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ABSTRACT: Grazing of mesozooplankton on phytoplankton, ciliates and other microplankton in the
Mississippi River plume was studied by on-deck zooplankton addition incubations during March
2002. Diatoms, numerically predominated by the pennate diatom Pseudonitzschia pseudodelicatissima, were the most abundant microplankton in the plume. We observed that large cells of all types
dominated the mesozooplankton diet and that phytoplankton generally comprised the largest dietary
component. Microzooplankton contributed between 2 and 60% to the mesozooplankton diet. At the
near-field station (nearest the discharge point of the river), P. pseudodelicatissimi concentration was
low and consumption of diatoms, ciliates and dinoflagellates by mesozooplankton reflected available
concentrations. In the mid-field stations, P. pseudodelicatissimi attained very high concentrations
(17 000 cells ml–1) but comprised only a small portion of the mesozooplankton diet, which was instead
dominated by ciliates and dinoflagellates. At the far-field station (approximately 60 km distance from
the discharge point), P. pseudodelicatissimi concentration was intermediate but mesozooplankton
clearance rates were still higher on ciliates and dinoflagellates at these stations. This pattern may
have been established by changes in the composition of the mesozooplankton grazer community, by
the inability of some mesozoopllankton to efficiently ingest the long (>100 µm) and large-sized
diatoms, or by the production of toxins by P. pseudodelicatissimi that prevent it from been grazed by
mesozooplankton. Our findings are consistent with an earlier published conceptual model in that (1)
the abundance of microzooplankton (ciliates) was high in the near- to mid-field and then decreased
toward the far-field, in parallel with phytoplankton stock; (2) mesozooplankton consumed large
rather than small prey, thereby affecting the structure of the phytoplankton and microzooplankton
community; (3) phytoplankton, dominated by diatoms, were the major food source for mesozooplankton in the plume.
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Phagotrophic protists, including nanoflagellates,
dinoflagellates and ciliates, are important nutrient
recyclers in the microbial loop. They also form an
important trophic link between the microbial loop and
the ‘classical’ grazing food chain, which transfers
materials and energy from small cells that are not

directly accessible to metazoans such as copepods to
higher trophic levels (Sherr et al. 1986, Sherr & Sherr
1988, Stoecker & Capuzzo 1990, Gifford 1991, Sanders
& Wickham 1993, Tett & Wilson 2000).
Copepods are typically the numerically dominant
component of the mesozooplankton community, and
many studies conducted in the open and coastal
ocean indicate they are primarily omnivorous, con-
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suming both heterotrophic and autotrophic prey (e.g.
Gifford & Dagg 1991, Kleppel 1992, Fessenden &
Cowles 1994, Kleppel et al. 1996, Verity & Paffenhöfer 1996, Nejstgaard et al. 1997, Zeldis et al. 2002,
Rollwagen Bollens & Penry 2003). Microzooplankton
can contribute significantly to the diet of mesozooplankton, even when large diatoms are abundant
(Stoecker & Capuzzo 1990, Gifford 1991, Froneman et
al. 1996). Experimental studies show that many copepods, e.g. late stages of Calanus spp. and other large
calanoids, prefer protozoan prey (Fessenden &
Cowles 1994, Ohman & Runge 1994, Atkinson 1996),
although small copepods appear to be less selective
in their feeding (Batten et al. 2001).
Under natural conditions, the contribution of microzooplankton to the mesozooplankton diet varies
between zero and close to 100% (see Table 2 in Kleppel 1992, Table 4 in Halvorsen et al. 2001). This
appears mainly dependant on the biological conditions
of the study sites, particularly the biomass and size
composition of phytoplankton and microzooplankton.
For example, Fessenden & Cowles (1994) found that
aloricate phagotrophic ciliates comprised a large portion (16 to 100%) of the carbon ingested by copepods
during non-upwelling months and between diatom
blooms in Oregon coastal waters, whereas the contribution made by ciliates was insignificant during
diatom blooms. In general, the contribution of microzooplankton to copepod ingestion is higher where concentrations of microzooplankton are relatively higher
and phytoplankton concentrations are lower and dominated by small phytoplankton cells (Kleppel 1992,
Batten et al. 2001, Halvorsen et al. 2001).
In the Mississippi River plume, the composition of
the food environment for mesozooplankton varies
widely over short time and space scales. An idealized
description of this system (Dagg & Breed 2003)
suggests that all phytoplankton are stimulated by
riverine nutrient inputs but that large cells quickly
become dominant because the microzooplankton
grazers, which prey more heavily on small cells, can
respond more quickly than the mesozooplankton
grazers which prey more heavily on large phytoplankton and microzooplankton. Liu & Dagg (2003)
reported patterns in phytoplankton abundance,
mesozooplankton abundance, microzooplankton and
mesozooplankton grazing that were generally consistent with the conceptual model of Dagg & Breed
(2003); however, microzooplankton abundance and
species composition were not examined, nor was
mesozooplankton grazing on microzooplankton. Here
we provide additional information from these same
experiments on microzooplankton abundance and
distribution, and on mesozooplankton feeding on
microzooplankton.

