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ABSTRACT Many species of the ubiquitous pennate diatom genus Pseudo-nitzschia have recently 
been discovered to produce domoic acid, a potent neurotoxin which causes Amnesic Shellfish Poison- 
ing (ASP). Pseudo-nitzschia spp. were extremely abundant (up to 108 cells 1-'; present in 67% of 
2195 samples) from 1990 to 1994 on the Louisiana and Texas. USA, continental shelves and moderately 
abundant (up to 10' cells I-'; present in 18% of 192 samples) over oyster beds in the Terrebonne Bay 
estuary in Louisiana in 1993 and 1994. On the shelf there was a strong seasonal cycle with maxima 
every spring for 5 yr and sometimes in the fall, which were probably related to river flow, water column 
stability, and nutrient availability. In contrast, in the estuary there was no apparent seasonal cycle in 
abundance, but the time series of data is relatively short and the environment highly variable. At one 
site on the shelf, where sediment traps were deployed from spring to fall and sampled at  frequent inter- 
vals in both 1990 and 1991, approximately 50% of the Pseudo-njtzschja spp. cells present in the water 
sank lnto sediment traps Pseudo-njtzschia spp. were also abundant In surficlal sediments. The species 
of Pseudo-nitzschla present during this study were not routinely identified with the methods employed. 
However, toxin-producing P multiserjes has been ident.ified previously from Galveston Bay, Texas, and 
cells from a bloom on the shelf in June 1993 were identified by scannlng electron microscopy as P. 
pseudodel~cat~ss~ma, whlch is sometimes toxic. Although there have been no known outbreaks of ASP 
in this area,  hlstoncal data suggests that Pseudo-nltzschia spp. abundance may have Increased on the 
shelf since the 1950s It is hypothesized that the increase is due  to doubling of the nutrlent loading from 
the Mississippi and Atchafalaya rivers and increased eutrophicat~on on the shelf. 

KEY W O R D S :  Pseudo-n~tzschia Gulf of Mexico Harmful algal bloom 

INTRODUCTION 

A group of common coastal diatoms from the genus 
Pseudo-nitzschia have recently been found to contain 
a potent neurotoxin, domoic acid (summarized in Villac 
et  al. 1993b). A wide range of organisms, such as mus- 
sels, oysters, razor clams, anchovies, smelt, Dungeness 
crabs or rock crabs, concentrate domoic acid in their 
stomach contents and/or body tissue by direct or indi- 
rect consumption of Pseudo-nitzschia spp.  (Buck et al. 

1992, Fritz et  al. 1992, Drum et  al. 1993, Garrison & 
Walz 1993, Horner et  al. 1993, Langlois et  al. 1993, 
Roelke 1993, Work et  al. 1993, Wood et al. 1994). From 
these organisms it can be  passed on to higher trophic 
levels such as humans or marine birds (Villac et  al. 
1993b). 

The toxicity of Pseudo-nitzschia rnultiseries (for- 
merly Nitzschia pungens var. rnultiseries, Hasle 1995) 
was first demonstrated when 107 people became ill 
and 3 died from eating mussels cultured on Prince 
Edward Island, Canada (Bates et al. 1989, Todd 1993). 
Since one of the characteristic syn~ptoms is permanent 
short-term memory loss, the syndrome has been called 
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Amnesic Shellfish Poisoning (ASP). Subsequently, sea- 
bird deaths off the coast of California (USA) in 1991 
and human illness after consuming razor clams in 
Washington State (USA) were related to the occur- 
rence of high numbers of Pseudo-nitzschia australis 
(Buck et al. 1992, Fritz et al. 1992, Horner & Poste1 
1993, Work et al. 1993). Several other species of 
Pseudo-nitzschia produce domoic acid, but not all 
species nor all clones of sometimes toxic species pro- 
duce it (Fryxell et al. 1990, 1991, Martin et al. 1990, Vil- 
lac e t  al. 1993a, b, Lundholm et al. 1994) and produc- 
tion may be dependent on environmental conditions 
(Bates et al. 1991, Bates & Douglas 1993, Lewis et al. 
1993, Smith et al. 1993. Pan et al. 1996a, b). Thus, the 
widespread occurrence of potentially toxic Pseudo- 
nitzschia spp. poses a significant potential human 
health problem and it is essential to determine the dis- 
tribution of Pseudo-nitzschia spp. and the environ- 
mental factors which control them in order to predict 
toxic outbreaks. 

During routine sampling for other purposes it was 
observed that Pseudo-nitzschia spp. were abundant in 
the water column, sediment traps, and surficial sedi- 
ments on the Louisiana (USA) continental shelf in an 
area influenced by the Mississippi River (Dortch et al. 
1992). Sampling on the Louisiana and Texas shelf was 
continued, so that there is now a 5 yr time series of 
data. Because toxic forms of Pseudo-nitzschia were 
also identified in Galveston Bay (Fryxell et al. 1990, 
1991), additional sampling was begun at 3 estuarine 
locations wlth extensive oyster beds, for which there 
are now approximately 1.5 yr of data. 

Harmful algal blooms (HABs) have become a major 
problem in the coastal waters of many countries, with 
serious economic and human health consequences. A 
major need is to 'determine and parameterize the envi- 
ronmental factors that govern the initiation, growth, 
maintenance, dissipation and impact of HABs' (Anony- 
mous 1995, p. 4 ) ,  but this has been difficult due to 
the sporadic and ephemeral nature of their occurrence. 

