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FIELD EVIDENCE OF KRILL GRAZING ON THE TOXIC DIATOM
GENUS PSEUDO-NIYZSCHLA IN MONTEREY BAY, CALIFORNIA

Sibel Bargu and Mary W Silver

ABSTRACT
Both the interactions between toxic phytoplankton and their grazers, and the transport

of these toxins through the food chain are relatively poorly understood. Recently, species
of the diatom Pseudo-nitzschia have been found to produce the neurotoxin domoic acid,
which has caused detrimental effects to higher trophic levels in the food web. One of the
key potential vectors for the toxin is the euphausiids (krill). To determine whether krill
feed in nature on local species of Pseuido-nitzschia, we compared diatoms in the water to
those in the gut of three species of euphausiids in July 1998 during aRpseudodelicatissinia
bloom and in the gut of one species of euphausiid in August 2000 during a P. australis
bloom in Monterey Bay, California. Our findings show that Pseudo-nitzschia was the
most abundant diatom in water samples at both times and was also the dominant food in
krill. Our findings show that Pseuido-nitzschia was the most abundant diatom in water
samples at both times and was also the dominant food in krill, though these diatoms were
more common in the diet of resident than in transient species of krill. Thus we demon-
strate that krill may be a critical vector in the transmission of domoic acid to organisms at
higher trophic levels, including squid, seabirds, and whales, since these predators nor-
mally consume krill in Monterey Bay.

Krill (euphausiids) play a major role in the pelagic food web of the world's oceans,
being both important zooplankton grazers on diatoms as well as valuable food for a vari-
ety of higher organisms such as planktivorous fish, squid, marine birds and baleen whales
(Nemoto, 1972; Morejohn et al., 1978; Mauchline, 1980; Ainley et al., 1996; Schoenherr,
1991). Since krill are capable of directly feeding on phytoplankton, they can form a direct
link between primary producers and their relatively large pelagic predators.

Recently species of the diatom Pseudo-nitzschia that produce domoic acid (DA), a
neurotoxic amino acid, have been shown to be responsible for deaths of higher trophic
level organisms, including humans (Wright et al., 1989). Monterey Bay hosted major DA
poisoning events in 1991, 1998 and 2000, with deaths of hundreds of seabirds, and sea
lions. In each case, Pseudo-nitzschia australis was believed to be the toxin source, and
filter feeding anchovies the likely vector of DA to birds and sea lions (Fritz et al., 1992;
Work et al., 1993; Lefebvre et al., 1999; Scholin et al., 2000). Anchovies are not the only
potential DA vectors in Monterey Bay, because zooplankton may also be key consumers
of phytoplankton. While the link between zooplankton and toxic algae has been con-
firmed by studies of zooplankton grazing on toxic dinoflagellates (e.g., White, 1981a;
Ives, 1987; Uye and Takamatsu, 1990; Turriff et al., 1995; Bagoien et al., 1996; Teegarden
and Cembella, 1996; Shaw et al., 1997; Tumer and Tester, 1997; Tumer et al., 2000;
Tester et al., 2000), similar attention has not been focused on toxin transfer between toxic
diatoms and their zooplankton grazers. Copepods have been found to accumulate domoic
acid in earlier lab studies (Windust, 1992; Tester et al., 2001; Lincoln et al., 2001); how-
ever, there appears to be no previous study establishing a krill trophic linkage in any DA
poisoning event in the field (Bargu et al., 2002, 2003), although herbivorous krill have
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been shown to consume and thus potentially transmit toxins from a dinoflagellate that
produces paralytic shellfish poisons (McClatchie, 1988).

The food preference of euphausiids (krill) depends on the availability and the quality
of food, as well as the developmental stage of the animals (Mauchline, 1980; Opalinski et
al., 1997). To define the role of krill in toxin transfer, it is necessary to know their position
in the food web and their response to toxic food species. Krill are opportunistic omni-
vores, capable of both catching small zooplankton, such as copepods, and filtering water
for phytoplankton (Ohman, 1994; Price et al., 1988). They can feed on phytoplankton
directly, depending upon the availability and size of these food items. During regular
spring and fall blooms in Monterey Bay, Pseudo-nitzschia is one of the dominant phy-
toplankton. Under such conditions, Pseudo-nitzschia may be heavily grazed by krill.

It is not yet known whether krill are killed by domoic acid, refrain from feeding on
Pseudo-nitzschia, or whether they can transfer the toxin through the food web. The pri-
mary purpose of this research was, therefore, to determine whether krill feed on Pseudo-
nitzschia species. Thus, the food items from krill digestive tracts were compared with
phytoplankton populations in water samples from which krill were collected in Monterey
Bay during blooms of P pseudodelicatissinia (a non-toxic species) and P australis (a
toxic species).

