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Photosynthetic pigments and their degradation products in suspended and sinking particles
collected from the Gulf of Mexico waters 1987~ 88, were measured usinlg High Performance Liquid
Chromatography (HPLC). The short term variations in flux rates of chlorophylls and carotenoids
as well as their degradation products were compared at the mesoscale cyclonic and anticyclonic
circulation features (cold core ring and warm core ring). Chlorophyll a was the predominant
porphyrin of suspended particulate matter at both CCR and WCR. Among carotenoid pigments,
19"-hexanoyloxyfucoxanthin, which is a biomarker of prymnesiophytes, was dominant pigment at
both rings. Phaeophorbide a, which is produced through the grazing processes of grazers, was the
predominant degraded pigment in sin ini particles at the study area. Total pigment flux in CCR
was an order of magnitude higher than that in WCR. Less than 1% of the standing stock of the
pigments measured sank out of the upper 200 m of the WCR on any given day. Thus, suspended

particulate matter in Gulf of Mexico was not recycled rapidly.
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1. INTRODUCTION

The Gulf of Mexico is a marginal sea which ex-
periences relatively small seasonal changes in irra-
diance, and its near-surface water is generally
warm and stratified for most of the year. Accordi-
ngly, it has long been classified as a nutrient and
plankton poor, oligotrophic subtropical ocean (Bog-
danov et al.; 1969). Within the last two decades,
however, we have also seen that mesoscale anticy-
clonic circulation features (warm-core rings) are
regularly shed by the Loop Current in this subtro-
pical region, and that as these advect into the wes-
tern Gulf of Mexico they often are found to have
companion cyclonic circulations (cold-core rings)
near their periphery (Lewis and Kirwan, 1985; Ke-
lly et al., 1986 and 1987). It has also been reported
that the zone (s) of interaction between anticyclo-

nic and cyclonic circulation features are regions
which are species rich, with higher than average
biological stocks (Wormuth, 1982; Biggs et al, 19
84; Cummings, 1984).

Since 1987, TAMU-sponsored Training and Re-
search cruises of R/V Gyre have been measuring
plankton production and standing stocks in warm-
and cold-core mesoscale circulations which occur
over the northwest continental slope of the Gulf of
Mexico. Biggs et al. (1988) documented the nut-
rient-poor nature of the warm-core rings, but they
showed that nutrient-rich water lies quite close to
the surface in cold-core features. They also specu-
lated that the frequent occurrence of cyclonic cir-
culation regions over the continental slope of the
NW Gulf is probably responsible for literature re-
ports that primary production there averages 2~5
fold higher than that of other oceanic regions of
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the Gulf of Mexico, rivaling that of the continental
shelf (El-Sayed, 1972).

A better description of transformations from sus-
pended into sinking materials in the upper water
column is an important first step in understanding
the role which warm- and cold-core rings play in
the biogeochemical cycling of carbon and nitrogen
in the Gulf of Mexico, I made a direct comparison
of the concentration of suspended algal pigments in
upper water column with that of the flux of sinking
algal pigments in a warm- and a cold-core ring in
the NW Gulf of Mexico. I tested the following null
hypotheses (H.):

1) there is no difference in the concentration of
suspended algal pigments in the upper water co-
lumn between a cold-core ring and a warm-core
ring in the NW Gulf of Mexico;

2) there is no difference in the fluxes of sin-
king algal pigments in the upper water column bet-

ween a cold-core ring and a warm-core ring in
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the NW Gulf of Mexico;
3)
stocks caused by sinking in the upper water co-
lumn of the NW Gulf of Mexico is rapid.
This paper will characterize the photosynthetic

the turnover of suspended algal pigment

pigments and their degradation products in suspe-
nded and sinking particles collected from Gulf of
Mexico surface waters during November-December
1987, and during October 1988. Collections of sus-
pended and sinking material were made in both
warm- and cold-core rings on three different crui-
ses of R/V Gyre: Cruise 87G-11 (18-23 Nov 1987)
(Fig. 1A), 87G-12 (28 Nov-5 Dec 1987) and 88G-05
(15-24 Oct 1988)(Fig. 1B). The types and the flu-
xes of algal pigments obtained from short-term de-
ployments of floating sediment traps will be contra-
sted with those intercepted by a 39 day deployment
of moored sediment traps, to better understand day
to day variations of the algal pigments sinking out
of the oligotrophic subtropical ocean.
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Fig. 1. Sampling locations in the northwest Gulf of Mexico for Gyre cruises A) 87G-11 in the fail
1987 and B) 88G-05 in the fall 1988. Contour lines show depth (m) to the 15C isotherm;
dashed lines show 200 m and 200 m bathmetry.
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2. MATERIALS AND METHODS

2.1 Sediment Trapping

Sinking particles were subsampled from several
deployments:

1) a 23 hour collection with a 2 floating trap
array in a cold-core ring, on 30 Nov-1 Dec 87 du-
ring Gyre Cruise 87G-12;

2)  two consecutive deployments of a 3 floating
trap array in a warm-core ring, on 18~19 and 19~
20 Oct 88 during Gyre cruise 88G-05. Collecting ti-
mes lasted 20 hours and 18 hours, respectively;

3) a 39 day collection with a moored sediment
trap array, which collected sinking materials from
4 December 1987 to 12 January 1988. Five traps
attached to the mooring at depths of 636, 936, 1236,
1352 and 1404 m collected sinking particulate mat-
ter at 26 56.8'N and 94 46.1' W in 1450 m of water
in the northwest Gulf of Mexico.

Sediment traps deployed in the cold-core ring
during Gyre cruise 87G-12, as well as those deplo-
yed on a mooring during Gyre cruise 87 G-12,
were cylindrical in shape, with a 5 1 aspect ratio.
They had an intercepting area of 731 cm®. By com-
parison, sediment traps deployed in the warm-core
ring during Gyre cruise 88G-05 were conical in
shape.