A. March to May 

Longitude 

B. June to October 

Longitude 

Fig. 1. Pseudo-nitzschia spp. Compos~te seasonal distribution maps along the Louisianaflexas shelf. (A) March to May, n = 335; 
frequency [number of samples with Pseudo-nitzschia spp. (total number of samples)-' X 1001 = 92.2. (B) June to October. 

n = 502; "6 frequency = 53.6. (U) Stat~ons at which Pseudo-nitzschja spp were never observed, (+)  stations at which Pseudo- 
nitzschia spp. were present but numbers were < lob  cells I- ' ,  (.) stations at which Pseudo-n~tzschia spp. abundance >106 cells 1.' 
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Clearly, Pseudo-nitzschia spp,  are  abundant in the 
northern Gulf of Mexico and,  as a result of the influ- 
ence of the Mississippi River and the proximity of the 
oligotrophic Gulf of Mexico, Louisiana and Texas 
coastal waters experience extreme ranges of all envi- 
ronmental variables. Surface salinities can vary from 
0 to >36% within relatively short distances, horizon- 
tally. Vertically, salinity differences are  also often quite 
large, so that except in very shallow areas, in the 
winter, or in areas distant from the Mississippi River 
the region is also characterized by an  extremely stable 
water colun~n.  Dissolved inorganic nitrogen (DIN) and 
silicate concentrations often exceed 100 11M in or near 
the mouth of the Mississippi River, but drop to low, and 
sometimes undetectable, concentrations within short 
distances (<l00 km). Due to the wide range of environ- 
mental conditions and frequent occurrence of Pseudo- 
nitzschia spp., this is an  ideal area for examining the 
relationship between abundance and environmental 
factors. 

This report describes the spatial and temporal vari- 
ability of Pseudo-nitzschia spp, abundance and the 
temporal variability of Pseudo-nitzschia spp. vertical 
flux into sediment traps and abundance in surficial 
sediments, and begins to examine the environmental 
factors which influence Pseudo-nitzschia spp. distribu- 
tions. 

METHODS 

Field sampling. Cruises were conducted along the 
Louisiana/Texas, USA, shelf from 1990 to 1994 (Fig. l ) ,  
as outlined in Table 1. Eight cruises, spanning 3 sea- 
sons, focused solely on the Mississippi River plume 
(MR plume, Table 1) and only a few samples were 
taken west of the Atchafalaya River. Six cruises tra- 
versed the Louisiana shelf between Southwest Pass of 
the Mississippi River and the Louisiana/Texas border 
(LA shelf); all but 1 cruise was in the middle of summer. 
Four cruises covered the western half of the Louisiana 
shelf (from slightly east of the Atchafalaya river) and 
approximately half of the Texas shelf (LA/TEX shelf), 
focusing on the extended plumes of the Mississippi and 
Atchafalaya Rivers and the coastal current. Finally, 
from 1990 to 1994, a n  offshore transect through a n  area 
of persistent bottom water hypoxia (Hypoxia transect; 
Rabalais et  al. 1991, 1992, 1994) was made approxi- 
mately monthly. In 1990 and 1991 samples were taken 
at 5 stations, including a station with an instrument 
and sediment trap mooring (see below), and from 1992 
to 1994 samples were taken only at the station with the 
mooring. Sampling was conducted at the mooring 
locat~on whenever possible on other cruises or when 
servicing the mooring, so data from this location repre- 
sent the most detailed time series. Water samples were 

Table 1. Cruises on the LouisianafTexas continental shelf. See 'Methods: field sampling' for explanation of sampling location. 
Hydrographic, nutrient, and chlorophyll data are contained in the data sources. N. N. Rabalais, R. E. Turner & W. J .  Wiseman J r  
unpubl. (Rabalais et al. unpubl.) data are deposited with the NOAA Nutrient Enhanced Coastal Ocean Productivity (NECOP) 
Data Management Program (NDMP; Hendee 1994) and the National Oceanographic Data Center (NODC). N. N.  Rabalais & R E. 
Turner unpubl. data are deposited with NODC. 'Phytoplankton data deposited In NDMP and NODC; "data deposited in NODC 

Date Sampling location Number of samples Data source 

J u l - A u ~  1990 
Jul 1990 
Aug 1990 
Oct 1990 
18 Mar-16 Nov 1990 

Mar 1991 
Ju1 1991 
Sep 1991 
2 Feb-7 Dec 1991 

Apr 1992 
May 1992 
Ju1 1992 
Oct 1992 
23 Feb-27 Oct 1992 

Apr 1993 
Apr 1993 
Apr 1993 
Jul 1993 
Jul 1993 
19 Mar-18 Nov 1993 

Apr 1994 
25 Jan-20 Oct 1994 

MR plume 
LA shelf 
MR plume 
MR plume 
Hypoxia transect 

MR plume 
LA shelf 
MR plume 
Hypoxia transect 

LA/TEX shelf 
MR plume 
LA shelf 
LAtTEX shelf 
Hypoxia transect 

MR plume 
LAlTEX shelf 
LA shelf 
LA/TEX shelf 
LA shelf 
Hypoxia transect 

MR plume 
Hypoxia transect 

Hitchcock & Whitledge (1992) 
Rabalais e t  al. (unpubl.) 
Rabalais e t  al. (unpubl.) 
Toon & Dagg (1991) 
Rabalais et al. (unpubl.)  

Hitchcock & Whitledge (1992) 
Rabalais et al. (unpubl.)  
Toon & Dagg (1992a) 
Rabalais et  al. (unpubl.)  

Rabalais & Turner (unpubl.) 
Toon & Dagg (1992b) 
Rabalais e t  al. (unpubl.) 
Rabalais & Turner (unpubl.) 
Rabalais e t  al. (unpubl.) 

Toon & Dagg (1993) 
Rabalais & Turner (unpubl.) 
Rabalais et al. (unpubl.)  
Rabalals & Turner (unpubl.) 
Rabalais et  al. (unpubl.) 
Rabalais et al. (unpubl.)  

Rabalais & Turner (unpubl.) 
Rabalais e t  al. (unpubl.) 
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usually obtained with Niskin bottles, after selecting 
appropriate depths based on hydrographic data ob- 
tained with a CTD (either Seabird SBE or Hydrolab 
Surveyor I1 or 3).  However, due to the extreme vertical 
gradients in this region, surface samples were often 
taken with a plastic bucket. Nutrient, chlorophyll a ,  
and suspended particulate matter (SPM) concentra- 
tions were measured on the same samples as the 
phytoplankton. Chlorophyll a was measured fluoro- 
metrically after filtration onto a Whatman GF/F filter 
and extraction with 40:60 DMSO:90% acetone, as 
modified from Parsons et al. (1984). Nitrate, nitrite, 
ammonium, silicate, and phosphate were measured 
using either a Technicon AutoAnalyzer I1 or an Alp- 
kem RFA/2 Rapid Flow Analyzer. When possible, 
samples were analyzed on board ship, but if neces- 
sary they were frozen and analyzed later in the lab. 
SPM was measured gravimetrically after filtration onto 
weighed Whatman GF/F filters. 

