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ABSTRACT: In Sep tem b er  1986, w e  collected neuston  (1 x 2 m, 0.947 m m  mesh) a n d  surface 
chlorophyll a samples and  hydrographic  da ta  at 46 stations a round  the d ischarge  p lum e  of the 
Mississippi River. Transects w ere  positioned so that the 3 w a ter  masses in the  p lum e  a rea  -  p lume 
water,  Gulf of Mexico shelf  w a ter  and  frontal w a ter  (a mixture of the former 2) -  w e re  sam pled. The  
p lume w as  rep re sen ted  by a shallow lens of water  <  34 % salinity and  <  29 °C rest ing  atop w arm er  
(> 29 °C) a n d  more saline (> 34 %) Gulf of Mexico shelf water.  Strong turbidity fronts with a scale of 50 
to 100 m form, relax and reform approximately  at tidal frequencies  within the frontal region that  has a 
larger scale of 6 to 8 km. Total ich thyoplankton catch p e r  tow, individual surface  chlorophyll a values 
and  m acrozooplank ton  d isp lacem ent volumes were  all significantly g rea ter  in frontal w a ters  than  
ad jacen t  Gulf of Mexico shelf or p lum e waters. Hydrodynam ic  convergence  at the  continually forming 
and  re laxing turbidity fronts most likely accounts for concen tra ted  neustonic  ichthyoplankton, and  at 
least  partially for h igh  m acrozooplankton values as well, in frontal  waters. E levated  m acrozooplankton  
d isp lacem en t  volumes m  frontal waters  may also result from h igher  rates of proliferation of m acrozoo
plank ton  biomass. High primary production in frontal w a ter  is p robably  due to the mixing of nutrient-  
rich, but turbid, p lum e w a ter  (where photosynthesis is light limited) with clear,  bu t  nutrient-poor,  Guii 
of Mexico shelf w a te r  (where photosynthesis is nutrient  limited) creating  favorable  phytop lank ton  
growth conditions. Concentrat ions of ichthyoplankton and  Zooplankton offer rich trophic  resources that 
some spec ies  util ize to gain superior growth. Faster growth  will lead to increased  survival and  
recru i tm ent (because larvae pass th rough  the period of g rea tes t  vulnerabili ty  to p reda t ion  by gape-  
limited p reda to rs  more quickly) if larval growth is increased  disportionately to larval mortality from 
predation.

INTRODUCTION

A variey of physical and  biological p h en o m en a  may 
in teract to spatially a g g re g a te  planktonic organisms on 
scales rang ing  from micro (centimeters to meters) to 
coarse (kilometers to h u ndreds  of kilometers) (Long- 
hurst 1981, O w en 1981b). Furthermore, within a g g re 
gations interactions a re  intensified, offering conditions 
that may enhance  grow th  and  survival of ich thyop lank
ton, possibly lead ing  to differential recruitment. U nder
standing and  explain ing year  class variability and  its 
causal m echanism s is important as a fundam ental 
biological problem, a n d  is n e e d e d  by fishery m anagers  
so that advance  es tim ates  of recruitm ent to a fishery 
can be used in stock assessm ent to adjust harvest 
levels.

Three m ain  factors contribute to the success or fail
ure of fish year classes: (1) feeding success; (2) p r e d a 
tion; and  (3) transport. Physical ch anges  in the ocean 
environm ent have major consequences  for all three. 
The m agn itude  of these  changes  varies from major 
ocean-clim ate events (e.g. El Niño) and  per turbat ions 
in major current systems (e.g. the California Current; 
Lasker 1978) to smaller-scale p h e n o m e n a  such as w ind 
events  and  resulting transport (Nelson et al. 1977, 
C heckley  et al. 1988); storm- an d  upw ell ing -re la ted  
tu rbu lence (Lasker 1980); fronts, gyres, horizontal m i
crostructure and  eddy  systems (Grainger  1978, Bakun 
& Parrish 1981, O w en  1981a, Parrish et al. 1981, lies & 
Sinclair 1982, H un ter  & S harp  1983, Kirobe et al. 1986, 
Richardson et al. 1986); an d  riverine plumes, fronts and  
associated hydrodynam ic convergence  (Richardson
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1981, Sakam oto  & T an a k a  1986, Govoni et al. 1989, 
Govoni & Grimes unpubl.).

T hese  hydrodynam ic and  m eteorological events that 
in f luence w ate r  m ovem en t  affect recru itm ent in vari
ous ways, for example , by affecting the vertical stability 
of the  w a te r  column tha t concentra tes  suitable food 
(Lasker 1978), by transporting  la rvae to a reas  of good 
or b a d  food supply and  p reda to r  fields (Frank & Leggett
1982, Crecco et al. 1983, Fortier & Leggett  1983, Crecco 
& Savoy 1984, Lam bert & Ware 1984, Leggett  et al.
1984), by transporting  young  stages to estuarine 
nursery  areas  (Nelson et al. 1977, Shaw  et al. 1985), and 
by transporting  young  stages to a reas  of recru itm ent to 
adu lt  stocks (Bailey 1981, Parrish et al. 1981, Bolz & 
Lough 1983, Power 1986).