During Gyre cruise 87G-12, the 2-trap drifting
array in the cold-core ring collected sinking mate-
rial close to the base of mixed layer at 50 m, as
well as from the upper pycnocline at 150 m. During
Gyre cruise 88G-05, the 3-trap drifting array in the
warm-core ring collected sinking particles close to
the base of mixed layer at 50 m, and from the up-
per pycnocline at 100 m and at 200 m.

2.2 Analysis of Plant Pigments

For analysis of pigments and their degradation
products in both suspended and sinking particulate
material from the Gulf of Mexico, I employed the
same Varian/Rainin HPLC analytical system that I
used to process samples of suspended material
from ODP Leg 119 (Noh, 1991). With this system,
I could distinguish chlorophyll a from chlorophylls
b and ¢, as well as from its degradation products
chlorophyllide a, phaeophorbide a, and phaeophytin
a. However, the Rainin column did not allow ideal
separations of some of the carotenoids (e.g. 19"-bu-
tanoyloxyfucoxanthin and 19-hexanoyloxyfucoxan-
thin overlapped that of fucoxanthin) and zeaxanthin
coeluted with lutein.

From the floating sediment trap samples on 87G-
12, 2 1:6 unpreserved aliquot was analyzed by
HPLC from each depth, and a 1:4 unpreserved
aliquot from the traps on 88G-05. From the five
moored trap samples, a 1: 16 aliquot preserved
with

sodium azide (NaN;) was analyzed by

HPLC.
3. RESULTS
3.1 Vertical Profiles of Suspended Algal

Pigments during Gyre Cruise 87G-
11

Chirorophylls (see Fig. 2)

At CTD #12, which was within the cold core
ring, chlorophyll a and b were both present in the
upper 120 m, but no degradation products could be
detected. The highest concentrations of chlorophy-
lls a and b occurred at 40~60 m depth. In this su-
bsurface maximum, the concentration of chlorophyll
a reached 0.2 ug liter ", In contrast, chlorophyll b
showed a less distinct subsurface maximum, being
similar in concentration from 40m to 100 m. At
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Fig. 2. Vertical distribution of chlorophylls in the northwest Gulf of Mexico in November 87
(Cruise 87G-11) at CTD stations 12 (Cold-Core Ring), 19 (Outlying Slope), and 26 (Warn-

Core Ring).

120 m, though, chlorophyll b was not detected.

At CTD #19, which was “slope” water outlying
either the warm or the cold core ring, chlorophyll
a and b were again detected in the upper 100 m,
without any of their degradation products. Subsur-
face concentrations of chlorophyll a in the upper 80
m were similar to those in the upper 60 m at CTD
#12 in the cold-core ring, ranging from 0.17 to 0.2
ug liter ™. Qutside the cold-core ring, however, ch-
lorophyll b was restricted to the deeper waters,
being detected only at 80 and 100 m (0.07 and 0.03
ug liter™ respectively).

At CTD 26, which was located just inside the
warm-core ring, water samples collected from 4 su-
bsurface depths (40, 60, 80 and 100 m) were analy-
zed post-cruise by HPLC. Only chlorophyll a and
b were detected. Between 60~100 m, the concent-
ration of chlorophyll a ranged from 0.13 to 0.25 ug
liter™', with the subsurface maximum at 80 m. As
at CTD #19 and #26, chlorophyll b was detected
at only 80 and 100 m, where it averaged 0.07 ug

1

liter .

In summary, in November 1987 the DCMs were
generally located at depths between 60 m and 100
m in the northwest Gulf of Mexico. However, the
distribution pattern of chlorophylls in the cold-core
ring was somewhat different from that within the
warm ring, or in the outlying slope water. First, the
DCM at the cold-core ring site was shallow. High
chlorophyll a concentrations at 40~60m had dec-
reased rapidly by 80m, so that chlorophyll a was
significantly lower (pairwise t-test, p=0.05) at this
depth than chlorophyll a concentrations at CTD
#19, 21 or 26. Second, only at the cold-core ring
station was chlorophyll b present in detectable le-
vels above 80 m. Elsewhere, chiorophyll b was ge-
nerally restricted to the 80 m and 100 m collection
depths.

Carotenoids (see Fig. 3)
19"-hexanoyloxyfucoxanthin, 19'-butanoyloxyfuco-
xanthin, zeaxanthin/lutein, B-carotene and diadino-
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Fig. 3. Vertical distribution of carotenoids in the northwest Gulf of Mexico in November 87

(Cruise 87G-11) at CTD stations 12
(Warm-Core Ring).

xanthin were commonly detected at all of the CTD
stations in the northwest Gulf of Mexico in Nove-
mber 87. 19-hexanoyloxyfucoxanthin was generally
the dominant carotenoid. Zeaxanthin/lutein was
also common, but only rarely did it occur in high
concentration at 100m or at 120 m. Diatoxanthin

(Cold-Core Ring), 19 (Outlying Slope), and 26

and fucoxanthin were relatively less important ca-
rotenoids in the study area. These two carotenoids
were generally present in low amount (<0.01 ug li-
ter ' for each), and not at every CTD cast or at
all of the sampling depths.

Within the cold-core ring (CTD #12), 19™-hexa-
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noyloxyfucoxanthin reached maximum concentra-
tions subsurface at 40 and 60m (0.06 ug liter '),
and then decreased from there with depth. With
the exception of a low concentration at 40 m, the
distribution pattern of 19-butanoyloxyfucoxanthin
was quite similar to that of 19-hexanoyloxyfucoxa-
nthin. The maximum concentration of 19'-butanoy-
loxyfucoxanthin was 0.04 ug liter ' at 60 m. Zeaxa-
nthin/lutein and p-carotene exhibited similar verti-
cal distribution patterns to that of 19-hexanoyloxy-
fucoxanthin, showing that their maximum concent-
rations (0.02 ug liter™) at 40 and 60 m.