Sediment traps, designed according to Prior et  al. 
(1987), were deployed on a mooring with other instru- 
ments (Rabalais et al. 1992, 1994, Qureshi 1995) at a 
station in 20 m water depth in the center of a region 
where bottom water hypoxia is often observed in the 
summer (Fig. 1). Sediment trap data were analyzed only 
for 1990 and 1991. One trap was mounted at 5 or 7 m 
(depending on the year), above the usual location of 
the pycnocline (approx. 10 m), and the other was 
mounted in the lower water column where hypoxia 
develops in the summer (at 15 or 16 m, depending on the 
year). Weather permitting, the traps were serviced by 
divers at time intervals ranging from 1 to 3 wk. In 1990 
the traps contained brine (45%0) and in 1991 they con- 
tained brine and 2.0 % glutaraldehyde. Surficial sedi- 
ments and overlying water were obtained from syringe 
cores taken either by divers or from box cores with over- 
lying water still present. 

Sampling in the Terrebonne Bay estuary over 3 oys- 
ter beds (Fig. 1) was conducted weekly from January 
28, 1993 until December 29, 1994, with a hiatus from 
April 1, 1993 to August 26, 1993. The waters were 
quite shallow (0.3 to 1 m) and generally well mixed, so 
that only 1 sample was taken on each date at each site 
using a hand-operated peristaltic pump with the intake 
located just above the oyster bed. Salinity was mea- 
sured with a Reichert refractometer. 

Phytoplankton identification and enumeration. Phyto- 
plankton in the water were preserved in 0.5 % glutar- 
aldehyde and refrigerated for 1 to 24 h. The samples 
were size-fractionated by filtration onto 0.2, 3, and 
8 pm polycarbonate filters, with 0.03 % proflavine hemi- 
sulfate used to stain the latter 2 fractions, and then the 
filters were mounted in immersion oil (Murphy & 
Haugen 1985, Shapiro et al. 1989). The 0.2 to 3 pm 
fraction was counted immediately on board, ship, the 

3 to 8 pm fraction was counted immediately if possible 
or otherwise refrigerated and counted within several 
days of returning. The slide with the > 8  pm frac- 
tion was frozen and counted later. All samples were 
counted using an Olympus BH2-RFCA epifluores- 
cence microscope (EFM) with blue and green excita- 
tion light, and, when necessary, transmitted light. The 
phytoplankton were identified to the nearest possible 
taxon. As described in detail by Buck et al. (1992), the 
EFM is not usually used for enumerating the entire size 
range of phytoplankton, but diatoms can certainly be 
identified to the genus and often species level. In this 
case the genus Pseudo-nitzschia was readily identified, 
but not the individual species, which usually require 
scanning electron microscopy (SEM) . 

Sediment trap material was split up to 5 or 6 times in 
a small Folsom Plankton Splitter immediately after 
collection. One of the splits was preserved with 2 .5% 
glutaraldehyde and stored in a refrigerator. Samples 
were later split between 1 and 11 more times, depend- 
ing on the amount of material present. Slides were 
made on an aliquot of the last split and counted in 
exactly the same manner as for the water column 
phytoplankton, except that in 1991 live and dead 
cells were distinguished on the basis of cell contents 
which were stained with proflavine. Chains of Pseudo- 
nitzschia were readily distinguished, but single cells 
were more problematic. The counts reported include 
only those single cells which were likely to be Pseudo- 
nitzschia and may be an  underestimate. 

The top 1 cm of water and the top 2 mm of sediment 
were removed from syringe cores using a core ex- 
truder. The sample was diluted to 20 m1 in filtered sea- 
water, made up to 2.5% glutaraldehyde, and stored in 
the refrigerator. The samples were split in a Folsom 
Plankton Splitter and slides were made and counted 
in the same manner as the sediment trap samples. 
Because short-term sedimentation rates are seasonally 
extremely variable (B. M. McKee unpubl. data), the 
time over which the top 2 mm was deposited is 
unknown and it is not possible to calculate flux to the 
sediment. The surficial sediment data are reported as 
cells area-' and cannot be compared directly with 
fluxes into the sediment traps except when the data 
are expressed as % abundance. 

Samples were collected for species identification 
during a Pseudo-nitzschia bloom in June 1993. Pre- 
served samples were centrifuged, the frustules 
cleaned using nitric acid in a boiling water bath, and 
identified using SEM. 

Statistics. Normality of the data was determined 
based on a consensus of results from normal prob- 
ability plots, frequency histograms, measures of skew- 
ness and kurtosis, chi-squared tests, and the Kolmo- 
gorov-Smirnov l-sample tests. Pseudo-njtzschia spp. 
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abundance data were often not normally distributed 
and sometimes could not be transformed to fit a normal 
distribution, due to the number of samples in which 
no Pseudo-nitzschia spp. were present (approx. 30% 
overall). Several approaches were taken in order to 
report results and comparisons in a statistically appro- 
priate manner when the data were not normally dis- 
tributed. Medians are reported as well as means and 
standard deviations (e.g. see Tables 3 & 4) .  Non- 
parametric tests were used when necessary, as indi- 
cated in the text. Results were considered significant 
when p < 0.05. Significant figures are reported accord- 
ing to Sokal & Rohlf (1969). 

RESULTS 

Abundance and taxonomy 

Pseudo-nitzschia spp. were observed, at  some time, 
everywhere on the Louisiana/Texas shelf (Fig. 1). The 
maximum concentration exceeded 10' cells 1-' (Table 2), 
and concentrations >106 cells 1-' were not unusual 
(7.2 % of samples). Pseudo-nitzschia spp. were present, 
at some level, in almost 70% of samples collected on 
the shelf. They made up a large fraction (16%) of the 
diatoms (Table 2),  which were the dominant group in 
terms of biomass (Dortch 1994) 

Pseudo-nitzschia spp. were present, but much less 
abundant, in the Terrebonne Bay estuary. The maximum 
cell concentration was 3 orders of magnitude lower in the 
estuary in comparison with the shelf (Table 2). While 
Pseudo-nitzschia spp. cells were present in 18% of 
samples, their abundance relative to other diatoms was 
low ( < l % ) .  However, the period of study was much 
shorter in the estuary than on the shelf, so that the full 
range of variation in the estuary is not known. 