Food supply  is p e rh a p s  the most im portan t  biological 
factor in fluenced by physical factors. V lym en (1977), 
Beyer (1976) and  Beyer & Laurence (1980) have  investi
ga te d  the effects of feed ing  behavior, food availability 
an d  feed ing  effectiveness on survival an d  growth of 
early  life stages. G row th  rates an d  larval s tage duration 
are p robab ly  the variables most affected by food supply 
(Cushing 1975, W erner & Gilliam 1984). While direct 
s tarvation  m ight cause  rec ru itm en t failure un d er  some 
circum stances, inc reased  preda tion  on larvae during a 
longer  larval period  is the more likely consequence  of 
r ed u c ed  larval food supply (Houde 1986, Anderson
1988). Canniba lism  and  p redation  are generally  recog
n ized  as major sources of mortality in early life stages 
(Anderson & Ursin 1977, Smith & Lasker 1978, MacCall 
1981, Post & Prankevic ius 1987, A nderson  1988).

M any  of these physical p h e n o m e n a  are  ephem era l  
and  therefore difficult to detec t and  study. In contrast, 
riverine p lum es and  their associa ted  fronts are easily 
d e tec tab le  and  persistent,  and  thus provide a good 
opportun ity  to study an  im portan t phen o m en o n  that 
m ay have a significant inf luence on recru itm ent of 
som e Gulf of Mexico fishes. In this p ap e r  we describe 
the  spatial distribution and  ab u n d a n c e  of ichthyo
p lankton, m acrozooplankton  and  chlorophyll a in sur
face w aters abou t the Mississippi River discharge 
p lum e in S ep tem ber  1986, and  discuss the potential 
role of the p lum e m the rec ru itm en t dynam ics of fishes 
found there.

The Mississippi River is one of the major oceano 
graph ic  influences in the Gulf of Mexico. It is the 
largest river in North America, drain ing over 1.2 x IO6 
k m 2, and  annua lly  d ischarges  an  ave rag e  1.83 x IO4 m 3 
s “ 1 th rough  its Mississippi Delta and  Atchafalaya dis
tr ibutaries (Todd 1970, G un te r  1979). T he  Mississippi 
Delta flow d ischarges th rough  its m any  distributaries, 
but primarily th rough  Pass a Loutre, South Pass and 
Southw est Pass. D ischarge v a n e s  seasonally, being 
g rea test  in spring, decreas ing  th rough  sum m er and  fall 
to the w inter  low (Dinnel & W isem an 1986). The result

ing d ischarge plum e is a shallow lens of turbid  low- 
salinity surface w ater  tha t may extend 100 km  offshore 
(Riley 1937). About 50 % of the Mississippi distributary 
and  all the A tchafalaya distributary d ischarge flows 
generally  westward  along the w est Louisiana-Texas 
shelf (Chew et al. 1962b, Dinnel & W isem an 1986).

METHODS AND MATERIALS

Sampling was conducted  from the N O AA ship RV 
'C hapm an '  in Sep tem ber  1986. Our collections were  in 
addition to stations occupied by RV C h a p m a n '  as part  
of a Southeast Area Monitoring and  A ssessm ent Pro
gram  (SEAMAP) cruise, therefore with few exceptions 
w e followed s tandard  SEAMAP protocols (Kelley et al.
1985). Ichthyoplankton samples w ere  collected with 
a 1 x 2 m neuston  ne t  of 0.947 mm  m esh  tow ed  at 1.03 m 
s “ 1 for 10 min. Each collection was se ived through
0.505 mm m esh  to reduce  volume, then  p rese rved  in 
95 nu EtOH. After 24 h the original preserva tive  was 
rep laced  with fresh EtOH. Samples w ere  re tu rned  to 
the laboratory for sorting, enum eration, an d  identifica
tion of all ichthyoplankton to the most precise taxo
nomic level possible. For p resenta tion  of results we 
calculated percen t frequency of occurrence separate ly  
for plume, frontal and  shelf stations, an d  for all 3 
pooled. After all ichthyoplankton were  rem oved  from 
samples, macrozooplankton d isp lacem ent vo lum e was 
de term ined  using a partially filled g ra d u a te d  cylinder.

Surface w ater  samples (3.0 1) were  collected at each 
station for determ ination  of chlorophyll a. Each w ater  
sam ple received 1 ml of a 1 % M g C 0 3 solution, was 
vacuum-filtered th rough  2.5 cm GF/C filters, frozen in 
a lum inum  foil and re tu rned  to the laboratory for p igm ent 
extraction (using acetone) and  fluorometric chlorophyll a 
determ ination  (Strickland & Parsons 1972).

To m ap the hydrography  of the p lum e w e m ade  an 
XBT (expendable  bathy therm ograph) cast a t  each s ta 
tion and  used a refractom eter to de term ine  surface, 
m id-dep th  and  bottom salinities. Sea surface te m p e ra 
ture and  turbidity (water color) w ere  sensed  remotely 
from NOAA-9 satellite advanced  very-high-resolution 
radiometry (AVHRR) im ages in the infrared and  visible 
channels.