At the slope water location (CTD #19), the ver-
tical distribution pattern of 19"-hexanoyloxyfucoxa-
nthin, 19"-butanoyloxyfucoxanthin and p-carotene
were all quite similar, reaching subsurface maxima
at 80m (0.06 ug liter* for 19'-butanoyloxyfucoxan-
thin; 0.05 ug liter™* for 19"-hexanoyloxyfucoxanthin;
0.02 ug liter ! for P-carotene). However, zeaxan-
thin/lutein had a broader and more shallow subsu-
rface maximum.

In the warm-core ring (CTD #26), 19™-hexanoy-
loxyfucoxanthin was the most abundant of carote-
noids. The subsurface 19-hexanoyloxyfucoxanthin
maximum was 20~40m deeper here (60~100m)
than in the cold-core ring (40~60 m).

In summary, 19-hexanoyloxyfucoxanthin and 19-
butanoyloxyfucoxanthin were the two most abun-
dant carotenoids in the northwest Gulf of Mexico
in November 1987. As with chlorophyll a, they rea-
ched their subsurface concentration maxima bet-
ween 40~60 m in the cold ring, but this deepened
to 60~100 m in the warm ring and adjacent slope
water. Zeaxanthin/lutein was also a common caro-
tenoid throughout this study area, reaching locally
highest concentrations in the upper 60 m regardiess
of sampling within, or outside of, rings. S-carotene,
on the other hand, generally tracked the fucoxan-
thins, peridinin and chlorophyll a, reaching a sub-

surface maximum at 40~60m in the cold-core
ring, and at 60~100 m outside.

3.2 Vertical Profiles of Suspended Algal

Pigments during Gyre Cruise 88G-
05

Water samples were collected by rosette sampler
for post-cruise analysis by HPLC at three CTD sta-
tions made within a warm-core ring (Sta #22,
%23, #27). Since all three of these CTD casts
were made at nearly the same location inside the
ring, they provide insights about variation on a
time scale of hours as well as variations on a spa-
tial scale of a few kilometers within the WCR.

Chlorophylls (see Fig. 4)

All three CTD casts performed within the
warm-core ring showed similar trends in the com-
position and vertical distribution patterns of chloro-
phylls. Both Chlorophylls a and b were present, but
none of their degradation products were detected.
Chlorophyll a concentrations were relatively low in
surface waters (<0.1 ug liter '), but these averaged
two-fold higher (0.2 ug liter ) in the DCM, which
generally occurred below 80 m. Chlorophyll b was
quite rare in surface waters (<0.01 yg liter ") but
reached a broad subsurface maximum of about 0.05
ug liter ' from 90~120 m.

Carotenoids (see Fig. 5)

19-hexanoyloxyfucoxanthin, 19’-butanoyloxyfuco-
xanthin, fucoxanthin, zeaxanthin/lutein, B-carotene,
diadinoxanthin, and diatoxanthin were detected wi-
thin the warm ring. 19’-hexanoyloxyfucoxanthin was
the most abundant carotenoid (0.02 ug liter " at its
maximum), with 19-butanoyloxyfucoxanthin and
zeaxanthin/lutein also common in all of the CTD
casts. Diadinoxanthin and diatoxanthin were the
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Fig. 4. Vertical distribution of chlorophylls in a Warm-Core Ring in the northwest Gulf of Mexico

in October 1988.

least abundant of the carotenoids (both<0.01 g li-
ter '),

At CTD #22, the vertical distribution patterns of
19"-hexanoyloxyfucoxanthin, 19"-butanoyloxyfucoxa-
nthin and B-carotene were quite similar to those of
chlorophyll a, reaching their subsurface maxima at
the 100 m analytical depth. By contrast, zeaxanthin
/lutein did not show a sharply defined subsurface
maximum, instead averaging 0.01 yg liter ' from 30
m down to 100 m, before decreasing sharply at the
120 m analytical depth.

In summary, the vertical distribution patterns of
suspended algal pigments sampled near the center
of the warm-core ring in October 1988 were quite
similar, and individual pigments varied in concent-
ration by less than a factor of two within sampling
times of hours to days on sampling scales of a few
kilometers. The distribution patterns of chlorophy-
lls and carotenoids generally coincided with those
measured the year previously, within a warm-core
ring sampled in October 1987 during Gyre cruise
87G-1L
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3.3 Pigment Composition of Sinking
Particulate Material Collected by
Drifting Sediment Traps during Gyre
Cruise 87G-12

Chlorophylls (see Fig. 6A)

Chlorophyll a, chlorophyll ¢ and phaeophorbide a
were detected in the material intercepted by the
sediment traps at both 50 m and 150 m. The flux
of chlorophyll a was greatest at 50 m (47.7 yg m?
day '), but this decreased with depth so that the
flux of chlorophyll a at 150 m was only 14% of that
at 50 m. Similarly, the flux of chlorophyll ¢ was 3.5
pg m™® day ' at 50 m, but less than 0.1pug m°
day ™' at 150 m. The flux of phaeophorbide a avera-
ged 20% of the flux of chlorophyll a, decreasing
from 93 yg m™* day ' at 50 m to 2.1 yg m"? day
at 150 m.

