Fourleague Bay, Louisiana. M. S. thesis. La. State
Univ., Baton Rouge, LA. 112 p.

Fisk, HN. 1952. Geokgical investigation of the
Alchatalaya Basin and the problem of Mississippi
River diversion. U.S. Amimy Coms of Engineers,
Mississippi River Commission, Vicksburg, MS. 145
P.



Frank,K.T.andW.C. Leggett. 1982. Coastalwatermass
replacement: its etfect on zooplankton dynamics and
the predater-prey complex asscciated with larval

capelin {(Mallotus villosus). Can. J. Fish. Aquatic Sci.
39:991-1003.

Johnson, W.B., C.E. Sasser, and J.G. Gosselink. 1985,
Succession of vegetation in an evelving river delta,
Alchatalaya Bay, Louistana. J. Ecol. 73:973-986.

Kinler, N.W., G.L. Linscombe, and R.K. Chabreck. 1980.
Smooth beggartick: its distribution, control, and
impact on nutria in coastal Louisiana. Prog. of
Worldwide Furbearer Conf., Frostburg State Col-
lege, Frostburg, MD. 11p

Madden, C.J. 1986. Distribution and loading of nutrients
in Foureague Bay, a shallow Louisiana estuary.
M.S. thesis, La. State Univ. 155p.

Miller, C.A. 18B3. Nutrient inputs and sedimentation
rates In marshes surrounding Fourleague Bay,
Louisiana. M.S. thesis, La. State Univ., Saton
Rouge, LA.

Nixon, S.W. 1981. Remineralization and nutrient
cycling in coastal marine ecosystems. P, 111-
138 inB. Neilson and L.E. Cronin, eds. Nutrient
Enrichment in Estuaries. Humana Press,
Ciifton, NJ.

Norcross, B. L. and R. F. Shaw. 1984. Oceanic and
estuarine transport of fish eggs and larvae: a review.
Trans. Am. Fish, So0¢. 113:153-165.

Rejmanek, M., C. Sasser, and J. Gosselink. 1987.
Modeling of vegetation dynamics in the Mississippi
River deltaic plain. Vegetatio 69:133-40.

Roberts, H.H., R.D. Adams, and R.H.W. Cunningham.
1980. Evoiution of the sand-dominated subaeriai
phase, Alchafalaya delta, Louisiana. Am. Assoc.
Petroleum Geol. Bull. 64:264-279,

Shiemon, R.J. 1975. Subaqueous defta formation -
Atchafalaya Bay, Louisiana. P. 209-221 in M.L.
Broussard, ed. Deltas, Houston Geol. Soc., Hous-
ton, TX. :

Sklar, F.H. and R. Costanza. 1986. A spatial simuiation
of ecosystem succession in a Louisiana coastal
landscape. P. 467-472 in R. Crosbie and P. Luker,
eds. Proc. Summer Computer Simulation Confer-
ence. Society for Computer Simuiation.

Sklar, F.H., R. Costanza, and JW. Day, Jr. 1985.
Dynamic spatial simulation modeting of coastal
wetland habitat succession. Ecol. Modehing 28:261-
281.

Stem, M.K. 1986. Water and materials fluxes in a
freshwater tidal channel in coastal Louisiana. M.S.
thesis, La. State Univ., Baton Rouge, LA. 89 p.

Stemn, M.K., JW. Day,Jr., and K. Teague. 1986. Sea-
sonalty of materials transport through a coastal
freshwater marsh. riverine versus tidal forcing.
Estuaries 9(4A):301-308.

Teague, K.G. 1883. Benthic oxygen uptake and net
sediment-water nutrient flux in a river-dominated
estuary. M.S. thesis, La. State Univ. 72 p.

van Heerden, LL. and H.H. Robernts. 1880a. The
Afchafalaya Delta— Louisiana’s new prograding
coast. Trans, Gulf Coast Assoc. Geol. Soc. 30:497-
506.

van Heerden, |L. and HH. Roberts. 1980b. The
Atchatalaya Delta— rapid progradation along a tra-
ditionally retreating coast (south central Louisiana).
Z. Geomorph. NLF. 34:188-201.