Sampling transects des igned  to sam ple Mississippi 
River discharge plume, Gulf of Mexico shelf and  frontal 
w aters  (a mixture of the other two) w ere  19 to 28 km 
long with stations p laced 6 to 7 km apart.  During 
daytim e sam pling the mid-transect station was placed 
directly at the highly visible turbidity front. All analyses 
of variance (ANOVA) used  loge-transform ed total 
ichthyoplankton, chlorophyll a and m acrozooplankton 
values. Values w ere  transformed to stabilize vanances  
following inspection of residuals plots.



G rim es & Finucane: Ecology of M ississippi River d ischarge  p lum e 111

RESULTS

During mid (12 and  13) and late (25 and  26) S eptem ber  
we collected neuston  and  surface chlorophyll a samples 
at 46 stations around  the Mississippi River d ischarge 
plume. Stns 1 to 10 w ere  sam pled on 12 and  13 S eptem ber  
and Stns 11 to 46 on 25 and 26 Sep tem ber  Fig. 1 shows 
Stns 11 to 46; Stns 1 to 10 were a r ranged  in a similar 
pat tern  west of Stns 11 to 46 to about 89°45' W. Vertical 
tem pera tu re  profile as well as surface, m id-depth  and 
bottom salinity were  m easured  at most stations.

Sampling plan and hydrography

The plum e was very dynamic, continuously moving, 
respond ing  to the m any environm ental factors (e.g. 
wind, tides, river flow, etc.) that influence its configura
tion. M any strong turbidity fronts formed, relaxed, then 
reformed at frequencies roughly approxim ating tidal 
cycles. Frontal lifetime seem ed to be relatively short,
i.e. about 3 to 4 h, and  both  formation and  dissipation

occurred quite rapidly, i.e. within 15 to 30 min. An 
AVHRR im age in the visible channel ( indicating tu r 
bidity), with our 25 or 26 S ep tem ber  sam pling transects 
superim posed, shows the position of the d ischarge 
plume, and  indicates tha t we sam pled  all 3 w ate r  
m asses (plume, frontal, and  shelf) (Fig. 1).

H ydrography  a long a typical sampling transect 
shows the 3 w ater  m asses (plume, frontal and  shelf) 
and  the location of sam pling stations relative to them  
(Fig. 2). The frontal region can be characterized  by its 
therm o-haline  s ignature  as a broad mixing zone of 
p lum e and  shelf w ater  6 to 8 km wide tha t inc luded  the 
turbidity front that had  a scale of 5 to 100 m. Along this 
transect directly off South Pass the p lum e was r e p 
resen ted  by a shallow lens of w ater  < 3 4  %o and  < 2 9  °C 
resting atop w arm er  (> 2 9  °C) bu t more saline (>34  %o) 
shelf water. The extension of the p lum e therm o-haline  
s ignature  (i.e. w ate r  < 3 4  % and  < 2 9  °C) beyond  the 
turbidity front was typical. H enceforth  the term frontal 
waters  will be used  to refer to this b road mixing zone as 
defined by the tem pera tu re  and  salinity s ignature, as 
well as the observed position of the turbidity front.

flVHRR TURB. -  23  SEPT. 1906
Fig. 1. NOAA-9 satellite  AVHRR im age  in the visible channel  show ing  the  position of 25 and  26 S ep tem b er  1986 sam pling  
transects (Stns 11 to 46), Black a reas  are land  mass and  clouds. Black n u m b ers  indicate  the first an d  last station on each  transec t  
des igna ted  by a b lack line. Transects  cross the interface b e tw ee n  p lum e w a te r  (indicated by da rk  and  m ed ium  shades) a n d  Gulf of 

Mexico shelf  water  (indicated by the l ightest shade). North lati tude and  w est  longitude  are d es ig n a ted  by the white  n um bers
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Fig. 2. Vertical  tem pera tu re  profile and  
surface salinity a long a sam pling transect 
directly off South Pass (Stns 25 to 21; 
cf. Fig. 1). Stippled area  represen ts  the 

thermocline

I c h t h y o p l a n k t o n

Ich thyop lank ton  w as concen tra ted  in frontal waters. 
Total ich thyoplankton  catch per  10 min neuston  tow at 
individual stations a long transects  m a d e  during mid 
and  late S ep te m b er  was up to 120 times g rea ter  at 
frontal w a te r  stations than  at ad jacen t p lum e or shelf 
w a te r  stations (Fig. 3). A verage catches w ere  also 
h ighe r  at frontal stations, as well as at stations off South 
Pass and  stations sam pled  at night. A verage catch per 
tow w as over 6-fold g rea ter  at frontal stations than  at 
p lum e w ate r  stations, and  nearly 12-fold h ighe r  than at 
shelf w a te r  stations (Table 1). Catches at stations off 
South  Pass w ere  abou t 6-fold g rea ter  than  off S ou th 
w est  Pass and  9-fold h igher  than  catches off Pass a 
Loutre; ave rag e  catch was almost 4 times h igher  at 
n igh t th a n  during the day (Table 1).

The h igher  ichthyoplankton  catches associated with 
frontal w ate rs  and  South Pass are statistically signifi
cant. W e used  m ultivaria te  ANOVA to exam ine  the 
variation in loge catch  per  10 min neus ton  tow am ong 
w ate r  m asses (i.e. plume, shelf and  frontal w ater  s ta 
tions), river passes  (i.e. stations associa ted  with Pass a

Loutre, South Pass or Southw est Pass), time of collec
tion (i.e. day or night) and  all testable 2-way in te rac
tions; w ate r  mass and  river pass w ere  highly significant 
effects in the model (Table 2).