MATERIALS AND METHODS

SAMPLING.-Botb water and krill samples were collected on July 13, 1998 from waters overlying
the Monterey Submarine Canyon, approximately 13 km offshore from Moss Landing, California
(121°59.28'W, 36041.40N) and on 24 August, 2000 from waters off Point Lobos, California
(121°57.4'W, 36°31.3 N). Surface water samples were collected prior to towing a zooplankton net
at I m depth. Phytoplankton samples were preserved in 10% Lugol (10% Kl, 5% I2 and 10% glacial
acetic acid in 100 ml DI water) for cell counts and scanning electron microscopy (SEM). Another
15 to 30 ml of water were collected for cell enumeration using rRNA probes for August 2000
samples. For cellular DA determination, 500 ml water aliquots were filtered onto 25 mm GF/F
filters (Whatman Inc., Clifton, New Jersey), and stored at -80 °C until being processed for analyses
of particulate DA. Two ml of the filtrate was frozen at -80 °C for dissolved DA measurements.
Domoic acid concentrations in the samples were analyzed using high performance liquid chroma-
tography with fluorenylmethoxy carbonyl derivatization (HPLC-FMOC), as described by
Pocklington et al. (1990).

Krill were obtained in near-surface hauls (0-100 m) at the same site on both occasions using a
Bongo net equipped with 333 m mesh (Ocean Instruments Inc., San Diego, California). Specimens
were placed in 5% buffered formalin for later gut content analysis. Euphautsiapac/ifca, Thysanoessa
spinifera, and Nematoscelis difficilis were available for qualitative gut observations in July 1998
and E. pacifica in August 2000. The gut contents were removed from the krill (n = 10 for each
species) and gently discharged into scintillation vials. All the gut samples were preserved in 5%
buffered formalin solution until being processed for SEM.

Toxic PSEUDo-NmSCHiA CELL CouNTs.-Water column abundance of toxic P australis was deter-
mined using whole cell hybridization with species-specific large subunit (LSU) rRNA-targeted
fluorescent probes (Miller and Scholin, 1996). Fifleen to 30 ml aliquots of seawater were filtered
onto 1.2 m isopore polycarbonate filters (Millipore) and preserved with a saline ethanol solution
for at least one hour. After rinsing with hybridization buffer (Miller and Scholin, 1996), each sample
was incubated with species specific probes for P australis, P. multiseries, a positive eukaryote
control probe and a negative control probe designed for Alexandriunt tamarense. A third control
consisted of sample with no probe added. After I h, filters were rinsed and placed on microscope
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slides. Intact cells that retained the fluorescein labeled probe were then counted on a Zeiss Standard
18 compound microscope, equipped with epifluorescence (microscope illuminator 100, Zeiss Inc.,
with high pressure mercury lamp, 50 W). The entire area of each filter was counted. Results are
given in cells per liter.

MIcRoscopy.-Cell counts for Psetudo-nitzschia and toxin measurements for domoic acid pro-
vided quantitative estimates for this study. To determine the cumulative abundance of all Pseudo-
nitzschia species, counts were made from surface water samples using an inverted microscope on
three replicates. On the light microscope, species of Pseutdo-nitzschia can not be distinguished
from each other and thus scanning electron microscopy (SEM) was needed to detennine the pro-
portions of individual species within the genus.

SEM methods for Pseudo-nitzsclhia identification in water and krill gut samples were slight
modifications of methods from Miller and Scholin (1998). Water samples (10 ml) and krill gut
contents were concentrated onto 1.2 gIm pore size isopore polycarbonate membrane filters (Millipore).
Salt was removed from samples by rinsing three times with 3 ml DI water under low vacuum
pressure (150 mm Hg). To remove organic material, 2-3 drops of saturated KMnO4 were added
until the filters were covered (valves were closed) and allowed to digest for 5 min (water) or 15 min
(krill gut contents). Next, 3 ml 12.1 N HCI was added to the water samples until the color became
clear. Krill gut content samples were held for 30 min in 3 ml of 12.1 N H-ICI to complete the oxida-
tion process. Samples were then gently vacuumed and rinsed three times with DI water. This pro-
cess was repeated twice, and the filters removed from filter tubes and fixed to aluminum stubs.
Filters were air dried in a dessicator for 24 h and then mounted onto SEM stubs with double-sided
tape and sputter coated with gold palladium. All micrographs were taken with an ISI WB-6 electron
microscope at 10 kV.