Much of the sampling on the shelf was conducted 
before the importance of Pseudo-nitzschia was widely 
known. Thus, no systematic effort was made to identify 
Pseudo-nitzschia to the species level. However, sur- 
face samples from a bloom at  the mooring site on May 

23, 1993 (7.85 X 106 cells I-') were digested to remove 
organic matter, leaving cleaned frustules, and exam- 
ined by SEM. The species was identified as Pseudo- 
nitzschia pseudodelicatissin~a (Fig. 2). 

Temporal and spatial variation on the shelf 

The best temporal coverage was at the mooring site, 
which was sampled approximately monthly at  4 depths 
for 5 yr (Fig. 3, Table 3). Despite considerable vari- 
ability (Fig. 3) ,  there were significant differences in 
Pseudo-nitzschia spp. abundance between the seasons 
both in the upper and lower layel-s (Kruskal-Wallis test). 
The only seasons for which the Pseudo-nitzschla spp. 
abundances are not significantly different from each 
other (Mann-Whitney U-test) a re  winter-fall in the up- 
per layer and winter-spring and winter-fall in the lower 
layer, probably because there are  so few data in winter 
(Table 3). Thus, the annual maximum in Pseudo- 
nitzschia spp, abundance occurred in spring, a mini- 
mum was observed in summer and a second peak oc- 
curred in the fall (Table 3). Composite surface maps 
indicate that the seasonal difference in abundance was 
apparent across the entire Louisiana/Texas shelf 
(Fig. 1). The greatest likelihood of encountering high 
numbers of Pseudo-nitzschia spp. (> 106 cells 1-l)  was in 
the spring when it was present most often in surface 
samples (Fig 1A). High concentrations were observed 
less often in the summer/fall months and they were not 
present in as many samples (Fig. 1B). The % abun- 
dance of Pseudo-nitzschia spp. relative to total diatoms 
was greatest in spring and fall (Table 3).  The fall maxi- 
mum in % abundance occurred because total diatoms 
decreased but Pseudo-nitzschia spp. did not. 

Composite surface maps also show that Pseudo- 
nitzschia spp. were widely distributed throughout the 
Louisiana/Texas coastal zone (Fig. 1). High cell con- 
centrations appeared to occur in the areas dlrectly 
influenced by the Mississippi and Atchafalaya rivers 
and were not found farther to the south along the 
Texas coast, but  this may have been a result of de- 

Table 2 .  Pseudo-nitzschia spp Summary of abundance in the Louisiana/Texas shelf and Terrebonne Bay estuary. O/o Frequency: 
number of samples with Pseudo-nitzschia > O/total number of samples; n: tota! number of samples. % Abundance: number of 
Pseudo-nitzschia spp./total number of diatoms for samples with number of Pseudo-n~tzschia spp. > 0; n. number of samples w ~ t h  

Pseuso-nitzschia spp. > 0 

Area Maximum % Frequency % Abundance 
concentration (cells 1.') Range Mean 

- 
LAITEX shelf 1.02 X 10H 66.7 0.01-100 16.5 

n = 2195 n = 1389 

Terrebonne Bay 1.09 X 10' 18.2 0.01-4.67 0.4 
estuary n = 192 n = 35 
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Fig. 2. Pseudo-nitzschia. Scanning electron micrographs from surface water sample taken during a bloom at the mooring site, 
June 23, 1993. All are inside vlews w ~ t h  siliceous arches (fibulae) overlying slit or raphe at  juncture of mantle and valve face 
on left, except where noted. Note uniformity in width and shape wlthin 1 species, but not in length. (A)  P pseudodel~catissima, 
orientat~on of whole valve, 86 pm in length, scale bar = 10 pm. (B) Detail of central area of same valve showlng w ~ d e r  distance 
between 2 central fibulae and square appearance of pores In s t r ~ a e ,  scale bar = 1 pm. (C) Tapered pole of same valve, showing 
t e rm~nus  of raphe, scale bar = 1 pm. (D)  P. pseudodelicatissima, oblique view of pole of longer valve showing s l ~ t  in raphe running 
under fibulae, scale bar = 1 pm. (E) Orientation of same valve. 122 pm in length, scale bar = 10 pm. (F) P. pseudodelicat~ssirna, 
orlentation of valve, raphe on nght ,  88.5 pm in length, same scale as E. (G) Detail of central area of same valve, showing vertical 

nature of mantles, central nodulus between the origins of the 2 raphe systems, typical valve structure, scale bar = 1 pm 
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Fig. 3. Pseudo-n~tzschia spp. Time 
serles of abundance at  the moor- 
ing site from 1990 to 1994 Upper 
and lower layer Indicate samples 
above and below 10 m, the ap-  
proxlrnate depth of the pycno- 
cline when the water column is 
stratifled n = 287, % frequency 
(see Flg l )  = 68 3 Y-ax~s = l.E+00 , 2, :: 2 

abundance + l 1990 1991 1992 1993 1994 1995 
Date 

creased sampling density. For any given cruise, the cated by the significantly different median % abun- 
distribution of Pseudo-nitzschia spp. was quite patchy, dance in the water column and traps (Mann-Whitney 
with little similarity between cruises even in the same U-test). Although the % abundance was lower in surfi- 
seasons (data not shown). cial sediments than traps, the difference was only sig- 

Pseudo-nitzschia spp. were often abundant in bot- nificant in 1991 (Student's t-test). 
tom waters. In fact, the highest concentration observed It is possible to distinguish between apparently dead 
(Table 2) was in a near-shore bottom sample (10.5 m) cells, lacking contents, and living cells, with stainable 
on April 12, 1994. In these shallow, turbid shelf waters, contents, using epifluorescence microscopy. By these 
the euphotic zone is often <5  m, although i t  is pos- criteria approximately 90% of the Pseudo-nitzschia 
sible for it to be as deep as 20 m (R.  E .  Turner pers. spp. cells in the traps in 1991 were dead (Table 4). 
comm.). At those stations with Pseudo-nitzschia spp. in Moreover, most of the Pseudo-nitzschia spp. cells in 
both the upper and lower layers, the con- 
centrations in the lower layer were posi- 
tively and significantly related to the con- 
centrations in the surface layer. Thus, it 
seems likely that such high numbers are 
usually due to sinking rather than in situ 
growth. 