MATERIALS AND METHODS
In March 2002, we conducted 5 shipboard grazing
experiments spanning locations from near the largest
discharge point of the Mississippi River (near-field,
Stn 1) to a high-salinity location approximately 60 km
to the SW (far-field, Stn 5) (Fig. 1).
Prior to the cruise and between each experiment, all
experimental bottles, tubing and other containers were
cleaned with 10% HCl, followed by a thorough rinse
with distilled water. Seawater for experiments was collected from the surface with Niskin bottles, and gently
transferred to a large polycarbonate carboy through
tubing with a 202 µm mesh at one end. This wellmixed seawater was then used to fill a set of 2.4 l polycarbonate incubation bottles.
Mesozooplankton were collected from the plume
(either the upper 10 or 5 m) using a plankton net with
mesh size of 202 µm. The cod-end of the net was taped
to minimize damage caused by friction between organisms and mesh. Contents of the cod-end were carefully
poured into an insulated container, and only freeswimming organisms < 2000 µm were used for experiments. Animals > 2000 µm were excluded by immersing a sieve made of 2000 µm mesh in the container.
Aliquots of mesozooplankton were placed into duplicate bottles filled with 202 µm pre-screened seawater
and incubated for 24 h, together with a pair of control
bottles with no mesozooplankton. To prevent the possibility of differential phytoplankton growth in the control and treatment bottles resulting from zooplankton
excretion, a nutrient mixture (10 µM N, 10 µM Si and
1 µM P, final conc.) was added to each bottle.
Duplicate aliquots of mesozooplankton were collected on pre-weighed 20 µm polycarbonate filters

Fig. 1. Station locations. Stn 1: near-field; Stns 3–4; mid-field;
Stn 5: far-field; Stn 2; not considered to be in river plume
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and dried in a 60°C oven for determination of the
mesozooplankton dry weight added to experimental
bottles. A portion of the initial net tow was also processed to estimate the total dry weight. The rest of the
net tow sample was collected on a sieve, transferred
to a 500 ml plastic bottle, and preserved with 10%
buffered formalin for future identification and enumeration.
All experimental bottles were tightly capped after
filling, bagged with 1 layer of neutral screen, and
placed in on-deck incubators for 24 h with temperature
controlled by running surface seawater. Samples were
taken at the beginning and end of the experiment for
size-fractionated chlorophyll a concentrations in 3 size
classes (< 5, 5 to 20 and > 20 µm; Liu & Dagg 2003) and
for determination of microzooplankton abundance.
For microplankton enumeration, 100 ml from each
bottle were preserved with 5% acid Lugol’s solution. In
the laboratory, subsamples of 10 to 50 ml were placed
in sedimentation chambers to settle for 12 to 24 h
(Utermöhl 1958). Microplankton cells including
diatoms, dinoflagellates, aloricate ciliates, Mesodinium
rubrum and tintinnids were identified and counted
with an inverted microscope (Nikon-TMD 300) at 200
or 400× magnification. Ciliates were assumed to be
standard geometric forms (Ota & Taniguchi 2003) and
at least 30 cells of each species were measured. Cell
biomass was calculated using a volume-to-carbon conversion factor of 0.19 pg C µm– 3 (Putt & Stoecker 1989)
for oligotrich ciliates and M. rubrum and 444.5 + 0.053
lorica volume (µm– 3) pg C for tintinnids (Verity & Langdon 1984).
A data matrix was constructed to allow comparison
of mesozooplankton populations between stations.
Comparisons were based on percent composition at
each station, not on absolute concentrations. Cluster
analysis was performed on the data matrix with a single linkage method using the arithmetical nearestneighbor distance to organize the stations into different types (Pielou 1984).
Mesozooplankton clearance rates (F ) were calculated following the formulae of Frost (1972):
F (l mg–1 dry wt d–1) = V (kc – kt)/Z