RESULTS

JULY 1998.-On July 13, 1998, cell densities of Psetudo-nitzschia (all species) in sur-
face waters of Monterey Bay averaged 0.9 x 106 cells L-1, indicating bloom conditions at
the offshore sampling site. Domoic acid was not detected by HPLC-FMOC in particulate
or dissolved samples from the site, suggesting the presence of non-toxic species of Pseudo-
nitzschia. Light microscopy examination showed that diatoms were the dominant net
plankton in the water, with Pseudo-n itzschia and Chaetoceros the most common genera.
Scanning electron microscopy (SEM) was used to determine the species of Pseudo-
nitzschia, and the taxonomic criteria used where these described in the literature (Hasle et
al., 1996). SEM revealed that the pennate diatom Pseudo-nitzschziapseudodelicatissinta
was the overwhelmingly dominant species of Pseudo-nitzschia in the water (Fig. IA-C),
followed by species of Chaetoceros (Fig. 1-DI). Other small centric (Fig. 1-D2) and
pennate diatoms, including two additional Pseudo-nitzschia species (P. heimii, P
fraudulenita), also occurred in the samples at much lower numbers.

E. pacifica, T spinifera and N. dijficilis, the latter being an uncommon euphausiid for
the area, occured abundantly in the zooplankton tow samples and all three were chosen
for gut content analysis using SEM. All replicates of all three species of krill contained
abundant frustules of P pseudodelicatissinia (Fig. 2A-E). Although all three species of
krill contained Pseudo-nitzschia, there were differences in the relative abundance of this
diatom genus among the three species of euphausiids. In all, P pseudodelicatissimna was
the dominant, with Chaetoceros being the next most abundant diatom, and low numbers
of other reportedly non-toxic P fraudulenta and P hei,nii. Diatoms, including Pseudo-
nitzschia, were less abundant in N difficilis (Fig. 2E) than in the other two euphausiid
species (Figure 2A-D) and the frustules were also more frequently unbroken in N difficilis.
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Figure 1. Scanning electron micrographs of phytoplankton samples. A. Pseudo-nftzschia spp. (mostly
P pseudodelicatissinia); B. Complete valve ofP pseudodelicatissinza; C. High magnification view
of P pseudodelicatissinia, showing presence of single row of large poroids in the stria (arrow 1)
and central interspace with central nodule (arrow 2). Other diatom species found in water: Dl.
Chlaetoceros sp., and D2. Skeletonenma costatIzm.
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Figure 2. Scanning electron micrographs of krill gut contents taken from specimens collected on
July 13,1998. A. Euphtausiapaciflca contents; B. Higher magnification view of E. pacfifca content;
C. Tizysanoessa spinifera contents; D. Higher magnification view of Pseudo-nitzschlia
pseudodelicatissinza valve from 7 spinifera; E. Nenzatoscelis difflcills contents showing an intact
frustule of E pseudodelicatissinta.

AUGUST 2000.-OnAugust 24, 2000, as in the 1998 sample, cell densities oftotalPseudo-
nitzscltia approached 106 cells L-, this time dominated by P. australis, as determined by
species-specific LSU rRNA targeted fluorescent probes (Fig. 3A). Domoic acid averaged
24 pg cell-' in the particulate samples from the site, implicating P. australis as the source
of the toxin. E. pacfifca was the dominant euphausiid in the tow, with low numbers ofT1
spinifera but no N. difficilis. The digestive tracts of E. paciflca were dominated by P.
australis (Fig. 3B,C).

D1SCUSSION

Our goal was to evaluate the potential role of krill as a toxin vector in Monterey Bay.
To determine whether krill consume Pseudo-nitzschia in nature, including the domoic
acid producing species, we compared diatom species in the water to those in krill diges-
tive tracts in Monterey Bay. Results indicated that in July 1998, during a bloom of P
pseudodelicatissimna, and in August 2000, during a bloom of P australis, krill did, in-
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Figure 3. A. Scanning electron micrograph of water sample containing several P australis frustules;
B. Scanning electron micrograph of krill gut with Pseudo-nitzschia australis frustules; C. Higher
magnification view of one of the frustules from B. An arrow indicates the presence of two rows of
large poroids within the striae. A central nodulus is absent. Both krill and water samples were
obtained during the August 2000 P australis bloom event in Monterey Bay, Califormia.

deed, feed primarily on Pseudo-nitzschia, the dominant diatom in Monterey Bay. In both
events, the population density of both P pseudodelicatissimna andP australis reached 1 06

cells L-l, supplying an almost monospecific food source for organisms in the area.
In the 1998 event, our data suggest that krill were grazing a non-toxic population of P.