Vertical flux of Pseudo-nitzschia spp. 
on the shelf 

Pseudo-nitzschia spp. often comprised 
a large portion of the diatoms which were 
counted in sediment trap material at both 
depths and in surficial sediments in 1990 

Table 3. Pseudo-nitzschla spp.  Seasonal variation in abundance (cells I- ' )  and  
% abundance [number of Pseudo-nitzschia (number of diatoms).' X 100) in 
the water at the moonng s ~ t e .  n .  number of samples. Seasons based on 
changes in water column structure and frequency of mixing events See 

Fig. 3 for description of upper and lower water layers 

Season Abundance % Abundance 
Upper Lower Upper Lower 

Spring Mean 1.24 X 10h 2.11 X 10' 17.1 19.7 
(Mar-May) Median 1.31 X 105 2.02 X 104 5.2 11.0 

S D  2.49 X 106 5.42 X 105 25.4 25.4 
n 4 3 4 0 39 36 

Summer Mean 1.41x105 4.30x103 5.7 2.7 
(Jun-Aug) Medlan 2.00 X 10' 0 0.3 0.0 

S D  9.96 X 10' 1.24 X 104 12.2 6.2 
n 62 6 1 56 53 

was selective sinking of Pseudo-nitzschia 1 n 12 11 11 l1 I 

and 1991 (Table 4 ) .  Because diatoms 
made up the largest fraction of the 
directly sedimenting phytoplankton bio- 
mass (Dortch et al. 1992), Pseudo- 
nitzschia spp. contributed substantially to 
the vertical flux of phytoplankton. There 

into traps in both 1990 and 1991, as indi- 

Fall Mean 1 74 X 105 1.8 X 104 17.2 5.7 
(Sep-Oct) Median 3.84 X 104 2.01 X 103 10.2 2.0 

S D 4 6 9 x 1 0 5  4.78x104 22.1 8.5 
n 2 9 2 9 29 29 

Winter  Mean 1.25 X 10" 2.19 X 104 2.1 2 4 
(Nov-Feb) M e d ~ a n  1 49 x 104 1.53 X 104 0.8 0.8 

S D 1 06 X 104 2.39 X 104 2.3 3.2 
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Table 4. Pseudo-nitzschia spp. in the water column, sediment traps, and surficial sediments in 1990 and 1991. n: number of samples 

1990 1991 
% Cells in chainsa % Abundanceh Cells in chainsa % Live cellsc % Abundance' 

Water Mean 
column Median 

SD 
n 

Traps Mean 
Median 
SD 
n 

Surficial Mean 13 17 
sediment Median 1 6 

SD 21.6 20 8 
n 7 8 

"Number of Pseudo-nitzschia spp. cells in chains (total number of Pseudo-nitzschia spp. cells)" x 100 
"Number of Pseudo-nitzschia spp. cells (number of diatom cells) '  x 100 
'Number of Pseudo-nitzschia spp. cells with stainable contents (total number of Pseudo-nitzschia spp. cel ls) '  x 100 

5 E+05 
c 
3 

Fig. 4 Pseudo-nitzschia spp. Time 
n 
a series from 1990 to 1991 of (A)  f lux 

into sediment traps and (B) abun- 
#Cells=O #Cells=O 

- 1 E+04 Jan-90 - Apr-90 Jul-90 Oct-90 Jan-91 Apr-91 Jul-91 Oct-91 Jan-92 mooring equal dance to in site. surficial zero Flux indicated sediments or abundance at appro- at the 

Date priate date 

Jan-90 Apr-90 Jul-90 Oct-90 Jan-91 Apr-91 Jul-91 013-91 Jan-92 
Date 

1E+O8- 

- 
"E 
m - 5 1 .E+07 - 
tt 
re 
2 
a 
$ I.E+06 - 

Â¥ 
CO 
< 3 

B. . 



Dortch et  al.: Pseudo-nitzschia in the northern Gulf of Mexico 257 

trap material were not in their characteristic chains in 
either 1990 or 1991 (Table 41, but occurred as single 
cells, which were difficult to identify, so that these 
counts may underestimate the vertical flux of Pseudo- 
nitzschia spp. There was a significant and linear rela- 
tionship between the % living cells and the % cells in 
chains in 1991, suggesting that the chain structure is 
lost when the cells die. 

The maximum flux was observed in the spring and 
fall in both 1990 and 1991 (Fig. 4A),  indicating a sea- 
sonal pattern quite similar to that of Pseudo-nitzschia 
spp. abundance in the water (Fig. 3). Consequently, 
there is a significant, linear relationship between 
Pseudo-nitzschia spp. flux and Pseudo-nitzschia spp. 
concentration in the appropriate water layer ( r2  = 0.75, 
n = 56). In contrast, there was no apparent seasonal 
cycle in the concentration of Pseudo-nitzschia spp. 
cells in surficial sediments (Fig. 4B). The apparent lack 
of a seasonal cycle in abundance in the top 2 mm of 

Fig. 5. Pseudo-nitzschia spp. Time 
series in Terrebonne Bay estuary from 
January 1993 to December 1994 of 
(A) abundance, n = 192. % frequency 

(see Fig. l )  = 18.2; and (B) salinity 

sediment may result because the time period of accu- 
mulation is unknown and probably variable, due  to 
variable sediment accumulation rates. 

Temporal and  spatial variation in the 
Terrebonne Bay estuary 

Unlike the shelf, a seasonal cycle in Pseudo-nitzschia 
abundance was not apparent in the Terrebonne Bay 
estuary data (Fig. 5A). This environment is extraordl- 
narily variable, as indicated by the large changes in 
salinity over short time periods (Fig. 5B), due  primarily 
to changes in wind forcing and runoff rather than tides 
(Reed 1995). Although the 3 stations were located close 
together, the % frequency of occurrence of Pseudo- 
nitzschia spp.  in all samples decreased from 23.4% at 
Stn 3, nearest to Terrebonne Bay, to 12.5% at Stn 1, 
further inland. 
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Relationship of Pseudo-nitzschia abundance with 
environmental factors 

Pseudo-nitzschia spp. were found in high numbers 
over the entire salinity range (Fig. 6A). Although the 
highest numbers tended to occur at intermediate salin- 
ities and the lowest numbers at  low salinities, this 
genus appeared to be extremely halotolerant. Similarly, 
Pseudo-nitzschia spp. are  found over the full range of 
temperatures observed in this region (Fig. 6B). 