While the taxonomic composition of ichthyoplankton 
samples was similar for each  w ater  mass, there were 
some characteristic differences (Table 3). For example,

loo p
ô
o
X
~  10 ir

Œ

PLUME FRONT SHELF

Fig. 3. Ichthyoplankton catch per  10 min neuston  tow at 
plume, front and  shelf w a ter  stations. Note log scale
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Table  1. M eans  and  confidence intervals (Cl) of total ichthyo
p lank ton  catch per  10 min neuston tow in each  w a ter  mass, off 

major Mississippi River passes and  during  day and night

No. of 
samples

M ean 95 % Cl for m ean

W ater mass
Plume water 3 155.3 -1010 .9 1321.6
Frontal water 22 931.9 -5 0 1 .2 1362.6
Shelf water 21 78.4 -362 .4 519.2

River pass
Pass a Loutre 16 132.9 — 372.1 637.9
South Pass 15 1176.9 654.8 1697.9
Southwest  Pass 15 189.5 -332 .1 711.0

Time
Day 30 245.7 123.1 614.5
Night 16 199.6 447.7 1457.8

carangids  were  the most ab u n d a n t  family at shelf and 
plum e w ater  stations (30 and  20 %, respectively), and 
they ranked  sixth in a b u n d a n ce  (5 %) at frontal s ta 
tions. Engraulids, exocoetids, sciaenids and  scombrids 
were  am ong the 5 most frequently  caugh t families in 2 
of the 3 w ater  masses. Engraulids w ere  especially com 
mon at frontal stations (46 %) as com pared  to plum e 
and  shelf w ater  stations (13 and  2 %, respectively). 
Exocoetids were  particularly ab u n d a n t  at shelf stations 
(26 %) as com pared  to frontal and  p lum e stations (4 and  
13 %, respectively), as were  clupeids at p lum e stations 
(12 %) com pared  to 2 and  1 % at shelf and  frontal 
stations.

Because most families w ere  rep resen ted  by only a 
few taxa, and  taxonomic differences am ong  w ater  
masses w ere  not large, we compiled a common list 
of individuals identified to generic  or species level 
(Table 4).

Chlorophyll a

Primary production, as m e asu red  by surface 
chlorophyll a, was also g rea te r  in frontal than  in a d ja 
cent p lum e or shelf waters. Individual surface 
chlorophyll a values w ere  up to 20-fold g rea te r  at 
frontal than at p lum e or shelf stations (Fig. 4). M e an  
surface chlorophyll a concentra tion  was ca 4 to 20-fold 
h igher  at frontal stations than  at p lum e and  shelf s ta 
tions, 5 to 11-fold h igher  off South Pass than  Southw est 
Pass and  Pass a Loutre, and  2-fold h igher  at n igh t than  
during daylight (Table 5).

Differences in chlorophyll a concentra tion  associa ted  
with different w ate r  m asses are statistically significant. 
We again  u sed  ANOVA to com pare  chlorophyll a con
centrations in different w ate r  masses, off river passes  
(Pass a Loutre, South Pass and  Southw est Pass), collected 
at different times of day (day vs night) and  all tes tab le  2- 
w ay interactions; w a te r  m ass an d  the river pass  x time 
w ere  significant effects in the  model (Table 6).

M acrozooplankton

Secondary  production, as ind icated  by m acrozoo
p lankton  d isp lacem ent volume, w as also e leva ted  in 
frontal w aters (Fig. 5). A verage  d isp lacem ent volume 
for frontal stations w as g rea te r  than  shelf or p lum e 
w ater  by factors of 1.7 and  5, respectively (Table 7).

ANOVA of loge m acrozooplankton  volum es with 
w ate r  mass, river pass, an d  time of collection (night or 
day) as m ain  effects ind icated  tha t w ater  mass, time 
and  river pass x time were  significant effects (Table 8).

DISCUSSION

Our data, like that of earlier w orkers (Govoni et al. 
1989) show ed  tha t the re  w ere  3 distinct types of w ater

Table  2. Analysis of variance of loge total ich thyoplankton catch per  10 min neuston  tow. M ain  effects are sam pling station w a te r  
mass (i.e. p lume, frontal an d  shelf water), proximity to river pass (i.e. Pass a Loutre, South  Pass, a n d  Southw est  Pass) a n d  time of

day (i.e. day and  mght)

Source of vanation Sum of squares df M e a n  square F- ratio Sig. level

Main effects 53.08 5 10.62 20.14 0.0000
W ater mass 26.09 2 13.05 24.75 0.0000
River pass 12.24 2 6.12 11.61 0.0010
Time 1.39 1 1.39 2.64 0.1131

2-Factor interactions 3.62 4 0.92 1.72 0.1672
Water mass x  time 1.81 2 0.90 1.72 0.1941
River pass x time 0.93 2 0.46 0.88 0.4230

Residual 18.98 36 0.53
Total (corr.) 75.68 45
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Tab le  3. F requency  a n d  p e rcen t  f requency  of occurrence  of families in ichthyoplankton sam ples in plume, frontal and  Gulf of
Mexico shelf w a te r  stations