Carotenoids (see Fig. 6B)
Diadinoxanthin, 19"-hexanoyloxyfucoxanthin, pe-
ridinin, zeaxanthin/lutein and fucoxanthin were de-
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Fig. 5. Vertical distribution of carotenoids in a Warm-Core Ring in the northwest Gulf of Mexico

in October 1988.

tected in the sinking particulate material intercep-
ted at 50 m. The fluxes of carotenoids showed pat-
terns similar to that of chlorophyll a. The most
abundant carotenoids in the sediment trap were
diadinoxanthin and  19"-hexanoyloxyfucoxanthin,
Fluxes of both were 15ug m™* day ' at 50m,

and at 150m the fluxes of both had decreased
about two fold. Similarly, at 150 m, the fluxes of fu-
coxanthin, and zeaxanthin/lutein were 47%, and 59
% of that trapped at 50 m. For peridinin, measura-
ble flux was only detected at the 50 m depth. For
B-carotene, the concentration at 50 m was lost be-
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Fig. 6. Fluxes of chlorophylls and carotenoids
collected by floating sediment traps at
50m and 150 m in a Cold-Core Ring in
the Northwest Gulf of Mexico in Dece-
mber 1987. Phaeophorbide a is repor-
ted as chlorophyll a equivalent.

cause of an experimental error during the HPLC
run.

3.4 Floating Sediment Trap Collections
during Gyre Cruise 88G-05

Chiorophylls (see Fig. 7A & B)

From FST-1, the first sediment trap deployment,
the HPLC chromatogram of the sample intercepted
at 50 m was lost due to a problem with the HPLC
integrator. However, at 100 m chlorophylls a and b,
phaeophorbide a, and phaeophytins a and b were
all detected. At 100 m the flux of chlorophyll a was
12 ug m™* day ™', and at 200 m this had decreased
to 0.85ug m ? day', 70% of that at 100 m. For
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Fig. 7. Fluxes of chlorophylls (A and B) and

carotenoids (C and D) intercepted by
two deployments of floating sediment
traps in a Warm-Core Ring in the nor-
thwest Gulf of Mexico in October 1988.
Chlorophll a degradation products are
reported as chlorophyll a equivalent.

its degradation products phaeophorbide a and
phaeophytin a, measurable fluxes were only detec-
ted at the 100 m depth. These were similar (1.2
and 1.3 ug m* day ') and about an order of mag-
nitude less than the flux of chlorophyll a.

Rather unexpectedly, the flux of chlorophyll b at
100 m was greater than that of chlorophyll a plus
that of its degradation products.

From FST-2, the second sediment trap deploy-
ment, chlorophyll a and phaeophorbide a were de-
tected at 50 m and at 100 m, but phaeophorbide a
was below the limits of detection at 200 m. In cont-
rast to the first deployment, chlorophyll a was the
dominant algal pigment in the sediment trap samp-
les at all depths. Chlorophyll b was not detected
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at 100 m from FST-2, but the flux of chiorophyll b
at 50 m was 0.6 yg m > day ', and 0.7 yg m~* day ™'
at 200 m.

Carotenoids (see Fig. 7C & D)

From both the first and second sediment trap
deployments, 19-hexanoyloxyfucoxanthin, 19-buta-
noyloxyfucoxanthin, diadinoxanthin, diatoxanthin,
zeaxanthin/lutein, f-carotene were detected at all
depths. In FST-1, 19-hexanoyloxyfucoxanthin and
19"-butanoyloxyfucoxanthin were the two most abu-
ndant carotenoids at 100 m, with fluxes of 2.4 pg
m? day ' and 1.7 ug m™? day', respectively. Ho-
wever, these fluxes were greatly reduced at 200 m,
to only 4% and 13% of that at 100 m. The fluxes
of diadinoxanthin, zeaxanthin, diatoxanthin and -
carotene were relatively low at 100 m (0.7, 04, 0.3
and 03pug m? day ', respectively), and these
were even lower at 200 m.

4. DISCUSSION
4.1 Phytoplankton Taxonomic Composi-
tion

Because different taxa of phytoplankton have dif-
ferent types or different combinations of algal pig-
ments, pigments can serve as chemotaxonomic
“biomarkers”. My HPLC data indicate that in fall
1987 and fall 1988 the phytoplankton community of
the northwest Gulf of Mexico was a mixed assem-
blage, with prymnesiophytes (19'-hexanoyloxyfuco-
(19'-butanoyloxyfucoxan-
chlorophytes,

xanthin), chrysophytes
thin),

prasinophytes and/or prochlorophytes (chlorophyll

cyanobacteria (zeaxanthin),

b), dinoflagellates (peridinin), along with diatoms
(fucoxanthin — diadinoxanthin).
For example, because a zeaxanthin/lutein peak

162

was consistently present in the upper 50 m and in
concentration ranked third, after 19-hexanoyloxy-
fucoxanthin and 19-butanoyloxyfucoxanthin, it imp-
lies that the material was zeaxanthin, the taxonomic
marker for cyanobacteria. On the other hand, had
this peak been most abundant below 50m and
well-related with a local maximum in chlorophyll b,
it would likely have been lutein, from prochloroph-
ytes.

4.2 Chlorophylls b and ¢, and Carote-
noids

Until rather recently, it had been believed that
chlorophyll b was rare in the oceanic marine envi-
ronment. However, reports have appeared from in-
vestigators showing the presence of chlorophyll b
in both open-ocean and coastal regions (Jeffrey, 19
74, 1976; Bidigare et al, 1986; Hooks et al., 1988;
Chisholm et al,, 1988). In the NW Gulf of Mexico,
the presence of the chlorophyll b indicates that
prasinophytes and prochlorophytes and other green
alga (chlorophytes) were present, and that these
were most abundant at light intensities of 3~0.1%
[, that are characteristically found from 60~100 m
there (1Sanchez, 1991).