Because Pseudo-nitzschia spp,  abundance was not 
normally distributed and  often could not be trans- 
formed to fit a normal distribution (see 'Methods: Sta- 
tistics'), 2 approaches were taken to examine the rela- 
tionship between Pseudo-nitzschia spp. abundance 
and  environmental conditions (Table 5);  only data from 
the well-mixed estuary and the upper water layer (0 to 
1 m)  on the shelf were considered: (1) The environ- 

mental data for the upper water layer were separated 
into 2 groups, defined by the presence or absence of 
Pseudo-nitzschia spp. cells. Unlike Pseudo-nitzschia 
abundance, the environmental data either were nor- 
mally distributed or could be transformed to fit a nor- 
mal distribution. Student's t-test was used to compare 
the means of environmental data between the 2 groups 
(Table 5). (2) Using the same data, 2 non-parametric 
methods of calculating correlation coefficients were 
used to examine the relationship between Pseudo- 
nitzschia spp. abundance and various environmental 
variables: Spearman's rank correlation coefficient and 
Kendall's tau, based on concordance. Almost identical 
results were obtained for the 2 correlation coefficients, 
so that only the Spearman's rank correlation coeffi- 
cients are reported (Table 5). 

According to both approaches Pseudo-nitzschia spp. 
abundance is negatively related to Ao, (difference in 
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Table 5 Mean environmental conditions + standard deviation (number of samples) when Pseudo-nitzschla spp. are present or 
absent and Spearman's rank correlation coefficient for Pseudo-nitzschia spp. abundance and environmental variables (n = sum of 
the 2 n numbers for presence/absence analysis). Includes all estuarine data and shelf data from 0 to 1 m depth. n varies because 
data are  not available for all variables for all samples. 'Means are  significantly different (Student's t-test, non-normal data trans- 
f ~ r m e d " . ~ . ~ , ~  to test significance; means and standard deviations are presented using untransformed data); "Spearman's rank 

correlation coefficients are significant 

Variable Pseudo-nitzschia spp. 
Absent Present 

Spearman correlation 
Coefficients 

Hydrography Salinity ("{Q) 

Temperature ("C) 

Turbidity and light Transmittance 
Secchi disk depth (m) 
Suspended particulate 

matter (mg I-')' 

Location Longitude 
Latitude 

Nutrients Phosphate (PM) 
Silicate (PM) 
DIN (PM) d.e 

Si/DIN (by r n o l e ~ ) ~  

Algal biomass Chlorophyll a (pg I - ' ) "  
Total autotrophs 

(cells I-') " 
Diatoms 

(cells I-') 

" t-test performed on transformed data (T = X') 

"-test performed on transformed data (T = x o 5 )  
't-test performed on transformed data (T = x ' . ~ ~ )  

"-test performed on transformed data (T = log(x t 0.1) 
'DIN = nitrate t nitrite + ammonium 

(3, from surface to bottom), which is an approximation 
of the water column stability. The observed positive 
relationship with salinity and negative relationship 
with temperature (Table 5) would be expected if 
decreased stability was a major factor determining 
abundance. Based on comparisons of latitude and lon- 
gitude where Pseudo-nitzschia spp. were observed, 
they are more likely to occur in the western portion of 
the sampling area and somewhat offshore. Pseudo- 
nitzschia spp. abundance was significantly and nega- 
tively related to all nutrient concentrations, including 
nitrate and ammonium, separately, which are not 
shown. In general there were no differences in the 
measures of turbidity (transmittance and SPM) or light 
(Secchi disk depth) when Pseudo-nitzschia spp. were 
present or absent, but there was less data available 
for these analyses. Finally, abundance of total autro- 
tophs was negatively related to abundance of Pseudo- 
nitzschia spp., because small cyanobacteria are espe- 
cially abundant in summer (Dortch 1994), when 
Pseudo-nitzschia spp. are not as likely to occur. For 
other variables, the 2 approaches gave different 
results. 

DISCUSSION 

Presence of Pseudo-nitzschia spp. in the 
northern Gulf of Mexico 

Pseudo-nitzschia spp. are an abundant and often 
dominant diatom genus in Louisiana/Texas shelf 
waters. Maximum concentrations far exceed those 
reported for any other area (Villac et al. 1993b). Their 
concentrations in the Terrebonne Bay estuary are con- 
siderably lower than in shelf waters; although often 
present, Pseudo-nitzschia spp, also do not dominate 
the diatom flora as they do on the shelf. Similar results 
were obtained in Galveston Bay, Texas (Fryxell e t  al. 
1990). 

At present 3 species have been identified in this 
region: Pseudo-nitzschia multiseries (Fryxell et al. 1990), 
which is usually considered toxic, P, pungens (Fryxell 
et al. 1990), which is considered non-toxic, and P. 
pseudodelicatissima (this study), which is sometimes 
toxic (Martin et al. 1990). Fryxell et al. (1990, 1991) 
have hypothesized that there may be a suite of Pseudo- 
nitzschia spp. present in this area with differing growth 
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requirements and toxicities. In particular temperature 
appears to be a major factor determining species com- 
position (Fryxell et al. 1990, Villac et al. 1993b, Hasle & 
Syvertsen 1996). 

Role of environmental factors 

On the shelf there is a clear seasonal cycle in both 
Pseudo-nitzschia spp. abundance and vertical flux, 
with a large peak in the spring and a smaller peak in 
the fall. The spring peak corresponds with the average 
maximum in river flow (Boyles & Humphrles 1994). 
However, during the study period river flow peaked as 
early as January or as late as June and was often char- 
acterized by a series of maxima. Moreover, the fall 
bloom of Pseudo-nitzschia spp. always occurred during 
a period of low flow. Thus, riverine inputs alone cannot 
explain the seasonal cycle of Pseudo-nitzschia spp. 