Wagret, P. 1968. Polderlands. Methuen and Co.,
London. 288 p.

Wang, F.C. 1987. Effects of ievee extension on marsh
fiooding.  J. Water Resour. Planning Mgmt.
113(2):161-176.

Wang, £.C,, C.A. Moncreiff, and J. A. Amit. 1983. Wet-
land hydrelogy and hydrodynamics. Second Annual
Report. La. Sea Grant College Program, Center for
Wetland Resources, La. State Univ., Baton Rouge,
LA.

Welder, F.A. 1959. Processes of daltaic sedimentation
in the lower Mississippi River. Tech. Rep. No. 12,
Coastal Studies Institute, La. State Univ., Baton
Rouge, LA. 90 p.

Wells, J.T. 1983. Dynamics of coastal fluid muds in low,
moderate, and high tidal range environments. Can.
J. Fish. Aquatic Sci. 40:130-142.

Wells, J.T. and G.P. Kemp. 1981. Atchatalaya mud
stream and recent mud fiat progradation: Louisiana
Chenier Plain. Trans. Gulf Coast Assoc. Geol. Soc.
31:409-416.

227



Wells, J.T. and G.P. Kemp. 1982. Mudflat and marsh
progradation along Louisiana’s Chenier Plain: a
natural reversal in coastal erosion. P. 39-51 in D.
Boesch, ed. Proc. Conf. on Coastal Erosion and
Wetland Modification in Louisiana: Causes, Conse-
quences, and Options. U.S. Fish and Wildlife Serv-
ice, Office of Biological Services. FWS/OBS-82/59.

Wells, J.T.and H.H. Roberts. 1980. Fiuid mud dynamics
and shoreline stabilization: Louisiana Chenier Plain.
Proc. Conf. Coastal Eng. 17:1382-1401.

Wright, L.D. and J.M. Coleman. 1974. Mississippi River
mouth processes - effluent dynamics and morphol-
ogic development. J. Geol. 82:751-778.

228



TrlE ATCHAFALAYA
DELTA

229



SEA GRANT-SPONSORED
ATCHAFALAYA PUBLICATIONS

Adams, C.E., Jr., J.T. Walls, and J.M. Coleman. 1982.
Sediment transpon on the central Lovisiana conti-
nental shelf: Implications for the developing
Atchafalaya River delta. Contributions in Marine
Science 24:133-148.

Adams, R.D. and R.H. Baumann. 1980a. Atchatalaya
Delta topography and bathymetry. Louisiana State
University Center for Wetland Resources, Baton
Rouge, La. Sea Grant Publ. No. LSU-M-80-001.

Adams, R.D. and R.H. Baumann. 1880b. Land building
in coastal Louisiana: emergence of the Aichafaiaya
Bay Defta. Louisiana State University Center for
Wetland Resources, Baton Rouge, La. Sea Grant
Publ. No. LSU-T-80-002. 27 p.

Amft, JA. and F.C. Wang. 1983. A meso-scale field
monitoring technique. P.223-241inR.J. Varnell, ed.
Proc. Water Quality and Wetland Management
Conference, New Orleans, LA.

Baumann, R.H. and R. Adams. 1981. The ¢reation and
restoration of wetlands by natural processes in the
lower Atchafalaya River system: possibie conflicts
with navigation and flood control management. P. 1-
25 in R.H. Stovall, ed. Proceedings of the Eighth
Annual Conference on Wetlands Restoration and
Creation, Tampa, FL.

Baumann, R.H. and R.D. DeLaune. 1982. Sedimenta-
tion and apparent sea level rise as tactors affecting
land loss in coastal Louisiana, P.2-13inD. Boesch,
ed. Proc. of the Cont. on Coastal Erosion and
Wetland Modification in Louisiana: Causes, Conse-
quences, and Options. U.S. Figh Wiidl. Serv., Office
of Biological Services. FWS/OBS-82/59.