Family Frequency Percent Family Frequency Percent

Plume Myctophidae 5 0.3
C a ran g id ae 93 20.0 Callionymidae 4 0.2
E n grau l idae 62 13.3 Syngna th idae 4 0.2
Exocoetidae 60 12.9 Lutjanidae 3 0.2
C lu p e id ae 56 12.0 Coryphaen idae 2 0.1
Scom bridae 48 10.3 Gobiidae 2 0.1
U n k n o w n 39 8.4 Ostraciidae 2 0.1
Cynoglossidae 28 6.0 Echeneidae 1 0.1
Sc iaen idae 11 2.4 Polynemidae 1 0.1
Sp h y ra e n id a e 11 2.4 Sphyraen idae 1 0.1
Synodon t idae 10 2.1 Xiphiidae 1 0.1
Blenniidae 7 1.5 Total 1644
Bothidae 7 1.5 FrontalEel (Leptocephali) 7 1.5
C o ry p h a en id ae 6 1.3 Engraulidae 9457 46.2
Balistidae 3 0.6 Cynoglossidae 1896 9.3
G erre idae 3 0.6 Sciaenidae 1594 7.8
H olocen tr idae 3 0.6 Gobiidae 1357 6.6
Pom acen tr idae 2 0.4 Bothidae 1254 6.1
Triglidae 2 0.4 C arang idae 962 4.7
A n ten n ar i id ae 1 0.2 Exocoetidae 858 4.2
B regm acero t idae 1 0.2 Synodontidae 546 2.7
Lutjanidae 1 0.2 Scombridae 394 1.9
M yctoph idae 1 0.2 T etraodontidae 272 1.3
N o m eid ae 1 0.2 U nknow n 263 1.3
O ph id i idae 1 0.2 C oryphaen idae 218 1.1
Pom atom idae 1 0.2 Mugilidae 168 0.8
T e traodon t idae 1 0.2 Balistidae 143 0.7

Total 466 Ophidiidae 140 0.7
Triglidae 135 0.7

Shelf Eel (Leptocephali) 129 0.6
C a ran g id ae 500 30.4 C lupeidae 115 0.6
Exocoetidae 432 26.3 G erreidae 109 0.5
Scom bridae 94 5.7 Serran idae 99 0.5
Sc iaen idae 89 5.4 Sphyraen idae 44 0.2
M ugil idae 51 3.1 M yctophidae 40 0.2
T e traodon t idae 45 2.7 Blenniidae 35 0.2
Balistidae 40 2.4 B regmacerotidae 34 0.2
E n g rau l id ae 39 2.4 Scaridae 31 0.2
Belonidae 31 1.9 Istiophoridae 29 0.1
U nknow n 28 1.7 Lutjanidae 26 0.1
G e rre id ae 25 1.5 Pom acentridae 20 0.1
C lupe idae 24 1.5 Holocentridae 17 0.1
Blenniidae 23 1.4 Syngna th idae 16 0.1
Cynoglossidae 23 1.4 Labridae 15 0.1
Bothidae 22 1.3 Atherin idae 14 0.1
Holocen tr idae 21 1.3 Callionymidae 12 0.1
T riglidae 20 1.2 Scorpaen idae 10 0.0
S corpaen idae 17 1.0 A ntennari idae 8 0.0
Eel (Leptocephali) 16 1.0 Ephippididae 8 0.0
E ph ipp id idae 13 0.8 Lobotidae 5 0.0
Serran idae 13 0.8 Gram mist idae 5 0.0
A n ten n ar i id ae 12 0.7 Diodontidae 1 0.0
C o ry p h aen id ae 12 0.7 Gem pylidae 1 0.0
Pom acen tr idae 9 0.5 Ostraciidae 1 0.0
A th e n n id a e 8 0.5 Pom atom idae 1 0.0
B regm acero t idae 5 0.3 Xiphiidae 1 0.0
Istiophoridae 5 0.3 Total 20 482
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Table 4. Species identified from the 10 most ab u n d an t  families collected in Sep tem b er  1986 off the Mississippi River delta

Engraulidae 
A nchoa  h ep se tu s  
A nchoa  m itchilli 
E ngraulus eurysto le  

Cynoglossidae
S ym p h u ru s  plagiusa  

Sciaenidae 
Bairdiella  sp.
C ynoscion arenarius 
C ynoscion nebu lo su s  
C ynoscion no thus  
C ynoscion  sp.
Larim us fasciatus 
L eiostom us xan thurus  
M enticirrhus  sp. 
M icropogonias undula tus  
Pogonias cromis 
S ciaenops ocellatus 
Stellifer lanceolatus

C arang idae  
D ecapterus  sp.
C aranx  sp.
C aranx crysos 
C hloroscom brus chrysurus  
C hloroscom brus  sp. 
D ecapterus p u n c ta tu s  
Elegatis b ip innulata  
O ligoplites saurus  
Seriola  sp.
Trachinotus carolinus 
Trachinotus falcatus

Gobiidae
Gobiosom a bosci 
Gobiosom a robustrum  
G obiosom a  sp.
G obionellus boleosom a  
G obionellus  sp.