Another characteristic of the spring and fall periods 
is the passage of frontal systems and storms which, at 
least for a short time, break down the stratification, as 
indicated by data obtained from the instrument array 
on the mooring (Rabalais et al. 1992, 1994, Wiseman 
et al. 1992). Since Pseudo-nitzschia spp. are present 
when stability is lower (Table 5), mixing events may be 
an important mechanism in resupplying nutrients to 
the surface layer. Despite high nutrient inputs from the 
river, high nutrient concentrations are usually only 
observed near the river mouth, nutrient concentrations 
over the rest of the shelf can be quite low, and regen- 
erated nutrients are surprisingly important (Turner & 
Rabalais 1991, Dortch & Whitledge 1992, Cotner & 
Gardner 1993, Bode & Dortch 1996). In the spring, the 
passage of fronts results in upwelling and correspond- 
ing increases in surface nutrients and chlorophyll 
(Dagg 1988). In the fall, mixing events would advect 
nutrient rich water from the hypoxic zone below the 
pycnocline (N. N. Rabalais, R E .  Turner & W J Wise- 
man Jr unpubl. data) up into the nutrient-depleted sur- 
face layer. Elsewhere, indirect evidence indicates that 
nutrient inputs stimulated the development of blooms 
of Pseudo-nitzschia spp. (Buck et al. 1992, Smith et al. 
1993, Lange et al. 1994). 

While the timing of Pseudo-nitzschia spp. blooms 
in the Louisiana/Texas coastal zone suggests nutrient 
stimulation, the significant negative relationship be- 
tween Pseudo-nitzschia spp. presence and all nutrient 
concentrations would appear to argue against it 
(Table 5). In the field, highest cell numbers are often 
associated with the lowest nutrient concentrations. 
Thus, it may be difficult to establish a relationship 
between abundance and nutrients, based only on 
nutrient concentrations, when the critical processes of 
species-specific nutrient uptake and growth cannot 

be measured. In mixed species cultures, P. multiseries 
(formerly P. pungens f .  multiseries, Hasle 1995) tended 
to dominate under low light and at relatively low Si/N 
ratios (Sommer 1994), and in single species cultures, it 
grew well with all N sources except ammonium (Hille- 
brand & Sommer 1996). 

The other difficulty is that a suite of species is being 
treated as a single entity. The very broad salinity and 
temperature ranges over which Pseudo-nitzschia spp. 
were observed suggest there is more than 1 species pre- 
sent. Autoecological studies with isolates from a variety 
of areas indicate that individual species/clones have 
much narrower temperature and salinity preferences 
(Fryxell et al. 1990, Reap 1991, Jackson et al. 1992, Hasle 
& Syvertsen 1996). It is likely that they will also have dif- 
ferent nutrient requirements. Consequently, it will be 
necessary to identify the species present in all field sam- 
ples in order to fully understand how environmental con- 
ditions affect the abundance of the Pseudo-nitzschia 
group and, thus, the potential for toxic events. 

Historical data and eutrophication 

Nitrogen and phosphorus inputs to the coastal zone 
from the Mississippi and Atchafalaya rivers have in- 
creased since the 1950s (Turner & Rabalais 1991). This 
has led to increasing eutrophication in the coastal 
zone, as indicated by increased biogenic silica deposi- 
tion in sediment cores (Turner & Rabalais 1994, Raba- 
lais et al. 1996). Eutrophication has also increased in 
several Louisiana estuaries (Rabalais et al. 1995, 1996, 
Parsons 1996). If there is a link between nutrient avail- 
ability and Pseudo-nitzschia spp. abundance, then 
abundance should have increased both on the shelf 
and in estuaries, at least in proportion to diatom abun- 
dance. Further, Si inputs have decreased substantially 
as N inputs have increased, decreasing the Si/N ratio 
of riverine nutrient input by a factor of 4 (Turner & 
Rabalais 1991). Since mixed species culture experi- 
ments indicate that P, multiseries (formerly Nitzschia 
pungens f .  multiseries, Hasle 1995) dominates when 
Si/N ratios are low (Sommer 1994), the relative abun- 
dance of Pseudo-nitzschia spp. in comparison with 
total diatoms may have also increased. 

Pseudo-nitzschia spp. have been observed in this 
area since the earliest studies in the 1950s and have 
been identified as Nitzschia pungens, N. pungens var 
Atlantica, and N. seriata. They have been observed in 
estuaries, such as Barataria Bay, Louisiana (Day et 
al. 1973, Hart 1979), Bay St. Louis, Mississippi (Housely 
1976), Lake Calcasieu, Louisiana (Maples et al. 1982, 
1983, Fay & Schnitzer 1984), and Galveston Bay, Texas 
(Fryxell et al. 1990) and on the northern Gulf of Mexico 
shelf (Simmons & Thomas 1962, Housely 1974, Fucik & 
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El-Sayed 1979). Most of these earlier studies give 
insufficient data to determine whether the abundance 
of Pseudo-nitzschia spp. has increased over time, 
although individual Pseudo-nitzschia species are 
sometimes listed as abundant. 

Two studies on the shelf provide some quantitive 
data for comparison with data collected in 1990-1994. 
In the period 1955 to 1957, phytoplankton were identi- 
fied in numerous samples from the Louisiana coastal 
zone off the Mississippi River delta (Sirnmons & Thomas 
1962). Abundances of Pseudo-nitzschia spp. were gen- 
erally much lower than observed at present in similar 
places and times. For example, the maximum observed 
concentration of Pseudo-nitzschia spp. was 2 X 105 cells 
1-' at a salinity of 23.5%0 (Simmons & Thomas 1962). 
Presently, at this salinity Pseudo-nitzschia spp. maxi- 
mum concentrations exceed 107 cells 1-' (Fig. 6A). While 
this suggests that Pseudo-nitzschia spp. abundance 
has increased since 1955-1957, differences are diffi- 
cult to quantify because Simmons & Thomas (1962) 
conducted their sampling to the east of the Mississippi 
River delta, whereas sampling in this study has 
focused primarily on the region to the west of the delta. 
Further, they did not sample during April when the 
peak in Pseudo-nitzschia spp. abundance was ob- 
served in 1990-1994. Fucik & El-Sayed (1979) sampled 
phytoplankton on 12 cruises from January 1972 to Jan- 
uary 1974 at 2 stations near the present moorlng site. 
During that period, the relative abundance of Pseudo- 
nitzschia spp. to the total phytoplankton ranged from 
0 to l ? % ,  with most of the values < l  %. Most of the 
species reported by Fucik & El-Sayed (1979) were 
diatoms, so their % abundance based on total phyto- 
plankton is equivalent to that based on diatoms pre- 
sented here. In the present study, the % abundance of 
Pseudo-nitzschia spp. at the mooring site relative to 
diatoms ranged from 0 to 100% and averaged 10%. 
Consequently, the published historical data, especially 
those of Fucik & El-Sayed (1979), support the hypothe- 
sis that Pseudo-nitzschia spp. have become more 
abundant. At the same time nutrient input and 
eutrophication have increased substantially (Turner & 
Rabalais 1991, 1994, Rabalais et al. 1996). The hypoth- 
esis that the increase in Pseudo-nitzschia abundance 
was related to increasing eutrophication requires rig- 
orous testing, but is important because of the growing 
suspicion that harmful algal blooms are increasing 
worldwide as a result of coastal eutrophication 
(Anonymous 1995). 