Baumann, R.H., JW. Day, Jr., and C.A. Miller. 1984,
Mississippi deltaic wetland survival: sedimentation

versus coastal submergence. Science 224:1093-
1095,

Catfrey, J M. 1983. The influence of physicaltactors on
water cotumn nutrients and sediments in Fourleague

Bay, Louisiana. M.S. thesis, La. State Univ., Balon
Rouge.

Caftrey, J.M. and J.W. Day, Jr. 1986. Control of the
variability of nutrients and suspended sedimentsina
Gulf coast estuary by climatic forcing and spring
discharge of the Atchatalaya River. Esiuaries
9(4A):295-300.

Costanza, R., F.H. Sklar, and J.W. Day, Jr. 1586.
Modeling spatial and temporal succession in the
Atchatalaya/Terrebonne marsh/estuarine complex
in south Louisiana. P. 387-404 in D. Wolfe, ed.
Estuarine Variability, Academic Press, NY.

Costanza, R., F.H. Skiar, and J.W. Day, Jr. 1987. Using
the coastal ecological landscape spatial simufation
(CELSS) model for wetland management. Proc.
Fifth Symposium on Coastal and Ocean Manage-
ment. Seattle, WA.

Costanza, R., F.H. Skiar, M.L. White, and J.W. Day, Jr.
1987. A dynamic spatial simulation mode! of fand
joss and marsh succession in coastal Louisiana. P.
99-114 in W.J. Mitsch, M. Straskraba, and S.E.
Jorgenson, eds. Wetland Modelling, Elsevier,
Amsterdam.

Cratsiey, D.W. 1975. Recent deltaic sedimentation,
Aichafalaya Bay, Louisiana. M.S. thesis, La. State
Univ., Baton RougeLA.

Cunningham, RHW. 1978. Atchafalaya-Vermilion
estuarine complex studies. Contract report 1o U.S.

Army Corps of Engineers, New Orieans District, New
Ortleans, LA. 206 p.

Cunningham, RH.W. 1981, Atchafalaya Deha:
subaernial development, environmental implications
and resource potential. P. 349-385 in R.D. Cross
and D.L. Williams, eds. Proc. National Symposium
on Freshwater Inflow to Estuaries, FWS/OBS-82/59.

Day, JW., Jr, CJ. Madden, WH. Conner, and R.
Costanza. 1987. Management impiications of re-
searchinthe Atchafalaya delta region. P. 445-467 in
N.V. Brodtmann, Jr., ed. Fourth Water Quaiity and

Wetlands Management Conference, New Orieans,
LA,




Day, JW., Jr, W.B. Johnson, C.J. Madden, B.A. Th-
ompson, L.A. Deegan, W.B. Sikora, and J.P. Sikora.
In press. The development of an estuarine
ecosystem in a coastal freshwater deltaic environ-
ment. In Proc. International Symposium on Utiliza-
tion ot Coastal Ecosystems: Planning, Poliution,
Productivity, Rio Grande, Brasil.

Deegan, L.A. 1985. The population ecology and rutrient
fransport of guit menhaden in Fourleague Bay,
Louisiana. Ph. D. thesis, La. State Univ., Baion
Rouge, LA, 134 p.

Deegan, L.A. and C. Neill. 1985. New lite on the
Mississippt. Natural History 94(6):60-70.

Deegan, L.A. and B.A. Thompson. 1985, The acology
of fish communities in the Mississippi River Deltaic
Plain. P. 35-56 in A. Yanez-Arancibia, ed. Fish
Community Ecology in Estuaries and Coastal La-
goons: Towards an Ecosystem integration. DR (R)
UNAM Press, Mexico.

Delaune, A.D., R.H. Baumann, and J.G. Gosselink.
1883. Relationships among vertical accretion,
coastal submergence, ang erosion in a Louisiana
guif coast marsh, J. Sed. Pet. 53:147-157.