Exocoetidae 
E xocoetus  sp.
H em ira m p h u s brasiliensis  
H em ira m p h u s  sp. 
H yp o rh a m p h u s unifasciatus

Bothidae 
B othus ocellatus 
B othus  sp.
C itharichthys arctifrons 
C itharichthys  sp. 
E ng yo p h rys senta  
Paralichthys sp.
Syacium  papillosum  
Syacium  sp.
Trichopsetta  ventralis

Synodontidae 
S yn o d u s fo e ten s  
S yn o d u s  spp.

Scom bridae 
A u x is  spp.
E u th yn n u s  alle tteratus  
K a tsuw onus pe la m is  
Sarda sarda
Scom berom orus cavalla 
Scom berom orus m acula tus  
T h u n n u s albacares 
T h u n n u s atlanticus 
T h u n n u s th yn n u s

T etraodontidae
Lagocepha lus la ev ig a tu s  
Lagocephalus  sp. 
Sp h o ero id es m acula tus  
Sp h o ero id es n e p h e lu s  
Sp h o ero id es  spp.

presen t off the Mississippi Delta: p lum e water, no r th 
ern  Gulf of Mexico shelf w ater  and  frontal water, a 
mixture of the 2 former types. The frontal zone as 
defined by its therm o-haline signature  was about 6 to 
8 km wide, and  contained distinctly visible turbidity 
fronts that w ere  smaller scale (5 to 100 m). Garvine & 
M onk  (1974) no ted  a similar configuration of the 
smaller Connecticut River d ischarge plume, w here  the 
therm o-haline front was ca 20 m wide and  contained a 
sharp  color front only 0.5 m wide.

Conditions at Mississippi River p lum e fronts promote 
hydrodynam ic convergence, as has  b een  noted by e a r 
lier workers (Scruton & Moore 1953, C hew  et al. 1962a, 
b, Govoni et al. 1989). Horizontal p ressure gradients 
p roduced  within and below sloping isopycnals of the 
frontal layer are though t to be  primarily responsible for 
genera ting  cross-frontal circulation (convergence) at
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Fig. 4. Surface ch lo rophy l la  values (mg nrri3) at individual 
stations w ere  up  to 20 times g rea te r  in frontal waters than  in 

plume a n d  shelf waters. Note log scale
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some riverine fronts (Garvine & M onk 1974). Govoni et 
al. (1989) calculated  potential convergence  velocities of 
0.10 to 0.30 m s -1 from horizontal density  g rad ien ts  at 
Mississippi River p lum e turbidity fronts. Empirical hori
zontal convergence velocities m e asu red  using surface 
drifters ranged  from 0.15 to 0.95 m s -1 , with h ighest 
rates associa ted  with ebb  tides w h e n  currents (p resum 
ably tidal) p roduced  strong shear  a long the front, i.e. 
m ovem ent parallel to the front (Govoni & Grimes 
unpubl.), A similar horizontal convergence  rate of 0.7 m 
s“ 1 was reported  for the C onnecticut River p lum e (Gar
vine & M onk 1974). M easu red  convergence  rates  were  
h igher than  calculated  potential convergence,  p re su m 
ably because  m e asu red  rates are the sum of conver-

Table  5. M ean  and  confidence intervals (Cl) of surface 
chlorophyll a (mg m -3 ) at sam pling  stations in each  w a ter  
mass,  off major Mississippi River passes  and  during  day and  

night

No. of M ean  95 % Cl for m ean  
samples

W ater mass
Plume water 6 0.97 0.14 1.30
Frontal water 10 3.82 3.18 4.46
Shelf water 9 0.18 -0 .4 9 0.86

River pass
Pass a  Loutre 6 0.47 -0 .3 6 1.31
South Pass 5 5.34 4.42 6.25
Southw est  Pass 14 1.15 0.61 1.69

Time
Day 15 1.22 0.68 1.75
Night 10 2.73 2.09 3.38
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Table  6. Analysis of variance of loge surface chlorophyll a (mg m -3). Main effects are sampling station water  mass (i.e. plume, 
frontal, a n d  shelf water),  proximity to river pass (i.e. Pass a Loutre, South Pass, and  Southw est  Pass), time of day (i.e. day  and

night) a n d  testable  2-way interactions

Source of varia tion Sum of squares df M ean  square F-ratio Sig. level

M ain  effects 4.23 5 0.85 4.55 0.0101

W ater  mass 3.38 2 1.69 9.08 0.0026
River pass 0.87 2 0.43 2.33 0.1312
Time 0.01 1 0.01 0.03 0.8621

2-Factor interactions 2.24 4 0.56 3.01 0.0523

W ater  m ass  x  time 0.27 2 0.13 0.72 0.5009
River pass x  time 2.14 2 1.07 5.74 0.0141

Residual 2.79 15 0.19
Total (corr.) 9.26 24

g ence  from all velocity com ponents  (e.g. horizontal 
density  g rad ien ts  plus tide, wind, river flow, etc.), not 
just horizontal density  gradients.