Trees et al. (1986) reported that the chiorophyll
b maxima generally coincided with chlorophyll a
maxima, and that chlorophyll b seemed to be a pe-
rsistent feature in the deep samples. In the present
study, chlorophyll b generally was most abundant
between 60 m~100 m, except within the cold ring,
where it was found shallower, presumably as a co-
nsequence of upwelling. Earlier, Jeffrey (1976) had
speculated that chlorophyll b-containing prasinoph-
ytes probably had adapted to survival in continuou-
sly low light deep waters, but she also raised the
question whether the in wivo blue absorption band
of chlorophyll b is sufficient to harvest the energy
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required by these organisms at depth, or whether
some light-harvesting carotenoid should be implica-
ted. In fact, there may be multiple mechanisms
which allow survival in deep waters, such as comp-
lementary chromatic adaptation (blue-green light
increasing the concentration of blue green light-ab-
sorbing carotenoids), and/or increasing the total
amount of light-harvesting chlorophylls and carote-
noids (Jeffrey, 1980).

Chlorophyll ¢ was detected far less commonly
than chlorophyll b in the NW Gulf of Mexico. Ho-
wever, a contributing factor may have been the
short Rainin HPLC column that I used, which did
not always produce a sharp chlorophyll ¢ peak. Co-
mplicating this was the electronic integrator that I
had available to me, which did not always detect
a broad and smooth peak, instead of a narrow and
sharp peak in the fluorescence chromatograms at
the retention time of chlorophyll c. Difficulties in
separating other less common compounds from ba-
ckground probably apply as well to the chlorophyl-
lous degradation products phaeophorbide a, phaeo-
phytin a, and phaeophytin b. Nonetheless, such de-
gradation products could not possibly have been
overlooked if present at concentrations >0.02 ug li-
ter ', for they show up clearly in standards diluted
down to these levels. Two conclusions thus eme-
rge:

1) In samples in which the concentrations of
chlorophyll a were relatively low (0.1~0.2 ug liter
at maxima), the concentrations of its degradation
products such as phaeophorbide a, phaeophytin a
and phaeophytin b were certainly lower. If these
latter averaged an order of magnitude less abun-
dant than chlorophyll a, they would indeed have
been below the detection limit in the one-liter to
four-liter samples that were filtered in the oligotro-
phic northwest Gulf of Mexico;

2) The phytoplankton community in the north-

west Gulf of Mexico was apparently quite healthy.
In fact the overall rarity of chlorophyllous degrada-
tion products in the study area agrees well with
the data of Ondrusek (1989), who reported degra-
dation products of chlorophyll a were quite uncom-
mon in the upper 150 m of the subtropical North
Pacific Ocean.

Among the carotenoids, 19"-hexanoyloxyfucoxan-
thin was usually the most abundant, dominating at
most depths throughout the study area. However,
because there was seldom a great difference in co-
ncentration between 19-hexanoyloxyfucoxanthin
and 19-butanoyloxyfucoxanthin in most samples, it
indicates that chrysophytes as well as prymnesio-
phytes were important components of the phytopla-
nkton community of the northwest Gulf of Mexico.
In fact, 19'-butanoyloxyfucoxanthin was most abun-
dant between 60~100 m, within the core of the
DCM. B-carotene, which is a carotenoid component
of diatoms (Jeffrey, 1976; Stauber and Jeffrey, 19
88), was present generally throughout the whole
water column, rather than being restricted to either
near surface or to DCM depths.

Ondrusek (1989) reported that 19'-hexanoyloxy-
fucoxanthin, which is the dominant accessory pig-
ment for cosmopolitan prymnesiophyte Emiliania
huxleyi, was the most abundant carotencid (on a
total weight basis) in oligotrophic, subtropical No-
rth Pacific waters. My Gulf of Mexico data support
Ondrusek, for 19-hexanoyloxyfucoxanthin was co-
mmon at most of the depths throughout the subt-
ropical NW continental slope. Zeaxanthin/lutein was
also commonly found in the NW Gulf of Mexico.
However, unlike 19-hexanoyloxyfucoxanthin and
19"-butanoyloxyfucoxanthin, it was more abundant
in near surface ‘waters, from the surface to 60 m,
rather than at DCM depths. This strongly suggests
the compound was zeaxanthin rather than lutein,
and that presence is an indicator of cyanobacteria,
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Table 1. A comparison of the mean flux of plant pigments and their degradation products (mg
m~* day™") collected by floating traps in a Cold-Core versus Warm-Core Ring

Flux
Pigments Cold Core ring Warm core ring

50 150 50 100 200
chl a 477 6.5 2.0 1.5 09
chl b - - 0.6 13 0.7
chl ¢ 35 - - - -
phorbide a* 213 5.0 0.9 16 -
phaeophytin a* - - - 0.7 -
phaeophytin b~ - - 04 - -
peridinin 36 - 04 - -
b-fuco 99 47 0.8 0.8 38
fucoxanthin 15.2 6.6 - 03 -
h-fuco - - 18 14 01
diadinoxanthin 152 84 0.6 10 0.1
zeaxanthin 111 6.6 04 0.5 0.2
B-carotene * 14 04 0.3 0.3

* Phaeophorbide a and phaeophytin a are reported as chlorophyll a equivalent

~ Not detected
* the peak missed during HPLC run

which are common in high irradiance, near surface
subtropical (as well as tropical and temperate) re-
gions. Gieskes and Kraay (1983) reported that zea-
xanthin was the most abundant carotenoid in sur-
face samples in the oligotrophic tropical Atlantic
and in the Caribbean seas, where it reached conce-
ntrations of 0.1~0.2 ug liter". They argued that
the relative abundance of zeaxanthin in open-ocean
samples in which chlorophyll b was absent or sca-
rce was indicative of the ecological importance of
cyanobacteria in oceanic systems. In the present
study, at most sites in the NW Gulf of Mexico
where only surface water was collected, zeaxanthin
was likewise the most abundant carotenoid.