DeLaune, R.D., C.J. Smith, W.H. Patrick, Jr., and H.H.
Roberts. In press. Rejuvenated marsh and bay-
bottom accretion in the rapidly subsiding c¢oastal
plainof the U S. Gulf coast. a second order effect of
the emerging Atchafalaya deMa. Estuaries and
Coastal Shelf Science.

Denes, T. 1983. A hydrologic model of Fourleague Bay,
Louisiana. M.S. thesis, La. State University, Baton
Rouge, LA.

Fredericks, R.G. and J.T. Wells. 1980. High-precision
instrumentation system for sea-bed pressure meas-
urements in muddy sediments. Proc. IEEE, pages
226-230.

Fuller, D.A, C.E. Sasser, W. Johnson, and J.G. Gos-
selink. 1984. The effects of herbivory on vegetation
onislands in Atchafalaya Bay, Louisiana. Wetlands.
4:105-113.

Hatton, R.H., W.H. Patrick, Jr., and R.D. DeLaune. 1982,
Sedimentation, nutrient accumulation, and early
diagenesis in freshwater, intermediate, brackish,
and salt marshes, P.255-267 in V.S. Kennedy, ed.
Estuarine Comparisons, Academis Press, NY.

231

Johnson, W.B,, CE.. Sasser, and J.G. Gosselink. 1985.
Succession of vegetation in an evolving river defta,
Atchafalaya Bay, Louisiana. J. Ecol. 73:973-986.

Kemp, G.P., J.T. Wells, and t.L. van Heerden. 1980.
Frontal passages atfect defta development in Louisi-
ana. Coastal Oceanog. and Climatol. News 3(1):4-
5.

Leibowitz, 8., F.H. Skiar, and R. Costanza. in press.
Perspectives on Louisiana wetland loss modaling. In
R. Sharitz and J. Gibbons (eds.). Freshwater Wet-
lands and Wildife. DOE Symposium Series.

Madden, C.J. 1986. Distribution and loading of nutrients
in Fourieague Bay, a shaliow Louisiana estuary.
M.S. thesis, La. State Univ., Baton Rouge, LA. 144
p.

Madden, C., J. Day, and J. Randall. In press. Coupling
of freshwater and marine systems in the Mississippi
deltaic plain. Limnology and Oceanography.

Miller, C.A. 1983. Nutrient inputs and sedimentation
rates in marshes sumounding Fourleague Bay,
Louisiana. M.S. thesis, La. State Univ., Baton
Rouge, LA. 68 p.

Randall, JM. 1986. Dynamics of aquatic primary pro-
duction inaturbid Louisiana estuary. M.S. thesis, La.
State Univ., Baton Rouge, LA. 80 p.

Randall, J.M. and J.W. Day, Jr. 1987. Effects of river
discharge and vertical circulation on aquatic primary
production in a turbid Louisiana (USA) estuary.
Netherlands J. of Sea Research 21(3):231-242.

Rejmanek, M., C.E. Sasser, and J.G. Gosselink. 1987,
Modeling of vegetation dynamics in the Mississippi
River deltaic plain. Vegetatio 69:133-140.

Rejmanek, M., C.E. Sasser, and G.W. Peterson. In
press. Huricane-induced sedimentation in a Gulf
coast marsh. Estuarine and Coastat Shelf Science.

Roberts, H.H. and 1.L. van Heerdan. 1982. Reversat of
coastal erosion by repid sedimentation: the
Atchafalaya delta (soutt-central Louisiana). P.214-
231in D.Boesch, ed. Proc. Conf.on Coastal Erosion
and Wetland Modification in Louisiana: Causes,
Consequences, and Options. U.S. Fish and Wildiile
Service, Office ot Biological Services. FWS/QBS-
82/59.



Roberts, H.H., R.D. Adams, and R.H.wW. Cunningham.
1880. Evolution of the sand-dominated subaerial
phase, Atchafataya Delta, Louisiana. Am. Assoc.
Petrol. Geol. Bull. 64:264-279.