O ur da ta  from neus ton  catches clearly show that 
neuston ic  ich thyoplankton  is concentra ted  in frontal 
waters.  Individual catches in frontal w aters w ere  up  to 
120-fold g rea te r  than  in ad jacen t p lum e or shelf waters. 
On average,  catches w ere  over 6 times h igher  in frontal 
than  in p lum e waters,  the nex t highest. T hese  findings 
are consistent with Govoni et al. (1989) who found that 
larval fish densities w ere  g rea te r  in surface w aters  at 
the  turbidity  front than  on ei ther  side of it. A lthough we 
did not de te rm ine  the vertical distribution of ichthyo
plankton, w e do not believe tha t the  interaction of 
vertical distribution and  p lum e effects influenced the 
observed  spatial pa t te rns  of catch per  tow, or the  taxo
nomic composition. In addition, Govoni et al. (1989) 
repor ted  tha t the  p lum e did not affect vertical distribu
tion of larval fishes collected with a multiple open ing / 
closing net and  environm enta l sensing system (MOC- 
NESS) in any w ay tha t resulted  in a consistent pattern.
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Fig. 5. M acrozooplank ton  d isp lacem en t  volume at plume, 
front an d  shelf w a te r  stations.  Note log scale
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Hydrodynam ic convergence associated with frontal 
w aters is a local, bu t  powerful, transport m echanism  
tha t could ag g rega te  ichthyoplankton (Govoni et al.
1989). As surface w aters converge, driven by horizontal 
density gradients (and apparen tly  additional factors 
like tide, w ind and  river flow), p lanktonic organisms 
move with converging w ate r  tow ard  the front, w here  
the converging w ater  m asses move dow nw ard  due  to 
gravitational pull on w ate r  on either side of the front. 
Positively buoyant and  surface-seeking organisms 
accum ulate  at the surface as they resist dow nw ard  
m ovem ent (Olson & Backus 1985). Furthermore, the 
Olson & Backus (1985) advection-diffusion model that 
describes the concentra ting  of dep th -keep ing  fishes at 
fronts in a simplified convergent flow field pred ic ted  
fish densities at the surface frontal interface that 
approxim ated  observed densities (Govoni & Grimes 
unpubl.).

Table  7. M ean  an d  confidence intervals (Cl) of m acrozoo
p lank ton  d isp lacem ent volumes (ml) for sam pling stations in 
each  water  mass, off major Mississippi River passes and 

during  day and  night

No. of 
samples

M ean 95 % Cl for m ean

W ater mass
Plume w ater 3 19.33 -4 2 .6 3 81.30
Frontal w a ter 21 96.42 73.01 119.85
Shelf water 21 58.90 35.48 82.33

River pass
_ Pass a Loutre 16 82.93 56.11 109.77

South Pass 15 90.13 62.42 117.85
Southwest  Pass 14 45.78 17.10 74.47

Time
Day 29 55.89 35.97 75.83
Night 16 106.18 79.36 133.02
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Table  8. Analysis of variance of loge m acrozooplankton d isp lacem ent volume (ml). M am  effects are sam pling  station w a te r  m ass 
(i.e. plume, frontal and  shelf water), proximity to river pass (i.e. Pass a Loutre, South Pass, a n d  Southw est  Pass), time of day (i.e.

day and  night) an d  tes table  2-way interactions

Source of variation Sum of squares df M ean  square F-ratio Sig. level

Main effects 12.99 5 2.59 6.61 0.0002
W ater mass 5.29 2 2.65 6.73 0.0034
River pass 2.17 2 1.09 2.76 0.0768
Time 2.94 1 2.94 7.48 0.0097

2-Factor interactions 6.90 4 1.73 4.39 0.0056
W ater mass x time 0.44 2 0.22 0.56 0.5763
River pass x time 6.48 2 3.24 8.24 0.0012

Residual 13.7 35 0.39
Total (corr.) 33.65 44

N eustonic ichthyoplankton was concentra ted  
th roughout the 6 to 8 km w ide frontal region, not only at 
turbidity fronts. We believe these concentrations are the 
ag g rega te  effect of continuous formation, relaxation, 
then  reformation of individual turbidity fronts roughly on 
a tidal cycle.

With few exceptions, particular ichthyoplankton taxa 
w ere  not associated with plume, frontal or shelf water  
masses. Families such as Engraulidae, Exocoetidae, 
Sciaenidae and  Scombridae were  ubiquitous, and 
am ong the most common. This relative taxonomic 
hom ogeneity  am ong  w ater  m asses is not surprising 
because  the hydrodynam ic convergence of surface 
w aters would advect  larvae inhabiting  either side of a 
turbidity front toward the frontal interface, w here  some 
exchange  would take place (Govoni et al. 1989). Not 
surprisingly, exocoetids, typically offshore forms, and  
clupeids, p redom inantly  a coastal group, w ere  par t icu
larly common at shelf and  plum e w ater  stations, 
respectively. Nearly one-half  of all the young  fishes 
collected at frontal w ater  stations were the engraulids, 
mostly Anchoa h ep se tu s  and  to a  lesser ex ten t  A. 
mitchilli. This concentration of anchovies represen ts  an 
im portant food resource  for young  piscivores like king 
m ackerel Scom berom orus cavalla  and  Spanish  m a c k 
erel S. m acula tus  that consum e m any A nchoa  spp. 
(Finucane et al. 1990).