4.3 Sinking Particulates

Both in quality and quantity, the pigment compo-
sition of samples trapped in the cold ring in Nove-

mber 1987 was markedly different from that trap-
ped in the warm ring in October 1988. In terms of
kinds of materials present, the chlorophyll compo-
sition of the sediment trap samples intercepted at
both 50 m and 150 m in the cold core ring was
more simple than those intercepted at 50 m and
100m in a warm core ring (see Table 1). Specifi-
cally, the cold ring samples lacked detectable
phaeophytins a and b, as well as chiorophyll b. This
might imply that the degradation mechanisms in
the warm core ring were more complicated, com-
pared to those in the cold core ring. However, si-
nce it is not possible to separate differential degra-
dation from interannual variability, this observation
therefore needs further investigation. In addition,
note that diadinoxanthin, 19-hexanoyloxyfucoxan-
thin, fucoxanthin and peridinin dominated the sin-
king carotenoids in the cold core ring, whereas in
the warm core ring, the carotenoid flux was gene-
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rally proportional to the concentration of the va-
rious carotenoids suspended in the water column.

In terms of quantity, both total pigment flux as
well as the flux of individual compounds in the
cold core ring was an order of magnitude higher
than that in the warm core ring. This observation
supports our current paradigm that primary produ-
ction as well as other biological processes such as
zooplankton grazing and biological decomposition,
etc, were more active in the more nutrient-rich
cold core ring. However, note that the flux of
phaeophorbide a leaving the 50 m horizon in both
cold and warm rings was only 20% of that of chlo-
rophyll a, which was the most abundant component
in the falling material. This suggests that the zoop-
lankton grazing pressure in the northwest Gulf of
Mexico was not strong, compared to other marine
environments. In addition, while pigment fluxes at
50 m in the cold ring were 2~7 times higher than
those at 150 m, there were no large differences in
flux between 50m and 100 m in the warm core
ring,

In samples collected by the moored traps, phaeo-
phorbide a was the predominant chlorophyllous pi-
gment (Fig. 8). Fluxes of phaeophorbide a in the
moored samples were much higher than those tra-
pped in the upper 200 m by short-term deployme-
nts. They were approximately an order of magni-
tude higher than those of chlorophyll a in the moo-
red samples, whereas the fluxes of chlorophyll a
obtained both in the cold-core ring (87G-12) and
warm-core ring (88G-05) were only about 5 times
greater than that of phaeophorbide a. This means
that in deeper waters of the Gulf of Mexico, the
main component of the sinking algal pigments was
phaeophorbide a, assuming that the preservative in
the moored traps did not result in the loss of chlo-
rophyll a. In fact, the 2-week laboratory experiment
with sodium azide (NaN,) added as a preservative
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Fig. 8. Vertical profiles of chlorophylls and ca-
rotenoids collected by moored sedi-
ment traps in the northwest Gulf of
Mexico from Nov 1987 to Jan 1988.

to Skeletonema costatum culture confirmed that the
total amount of chlorophyll a plus degradation pro-
ducts was conserved after either one day or twelve
days (Table 2). However, there was evidence for
minor interconversions in the amount of each chlo-
rophyll after one day and 12 days.

Because the most abundant carotenoid in most
of the moored traps was fucoxanthin, the bulk of
the plant material intercepted by the mooring ap-
pears to have been diatoms. In this sense, the
moored traps collected a more simple suite of ca-
rotenoids than did the shallow, short-term, drifting
sediment traps. Only 19-butanoyloxyfucoxanthin
and f-carotene were detected in addition to fuco-
xanthin in the moored samples. In the traps at 936
m and 1236 m, the flux of 19-butanoyloxyfucoxan-
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Table 2. Results of a laboratory experiment in which NaN; preservative was added to Skelefo-
nema costatum culture, expressed as the ratio chlorophyll a and its degradation produ-
cts to total chlorophyllous pigments after one and twelve days in preservative

pigment Original 1day 2weeks
chlide” 0.57 0.13 0
phorbide a* 581 6.11 6.61
chl a allomerized 0.04 0.10 0.12
chl a 2.39 2.59 2.33
cha a' - - 0.02
phytin a* - - 0.03
Total 881 893 9.11

+

as pg 1
~ Not detected

ChIoropbyII a degradation products are reported as chlorophyll a equivalent. The unit is expressed

Table 3. Integrated standing stock (SSi) versus sinking materials in a2 Warm-Core Ring in the no-
rthwest Gulf of Mexico in October 1988

Pigment 0~50m 0~100m 0~200 m

SS# Flux %° SSi Flux % SSi Flux %
chl a 2.2 2 0.1 6.4 35 <01 8.6 44 <0.1
chl b 04 0.6 0.2 15 10 0.1 2.5 2.6 0.1
phorb &’ ND 09 - ND 2.5 - ND 25 -
h-fuco 0.6 18 0.3 19 32 0.2 2.8 33 0.1
peri 0.5 ND - 13 ND - 18 04 <01
b-fuco <0.1 0.3 2.7 0.1 16 1.6 0.2 5.6 2.8
diadino 0.3 0.6 0.2 0.7 16 0.2 0.8 17 0.2
zea 0.5 04 0.1 12 0.9 <0.1 14 11 <0.1
f-carotene 0.2 04 0.2 0.7 0.7 0.1 1.1 1.0 0.1

2

* Integrated standing stock, expressed ag mg m~
® Flux, expressed as ug m~* day™
° SSiFlux, expressed as percentage

¢ Phaeophorbide a is reported as chlorophyll a equivalent.

thin was almost equal to that of fucoxanthin.