pseudodelicatissinia, based on our DA analyses. There is, however, a possibility that a
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small amount of the toxin may be produced by Monterey Bay clones of P.
pseudodelicatissinma (C. Scholin, pers. comm.). Low levels (up to 2.7 jg L-l) of DA were
found in October 1998 in Washington coastal waters dominated byP pseudodelicatissirna,
with cell concentrations about 106 L-l (Trainer et al., 2000). In addition, it has been re-
ported that P pseudodelicatissimna produces toxin in eastern Canada, Danish coastal wa-
ters, and the northern Gulf of Mexico (Martin et al., 1990; Lundholm et al., 1997; Pan et
al., in press). Even though P pseudodelicatissinia was not (or was minimally) toxic in the
present study, the ability of krill to graze these colonies in the field suggested that they
may also consume the similarly sized and shaped toxic members of the same genus.

In the August 2000 bloom, P australis numbers were I 10 L- and DA levels reached 24
pg cell-'. Even though the Pseudo-nitzschia cells were highly toxic, krill consumed these
diatoms. It is not known whether krill are affected by the toxin, but it is possible that they
might avoid absorption of the toxin through the gut, or might have developed a detoxifi-
cation mechanism. The ability of krill to consume toxic P australis reveals a new vector
for toxin transfer to krill predators, including squid, seabirds and baleen whales.

It is known that krill can also consume smaller zooplankton, including copepods, even
in the presence of suitable phytoplankton (Ohman, 1994; Holm-Hansen and Huntley,
1984; Price et al., 1988). Copepods can be important prey, especially for those species of
krill that show carnivorous feeding preferences. Since copepods can ingest toxic Pseudo-
nitzschia (Windust, 1992; Tester et al., 2001), krill may also alternatively vector domoic
acid by preying on copepods that are consuming toxic Pseudo-nitzschia.

The dominance of Pseudo-nitzschia in the stomachs of krill reflected the dominance of
this phytoplankter in the water. Different species of krill, however, seemed to show slight
differences in their food preference. While both E. pacifca and Tspinifera contained
many fragments of both toxic and non-toxic species of Pseudo-nitzschia in their gut, N.
difficilis, found only in 1998 sampling, contained fewer Pseudo-nitzschia and other dia-
toms in general. N. difficilis is not a common euphausiid in Monterey Bay and its pres-
ence here at latitudes more northerly than its normal range may have been linked to the
El-Ninio conditions at the time. This krill species, therefore, may be unfamiliar with com-
mon food species in the region, resulting in lower consumption rates. Similar results have
been found by Turner and Tester (1989): the copepod Centropages typicus, which almost
never co-occurs in nature with the more southerly Gymnodinium breve, did not ingest this
toxic dinoflagellate. Alternatively, Mauchline (1980) indicates that N. difficilis has mouth
appendages appropriate for a more carnivorous diet than the other two species. For what-
ever reason, N. difficilis may have been consuming more zooplankton than phytoplank-
ton at the time of the 1998 Pseudo-nitzschia bloom in Monterey Bay.

Gut contents of animal prey are difficult to recognize in krill, because krill masticate or
suck out the soft tissues of their prey, rejecting any exoskeleton. Furthermore, our SEM
preparation methods would have digested organic material that might have provided clues
to their prey's identity. Thus we could not determine the relative abundance of diatom vs
zooplankton prey of krill in this study. However, most importantly, we found all three
species of krill to consume Pseudo-nitzschia when this diatom is abundant. We could not
make quantitative measurements of Pseudo-nitzschia from gut contents, because the dia-
tom frustules were usually fragmented. However, among the frustules present, P.
pseudodelicatissimna and P australis were the clear dominant in 1998 and 2000, respec-
tively, as they were in the water. SEM was critical in identifying the mineralized. algal
walls, which are impossible to identify to the species level in this genus by light micros-
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copy. Even the newer molecular probe methods are unsuitable for partially digested Pseuido-
nitzschia from stomach contents, thus leaving SEM as the only practical method of deter-
mining species of Pseudo-nitzschia from stomach contents.

In summary, this study presents a first step in understanding the interaction between
krill and the domoic acid-producing genus Pseudo-nitzschia, suggesting that krill may
potentially vector domoic acid to higher trophic levels. Further research is necessary to
determnine whether DA affects krill themselves, and whether it is depurated rapidly or
retained for sufficient time periods to contaminate higher level predators.
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