Elevated chlorophyll a values associated with frontal 
waters suggest that primary production is also accen tu 
a ted  there. Surface chlorophyll a values w ere  on ave r
age  nearly 4.0 m g m -3 and  individually up to 25 mg 
m -3 , which are equa l  to or g rea ter  than  values associ
a ted  with the Peruvian u p w elhng  (Lorenzen 1971). 
Presumably, high primary productivity in frontal 
waters is due to the mixing of nutrient-rich, but turbid, 
plum e water  (where photosynthesis  is light limited) 
with clear, but nutrient-poor, Gulf of Mexico shelf 
w ater  (where photosynthesis  is nu tr ien t limited), c rea t
ing good phy toplankton  growth conditions.

Elevated  secondary  production in frontal waters,  as 
indexed  by m acrozooplankton  d isp lacem ent volumes, 
m ay result from the  concentra ting  effect of hydro- 
dynam ic convergence ,  or m ay actually indicate  h igher  
rates of proliferation of m acrozooplankton  biomass. 
H igher primary productivity could certainly support 
h igher m acrozooplankton  productivity. Elevated  con
centrations of microzooplankton (mostly copepod  nau- 
plii) have also been  docum en ted  from the frontal region 
of the Mississippi p lum e (Dagg & W hitledge in press).

Although we recognize tha t Zooplankton biomass is 
an  imperfect m easure  of larval fish food (Frank & Leg
gett  1986, Frank 1988), Zooplankton concentra tions in 
the frontal w aters  p robably  act to promote the  co
occurring high ich thyoplankton  concentrations. Some 
larval an d  small juvenile  fishes found in the  sam e 
neuston  samples (e. g. Caranx crysos, T hu n n u s a t
lanticus, T. albacares, an d  E u th y n n u s  alletteratus  
<  20 m m  SL) utilize m acrozooplankton  as prey  
(Finucane et al. in press, N augh ton  et al. unpubl.). 
O ther  species of larvae found in our sam ples  (e.g. 
Scom berom orus cavalla  and  S. m aculatus) consum e 
primarily other fish larvae (Finucane et al. 1990). 
C opepod  nauplii, copepodites  an d  other microzoo
p lank ton  are  well kn o w n  to be  im portan t com ponents  
of the  diet of m any other fish larvae (see H un ter  & 
Kimbrell 1980, Peterson & A usubel 1984, Govoni & 
C hester  1990). T hese  rich food resources  could sustain 
aggregations of larval and  small juvenile  fish.

The Mississippi p lum e habitat, in particular frontal 
waters, m ay offer conditions lead ing  to superior growth 
and  survival, and  thus recruitment,  if young  fish avail 
them selves of the  rich food resources found there. 
Govoni & C heste r  (1990) dem ons tra ted  tha t  larval spot 
L eiostom us xan thurus  a te  smaller, bu t  twice as many, 
food organism s within the  Mississippi River p lum e than 
they did in the ad jacen t  shelf waters.  However, they 
concluded that b ecau se  nutritional quality and  total gut 
content w ere  approxim ate ly  equivalen t  no trophic



118 M ar. Ecol. Prog. Ser 75: 109-119, 1991

a d v a n ta g e  w as conferred to p lum e residents. Furthe r
more, while  potentially e n h a n ce d  feed ing  oppor
tunities in the frontal w aters  could lead  to faster 
growth, it is likely tha t predators  would  be  concen 
trated, a long with p rey  lead ing  to h igher  mortality 
rates. Daily growth of some larval and  small juvenile 
fishes has  b e e n  dem onstra ted  to be  g rea te r  in the 
Mississippi p lum e than  in other locations in the  Gulf of 
Mexico (e.g. king m ackere l  Scom berom orus cavalla, 
DeVries et al. 1990; gulf m e n h a d e n  Brevoortia p a 
tronus, W arlen  unpubl.; Atlantic bu m p e r  C hloroscom 
brus chrysurus, Leffler & S haw  unpubl.).

Faster  growth during  early life history leads to h igher 
survival as young  fishes pass  th rough  this per iod  of 
h igh  vulnerability  to p redation  by gape-lim ited  p r e d a 
tors according to the relationship S 2 = S xm/g, w here  Sj 
and  S2 = survival in 2 equa l time periods, m  = m orta l
ity an d  g  = growth (Werner & Gilliam 1984). However, 
if p reda tion  mortality (m ) and  growth (g) a re  increased 
proportionate ly  in frontal waters,  th e n  S2 = Si and  
survival is unchanged .  Thus, w h e th e r  or not a g g re 
g a ted  ich thyoplankton  and  Zooplankton in frontal 
w ate rs  result  in equivalen t increases in growth and  
mortality is a critical question.

In conclusion, w e propose as a w ork ing  hypothesis  
tha t accum ula ted  biomass in frontal w aters  offers 
e n h a n c e d  feed ing  and  growth conditions lead ing  to 
h ighe r  survival of young  fishes found there. This 
m echan ism  could lead  to increased  production of 
recruits in the  Mississippi River d ischarge plume, and  
similar highly productive habita ts  such as therm al 
fronts. How ever, it rem ains to be  show n tha t increased 
growth, potentially  lead ing  to e n h a n ce d  survival, is 
not offset by increased  mortality from predation, or 
tha t  if such habita ts  do p roduce more recruits,  that 
these  recruits have  a significant im pact upon  the adult 
stock or fishery.
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