(1)

where V is the volume (l) of the incubation bottle and Z
is mesozooplankton biomass (mg dry wt) added to the
incubation bottles, kc and kt are the net or apparent
prey growth rates in the controls and treatments (d–1),
respectively, which are calculated by:
k (d–1) = ln(Ce /C0)

(2)

for 24 h incubation, where C0 is the concentration of
prey in the initial bottles, and Ce is the concentration of
prey in the control and treatment bottles at the end of
the incubation.

Ingestion rate (I) is calculated by:
I (µg C mg–1 dry wt d–1) = C F

(3)

where C is the mean concentration of prey throughout
the 24 h incubation period calculated by:
C = C0 (ekt – 1)/kt

(4)

RESULTS
Plankton community structure
Based on physical and biological properties, Liu &
Dagg (2003) placed each station within the continuum of conditions between river discharge and the
open Gulf of Mexico, as described in the conceptual
model of Dagg & Breed (2003). Thus, Stn 1 was characterized as a near-field station, Stns 3 and 4 were
mid-field stations and Stn 5 was a far-field station.
Stn 2, located in a shallow (~10 m) back-stream area
where considerably older river water often accumulates (Wiseman et al. 1982), was not considered to be
in the river plume.
Chlorophyll a concentration at the experimental sites
in the plume ranged from 4.3 to 5.6 mg m– 3, and was
dominated by phytoplankton cells in the > 20 µm
and/or 5 to 20 µm size fractions (Liu & Dagg 2003). The
high chlorophyll a concentrations and dominance of
large phytoplankton indicate that none of our stations
were located in true far-field or oligotrophic oceanic
waters. Diatoms were the most abundant microphytoplankton at all sites, ranging from 3.6 × 105 cells l–1 at
near-field Stn 1 to 1.8 × 107 cells l–1 at mid-field Stn 3
(Table 1). Diatom abundance remained high at the farfield plume station (Stn 5). In spite of large differences
in diatom abundance, the dominant species were
strikingly similar (Table 2). Pseudonitzschia pseudodelicatissima was the dominant species at all experimental sites, especially at mid-shelf stations where it
accounted for more than 90% of total diatom numbers.
Concentrations of both dinoflagellates and ciliates
decreased from near- to far-field stations, in contrast to
Table 1. Microplankton abundance at each experimental site
Site

1
2
3
4
5

Microplankton abundance (103 cells l–1)
Ciliates Mesodinium Dinoflagellates Diatoms
rubrum
13.5
30.0
6.2
8.5
8.2

46.5
87.0
6.8
11.0
3.3

312.8
464.6
141.2
71.5
44.0

357
719
17 660
4156
2309
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Mesozooplankton grazing on ciliates, diatoms and
dinoflagellates
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Fig. 2. Mesozooplankton composition at 5 experimental
stations. Cluster analysis on data matrix of composition
proportion of each species using single-linkage method based
on arithmetical nearest neighbor distance