Rouse, L.J.,Jr. H.H. Roberts, and R H.W. Cunningham.
1978. Satellite observation of subaerial growih of the
Afchafalaya Delta, Louisiana. Geology 6:405-408.

Sasser, C.E., D. Fuller, D.A,, and J.G. Gosselink. In
press. Vegetation and wildlife in the Atchatalaya
River delta. Sea Grant Special Publication.

Sklar, F.H. and R. Costanza. 1986. A spatial simulation
of ecosystem succession in a Louisiana coastal
landscape. P. 467-472in R. Crosbie and P. Luker,
eds. Proc. Summer Computer Simulation Confer-
ence. Society for Computer Simulation.

Sklar, FH., R. Costanza, and J.W. Day, Jr. 1985,
Dynamic spatial simulation modeling of coastal
wetland habitat succession. Ecol. Modetling 29:261-
281.

Smith, C.J., R.D. DeLaune, and W.H. Patrick, Jr. 1985.
Fate of riverine nitrate entering an estuary: {. Denitri-
lication and nitrogen buria!. Estuaries 8:15-21.

Stem, M.K. 1986. Water and materials fluxes in a
treshwater tidal channe! in coastal Louisiana. M.S.
thesis, La. State Univ., Baton Rouge, LA 69p.

Stem, MK., JW. Day, Jr.. and K.G. Teague. 1986
Seasonality of materials transport through a coastal
treshwater marsh: riverine versus tidal forcing. Es-
tuaries 9(4A):301-308.

Teague, K.G. 1983. Sediment-water nutrient fiuxes in
Fourleague Bay, Louisiana, M.S. thesis, La. State
Univ., Baton Rouge, LA.

Teague, K.G5.,C.J. Madden, and J.W. Day, Jr. In press.
Sediment oxygen uptake and net sediment-waler

nutrient tluxes in 3 fiver-dominated estuary. Estuar-
s,

Thompson, B A, 1983. The occurrence of the Asiatic
freshwater clam, Corbicula fluminea. in the

Atchatalaya delta, Lovisiana. Naulilus 97.124-125.

Thompson, B.A ang LA Deegan. 1982, Distribution of

ladyfish ) and bonefish {Albula yulpes)
geapéocephah in _ouisiana. Bul. Mar. Sci, 32.836.

Thempson, B.A. and LA, Deegan. 1983, The
Alchafalaya River defta: A “new" fishery nursery,
with recommencations for management. P. 217-238
inF.J. Webb, ed. Proc. Tenth Annual Conference on
Wetland Restoration and Creation. Hillsborough
Community College, Tampa, FL.

Turner, R.E.and R.L. Allen. 1982. Bottomwater oxygen
concentration in the Mississippi river delta bight.
Cont. Mar. Sci. 25:161-172.

Turner, R.E. and R.L. Allen. 1982. Plankton respiration
rates in the bottom waters of the Mississippi river
defta bight. Cont. Mar. S¢i. 25:173-179.

van Heerden, LL. 1980. Sedimentary responses during
flood and non-flood conditions, new Atchafalaya
delta, Louisiana. M.S. thesis, La. State Univ_, Baton
Rouge, LA.

vanHeerden,!.L. 1983. Deltaic sedimentationin eastern
Atchafalaya Bay Louisiana. Ph. D. dissertation, La,
State Univ., Baton Rouge, LA.

van Hesrden, L. and H.H. Roberts. 1980a. The
Alchatalaya Delta— Louisiana's new prograding
coast. Trans. Gulf Coast Assoc. Geol, Soc. 30:497-
506.

van Heerden, L. and H.H. Roberts. 1980b. The
Atchafalaya Defta— rapid progradation along a tra-
ditionally retreating coast {south central Louisiana).
Z. Geomorph, N.F. 34:188-201.

van Heerden, L., J.T. Wells, and H H Roberts. 1981,
Evolution and morphology of sedimentary environ-
ments, Atchafalaya Delta, Louisiana, Trans. Guit
Coast Assoc. of Geol Soc. 31 :399-408.

van Heerden, L., J.T. Wells, and H.H. Roberts. 1983
River<dominated Suspended sediment deposition in
a new Mississippi subdehta. Canadian J. Fish. and
Aquatic Sci. 40:60-71.