Flux of Pseudo-nitzschia spp. 

The vertical flux of Pseudo-nitzschia spp. was ex- 
tremely high. Maximum rates exceeded those in traps 

in Monterey Bay, California, by more than an order of 
magnitude, although the % abundance was not as  
great (Buck et al. 1992). To put these fluxes in perspec- 
tive, the abundance of Pseudo-nitzschia spp. can be in- 
tegrated over depth at the mooring site for the upper 
and lower water layers and the daily flux over a specific 
period can be compared with the average integrated 
abundance for the same time period. On average 46 % 
of the Pseudo-nitzschia present in a particular water 
layer sank into that trap each day. However, the vari- 
ability was high and the 76 trapped sometimes ex- 
ceeded what was available in the overlying water col- 
umn. This could be an artifact of the sampling because 
the data on concentrations in the water were usually 
only available for the days the traps were put in and 
taken out and undetected blooms could have occurred 
during the interim period. It could also be due to the 
horizontal advection of cells or by over-collection in the 
traps. Surficial sediments also contained substantial 
numbers of Pseudo-nitzschia. Because of the difficulty 
calculating short-term sedimentation rates, it is not pos- 
sible to calculate a daily loss rate to the sediment. 

Most of the sinking Pseudo-nitzschia did not occur in 
chains in either the traps or surficial sediments. Fur- 
ther, in 1991 there was a correlation between the % of 
cells in chains and the % of cells which were alive. This 
is consistent with the observations from clonal cultures 
isolated from the northern Gulf of Mexico that when 
cells ceased growing, the chains disassociated into 
single cells or doublets, sank to the bottom, and lost 
their color (Fryxell et al. 1990). 

Threat posed by Pseudo-nitzschia spp. in the 
northern Gulf of Mexico 

The exact distribution of toxic and non-toxic species 
has not been determined, but at least 2 potentially 
toxic species have been observed in the northern 
Gulf of Mexico. Toxic and non-toxic clones of Pseudo- 
nitzschia multiseries (formerly Nitzschia pungens f. 
multiseries) were isolated from Galveston Bay (Fryxell 
et al. 1990). Toxic clones were more likely to be iso- 
lated during cool months (Fryxell et al. 1990) and their 
growth requirements suggest they prefer lower tem- 
peratures (Reap 1991). A bloom of P. pseudodelicatis- 
sima was identified by SEM at the mooring site in May 
1993. This species has been identified as the source of 
domoic acid in the Bay of Fundy, Canada (Martin et al. 
1990). 

It is critical to determine the species present on the 
shelf and their toxin production because of the ex- 
tremely high numbers which are  frequently encoun- 
tered, especially in the spring. Moreover, environ- 
mental conditions may enhance toxin production if 
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toxin-producing species are present. Despite high 
nutrient inputs, the surface waters become severely Si- 
depleted in the spring in comparison with summer 
(Dortch & Whitledge 1992, Dortch et al. 1995, Smith & 
Hitchcock 1994, Nelson & Dortch 1996). Further, 
dissolved silicate/inorganic nitrogen ratios tend to be 
quite low in the upper water layer, indicating an excess 
of nitrogen. Such conditions in cultures enhance 
domoic acid production (Bates et al. 1991, Bates & 
Douglas 1993, Pan et al. 1996a, b). As a result, domoic 
acid production could be at its highest level when cell 
abundance is maximal. 

Domoic acid could enter both pelagic and benthic 
food chains on the shelf. The direct sinking into traps 
and surficial sediments makes the material available to 
an array of benthic organisms. Taylor (1993) hypothe- 
sized that Dungeness and rock crabs on the west coast 
of the USA and Canada became toxlc by consuming, 
either directly or indirectly, a Pseudo-nitzsch~a bloom 
that sank to the bottom. Along the Gulf coast, shrimp 
and demersal fish, such as  drum, are the commercially 
harvested species that might acquire toxin from sinking 
Pseudo-nitzschia. The most likely pelagic grazers are 
large copepods, such as  Eucalanus, which are major 
consumers of phytoplankton (Dagg 1995), and men- 
haden, which are extremely abundant (Deegan & 
Thompson 1985) and fill the niche equivalent to an- 
chovies on the west coast (E.  M. Chesney pers. comm.). 
Because both are consumed by a variety of other organ- 
isms, the toxin could become widely distributed and 
ultimately affect humans and other consumers. 

The maximum Pseudo-nitzschia spp. abundance in 
the estuary was 105 cells I-'. Although these abun- 
dances are  much less than on the shelf, they are as 
high or higher than Pseudo-nitzschia spp. abundances 
that led to toxicity in blue mussels (Hanic 1989, cited in 
Dickey et al. 1992) and anchovies/seabirds (Garrison & 
Walz 1993). Further, these samples were taken 0.3 m 
above oyster beds in a region with a substantial oyster 
industry (Dugas et al. 1982). Oysters accumulate toxin, 
although perhaps not to the high levels observed in 
blue mussels (Roelke 1993). Identification of the species 
of Pseudo-nitzschia and measurement of domoic acid 
in phytoplankton, oysters, and other higher trophic 
levels are essential in assessing the potential risk. 
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