4.4 Standing Stock versus Sinking Ma-
terial

As Table 3 shows, less than 0.1% of the standing
stock of chlorophyll a sank out of the upper 200 m
of the warm-core ring on any given day. For acces-
sory pigments as well, the percentages were gene-
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rally less than 0.5%. Thus I must reject the nullk
hypothesis that the standing stock of suspended
particulates turned over rapidly by sinking out in
the warm-core ring in the NW Gulf of Mexico. Un-
fortunately, however, because water column samp-
ling was not coupled with sediment trap sampling
in the cold-core ring in December 1987, the conc-
lusion above may or may not be applicable to cold-
core rings in the NW Gulf of Mexico.



Algal Pigments and their Degradation Products in Suspended and Sinking Particulate Material in the Gulf of Mexico

4.5 Estimation of “new production” in
the Gulf of Mexico from pigment
fluxes

In an ideal steady-state system, the cycling of
nutrients through a planktonic food web will conti-
nue indefinitely, with measurable phytoplankton
standing stocks undergoing only minor stochastic
variations. However, in the real ocean, there are
bound to be net losses of nutrients from near-sur-
face waters, such as the flux of sinking fecal mate-
rials and cast off exoskeletons out of the euphotic
zone to deep water, or from fish catch and seabirds
feeding in the ocean but depositing guano on land.
Such nutrient losses must be replaced by external
inputs to prevent a decline in the productivity of
the system. Among the methods of renewal in the
ocean there are the flux of nitrate from deep wa-
ter, fixation of molecular nitrogen by free-living
and symbiotic blue-green algae, and the nitrogen
from terrestrial and atmospheric sources (Eppley
and Peterson, 1979). This is so-called “new produ-
ction”(Dugdale and Goering, 1967). In theory, it
can be exported from the system without its redu-
cing its overall productivity, and it is this which
drives both the fish catch and the downward flux
of organic matter to bathypelagic and benthic food
web. By corollary, if we measure this export as the
sinking of particulate organic matter out of surface
waters in the ocean, the exports (i.e. flux of parti-
culate organic matter) is equal to “new production”
by the definition of Dugdale and Goering (1967).

Because the fluxes of algal pigments out of the
surface waters of the Gulf of Mexico have been
measured in the present study, pigment fluxes can
be converted to the total carbon flux to compare
the “new production” with those in other investi-
gations. A C:CHL weight ratio of 50 will be utilized
for this comparison, which previous investigators
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have reported is a reasonable summary of carbon
content to chlorophyll a in laboratory as well as
field-collected Antarctic phytoplankton cells (Sak-
shaug and Holm-Hansen, 1984; Tilzer et al., 1985).

Table 4 presents the estimated carbon flux using
a carbon to chlorophyll a weight ratio of 50. The
estimated “new production” in terms of carbon in
the Gulf of Mexico cold-core ring is approximately
7 times higher than that in the warm-core ring.

Knauer et al. (1990) reported that the f-ratio (the
ratio of new production to total production) appea-
red to be inversely related to primary production.
They obtained the lowest estimates (0.11~0.16)
during periods of highest productivity. Thus, we
can approximate the total carbon production from
sediment-trapped CHL pigment fluxes if we as-
sume an average f ratio of 0.15.

Table 4. The estimated “new production” in
Prydz Bay versus in the Gulf of Me-

xico
Cold-Core Ring Warm-Core Ring
Chl a flux s P
Carbon flux 325 45

* 150 meter trap material was used to estimate
the carbon flux in the cold-core ring, where the
1% isolume ranged from 50m to 70 m,

® 200 meter trap was used to estimate the carbon
flux in the warm-core ring, where the 1% isolume
ranged from 100~120m

* the units are expressed in uyg m™* d7°

REFERENCES

Bidigare, R. R., T. }. Frank, C. Zastrow, and ). M.
Brooks, 1986, The distribution of algal chlo-
rophylls and their degradation products in
the Southern Ocean. Deep-Sea Res., 33:
923~937.

Biggs, D. C., D. E. Smith, R. R. Bidigare, and M.
A. Johnson, 1984, In site estimation of the



I NoH

population density of gelatinous planktivores
in Guif of Mexico surface waters, pp. 17~34.
In: Divers, Submersibles and Marine Science
(N.C. Flemming ed.). Mem. Univ. New foun-
dland Occ. Pap. Biol. No. 9.

Biggs, D.C., A.C. Vastano, RA. Ossinger, A. Gil
Zurita, and A. Perez Franco, 1988, Multidisci-
plinary study of warm and cold-core rings in
the Gulf of Mexico. In: Proceedings Memo-
rias del Congreso Ibero Americano del Caribe
Fundacion LaSalle(FLASA) 30th Anniversary
volume: The Role of Fishing and Aquaculture
in the Development of Rural Areas of the
Caribbean(). Buitriago & R. Margalef, eds.),.

Biggs, D. C., S. P. Berkowitz, M. A. Altabet, R. R.
Bidigare, D. ). DeMaster, S. A. Macko, M. E.
Ondrusek, and Il Noh, 1989. Cooperative
study of upper ocean particulate fluxes, Proc.
ODP, Init. Repts., 119, 109~120.

Bogdanov, D. V., V. A. Sokolov, and N. S. Khro-
mov, 1969, Regions of high biological and
commercial productivity in Gulf of Mexico
and Caribbean Sea. Oceanology, 8, 371~
381,

Chisholm, S. W., R. J. Olson, E. R. Zettler, R.
Goericke, J. B. Waterbury, and N. A, Welsch-
meyer, 1988, A novel free-living prochioro-
phyte abundant in the oceanic euphotic
zone, Nature, 334, 340~343.