Wang, F.C. 1982. The Atchafalaya River delta. Report
7 Analytical analysis of the development of the
Alchafalaya River defta. U.S. Army Coms of Engi-
neers, New Orleans, Louisiana. Technicat Report
Ht.-82-15.

Wang, F.C. 1984. The dynamics of & river-bay-delity
system. J. Geophy. Res. 84(15):8054-8060.

232



Wang, F.C. 1987. Effects of levee extension on marsh
flooding. J. Water Resoyr. Planning Mgmt,
113(2):161-176.

Wang, F.C. and P.D. Scarlatos. 19g2. Infiuences ot
weather patterns on wetland ticodings. P. 373-a379
in A.l. Johnson and R.A. Clark, ads. Proc. Interna-
tional Symposium on Hydromereorology. American
Water Resources Association, Denver, Colorado.

Wang, F.C., L. Gosselink, and P.p. Scarlatos. 1982.
Wetland hydrology, hydraulics, and hydrodynamics:
theory, method, and application: computer model-
ing, simulation, and documentation, La. State Univ.,,
Center for Wetland Resources, Baton Rouge, LA,
Sa Grant Publ. No. LSU-T-82-001 165 p.

Wang, F.C., C.A. Moncrsitf, and J A Amft. 1983. Wet-
land hydrology and hydrodynamics. Second Annual
Repont. La. Sea Grant College Prog., Center for
Wetland Resources, Baton Rouge.

Wei, J.S., F.C. Wang, and J.A. Amit in press. Flood
estimation for an ungaged floodplain, In Proc. Inter-
national Symposium on Flood Frequency and Risk
Analysis, La. State Univ.. Baton Rouge, LA.

Wells, J.T. 1383, Dynamics of coasta fiuid muds in low-
. Mmoderate-, and high-tide-range environments.
Canadian J. Figh. and Aguatic Sci. 40:130-142.

Wells, J.T. and G.P. Kemp. 1981. Atchafalaya mud
stream and recent mud flat progradation: Louisiana

233

Chenier Plain. Trans. Gult Coast Assoc. Geol. Soc.
31.409-416,

Wells, J.T. and G.P. Kemp. 1982. Mudflat and marsh
progradation along Louisiana's Chenier Plain: a
natural reversal in coastal erosion. P. 39-51 in D.
Boesch, ed. Proc. Cont. on Coastal Erosion and
Wetland Modification in Louisiana: Causas, Conse-
Quences, and Options. U.S. Fish and Wiidlife Serv-
ice, Office of Bioiogical Services. FWS/0BS-82/59.

Woells, J.T. and H.H. Roberts. 1980, Fluid muddynamics
and shoreling stablization: Louisiana Chenier Piain.
Proc. Conf. Coastal Eng. 17:1382-1401.

Wells, J.T..5.4. Chinburg, andJ M. Coleman. 1984. The
Alchafalaya River Delta generic analysis of delta
developmenl. Louisiana State University Coastal
Studies Institute Tech, Rept. (also Tach. Rept HL-
82-15, Waterways Experiment Station, Vicksburg,
MS).

Wells, JT., RL. Crout, and G.P. Kemp. 1981. An
assessment of coastal processes, dredged-sedi-
ment transport, and biological effects of dredging,
coast of Louisiana. Louisiana State University,
Coastal Studies Institute, Baton Rouge. Tech. Rep.
No. 314. 36p.

White, J. 1986. Some effects of suspended sediments
on the egg production rate of the calanoid Acartia
tonsa. M.S. thesis, La. State Univ., Baton Rouge,
LA 40p.