Cummings, J. A, 1984, Habitat dimensions of ca-
lanoid copepods in the western Gulf of Me-
xico. ). Mar. Res., 42, 163~188.

Dugdale, R. C. and J. Goering. 1967. Uptake of
new and regenerated forms of nitrogen in
primary productivity. Limnol. Oceanogr., 12,
196~ 206.

El-Sayed, S. Z, 1972, Primary productivity and
standing crop of phytoplankton in the Gulf
of Mexico; Serial Atlas of the Marine Enviro-

nment, Folio 22 (V.C. Bushnell, ed.). Ameri-
can Geographical Society, New York.

Eppley, R. W. and B. J. Peterson, 1979, Particu-
late organic matter flux and planktonic new
production in the deep ocean. Nature, 282,
677~680.

Gieskes, W. W. and C. W. Kraay, 1983, Domina-
nce of Cryptophyceae during the phytoplan-
kton spring bloom in the central North sea
detected by HPLC analysis of pigments. Mar.
Biol., 75, 179~185.

Hooks, C. E., R. R. Bidigare, M. D. Keller, and R.
L. Guillard. 1988. Coccoid eukariotic marine
ultraplankters with four differt HPLC pig-
ment signatures. J. Phycol., 24, 571~580.

Jeffrey, S. W, 1974, Profiles of photosynthetic pi-
gments in the ocean using thin-layer chroma-
tography. Mar. Biol., 26, 101~110.

Jeffrey, S. W, 1976, A report of green algal pig-
ments in the Central North Pacific Ocean.
Mar. Biol., 37, 33~37.

Jeffrey, S. W, 1980, Algal pigment systems, pp.
33~58. In: Primary productivity in the sea (P.
G. Falkowski, ed.). Plenum.

Kelly, F. J. and D. A. Brooks, 1986, Observations
of eddy interaction with topography in wes-
tern Gulf of Mexico. Trans. Amer. Geophys.
Union, 67, 1049.

Kelly, F. ., A. M. Vazquez, and D. A. Brooks, 19
87, El origin de los remolinos oceanicos en
la frontera entre USA y Mexico. Proceedings
2nd Reunion Indicativa de Actividades Re-
gionales Relacionadas con la Oceanografia.
(comision Intersecretarial de Investigaciones
Oceanograficas, Veracruz, Noviembre 1987).

Knauer, G. A, D. G. Redalje, W. G. Harrison, and
D. M. Karl, 1990, New production at the VE-
RTEX time-series site, Deep-Sea Res., 37(7),
1121~1134.

168



Algal Pigments and their Degradation Products in Suspended and Sinking Particulate Material in the Gulf of Mexico

Lewis, J. K. and A. D. Kirwin, Jr. 1985, Observa-
tions of ring topography and ring-ring interac-
tions in the Gulf of Mexico, J. Geophys. Res.,
90, 4181~4185.

Noh, I, 1991, Algal pigments and their degrada-
tion products in Southern Ocean and Guif of
Mexico surface waters, Ph.D. Dissertation,
Texas A &M University, 143 pp.

Ondrusek, M. E. 1989, Distribution of phytoplan-
kton pigments in the north Pacific ocean in
relation to optical and physical variability, M.
S. Thesis, Texas A &M University, 141 pp.

Sakshaug, E. and O. Holm-Hansen, 1984, Factors
governing pelagic production in polar oceans,
1~17 pp. In: Marine Phytoplankton and Pro-
ductivity (L. Bolis and R. Gilles, eds.). Spri-
nger-Verlag, Berlin

Sanchez, L, 1991, A redescription of the primary
productivity of the continental margin of the
NW Gulf of Mexico, M. S. thesis, Texas

A &M University.

Stauber, J. L. and S. W. Jeffrey, 1988, Photosyn-
thetic pigments in fifty-one species of arine
diatoms. ). Phycol., 24, 158~172,

Tilzer, M. M., B. von Bodungen, and V. Smeta-
cek, 1985, Light-dependence of phytoplank-
ton photosynthesis in the Antarctic Ocean:
Implications for regulating productivity, 60~
69 pp. In: Antarctic Nutrient Cycles and Food
Webs (W. R. Siegfried, P. R. Condy, and R.
M. Laws, eds.), Sringer-Verlag.

Trees, C.C., R.R. Bidigare, and J.M. Brooks, 1986,
Distribution of chlorophylls and phaeopigme-
nts in the northwestern Atlantic Ocean, ).
Mar. Res., 8, No.3, 447~458.

Wormuth, J. H, 1982, Vertical distributions of
pteropods and zooplankton biomass in the
upper 200 m of the western Gulf of Mexico.
Trans. Amer. Geophy. Union, 63, 89~90.

169



Il NoH

SMA 9 O ELE
g

=oHLCHS L SHLetEEs

(1995L4 18 24¥ &%)

A F qho A 1987~1988 9 Ff L HAUA EAde B34 A4 F 1 BIES HPLCE
o] &35t 23U, FE2UH AZEAE £ 1 EHEY ©7] H3t& o] Cold-Core Ring ¥ Warm-
Core Ringol M v #M 53t 229 av CCRFY WCR oM TEAoz $43 L2399 o|lon
FHZEAL ¥4 Fole 19-hexanoyloxyfucoxanthin®] $-A 3t} 24719} Mol Aol A= A
oz ¢47 phaeophobide a7k ZAHAS AR AR A A dehde B84 o]%dtt. CCRAIAM ¢
AANA A& WCR 2ot 394 =7 vesdch WCRAA AL8EFE 3179 1% o387 f31)
gtoz Hat HAed o] AMAE WA oA RGuEYAY A waEA dojui dA &

of v ghet.

170