diatoms, which peaked in the mid-field region.
Dinoflagellates were dominated by prorocentroid,
gymnodinoid and peridinoid forms. Gonyaulacoid and
dinophysoid species were rare at all sites. Ciliates were
mainly composed of Lohmanniella ovifomis, Tontonia
sp., Strombidium spp., as well as Mesodinium rubrum.
Tintinnid abundance was low at all stations. There
were more M. rubrum than oligotrich ciliates in the
near-field, and the contribution of this species to total
ciliate abundance decreased toward the far-field. The
ratio of M. rubrum to oligotrich ciliates decreased from
3.5 at Stn 1 to 0.4 at Stn 5. Within oligotrich ciliates,
small heterotrophic L. oviforms predominated in the
near-field (Stn 1), whereas large mixotrophic Tontonia
sp. was the most abundant species at the mid-field stations. In the far-field, L. oviforms again predominated
(Table 2).
Mesozooplankton biomass in the upper water column varied widely (Liu & Dagg 2003). Grouping
analysis of mesozooplankton composition (Fig. 2) did
not separate the stations as distinctly as other water
properties. Stns 1 and 4, located on the 2 sides of a
strong frontal zone where intensive mixing occurred
between river discharge and receiving oceanic water,
were most closely related. Stns 3 and 5 were also
closely related to Stns 1 and 4. Only Stn 2 was distinctively distanced from all other stations. Stn 2
located in the shallow coastal water north of the river
mouth, is unique in several aspects. It has the highest
chlorophyll a concentration (10 mg m– 3), highest
abundances of dinoflagellates (dominated by prorocentroid forms) and ciliates (mostly Mesodinium
rubrum), and lowest mesozooplankton biomass
(2.8 mg dry wt m– 3, 87% Acartia tonsa) (Tables 1 & 2,
and Liu & Dagg 2003).

At near-field Stn 1, mesozooplankton clearance rate
was similar on diatoms, dinoflagellates, oligotrich ciliates and Mesodinium rubrum ciliates (Fig. 3). At Stn 2,
clearance rate on M. rubrum was more than 2 times
higher than the rates on oligotrich ciliates, dinoflagellates and diatoms (ANOVA, p < 0.05). The most important feature for Stn 3, where the diatom Pseudonitzschia pseudodelicatissima bloomed, was the
significantly lower clearance rate observed on diatoms
(ANOVA, p < 0.01). Mesozooplankton clearance rate
on diatoms was still significantly lower than on other
prey items at Stns 4 and 5 (ANOVA, p < 0.05), except
for M. rubrum at Stn 5, where its abundance was very
low.
Ingestion of ciliate carbon by mesozooplankton (µg
C mg–1 dry wt d–1) tracked the ciliate carbon biomass
(Table 3). Ingestion declined from its maximum in the
near-field, to intermediate levels at the mid-field stations to the lowest observed rate at the far-field station
(Table 3). Ingestion rate was much higher at Stn 2 than
at any of the plume stations, although mesozooplankton abundance was lowest there. Among ciliates in the
diet, mesozooplankton ingested more carbon from
oligotrichs than from Mesodinium rubrum, except at
Stn 2, where mesozooplankton ingestion of M. rubrum
was nearly 3 times more than that of oligotrich ciliates
(Table 3). The high ingestion rate of M. rubrum at Stn
2 (141 µg C mg–1 dry wt d–1) was the result of a combination of high abundance of M. rubrum (Table 1) and
high clearance rate of mesozooplankton on M. rubrum
(Fig. 3).

Fig. 3. Mean (± SE, n = 2 replicates) mesozooplankton
clearance rates on oligotrich ciliates, Mesodinium rubrum,
dinoflagellates and diatoms
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Table 2. Dominant species (groups) of oligotrich ciliates, dinoflagellates, diatoms and mesozooplankton at each experimental station. Species (groups) that accounted for more than 5% of total abundance are listed with their percentage of total abundance in
parentheses
Stn

Oligotrich ciliates

Dinoflagellates

Diatoms

Mesozooplankton

Lohmanniella ovifomis (47.9)

Peridinoid (42.5)

Tontonia sp. (25.7)
Strombidium spp. (23.5)

Prorocentroid (35.5)
Gymnodinoid (21.6)

2

L. ovifomis (40.0)
Tontonia sp. (36.0)
Strombidium spp. (18.7)

Prorocentroid (81.6)
Peridinoid (11.8)
Gymnodinoid (6.2)

P. pseudodilicatissima (95)

A. tonsa (87.4)
P. crassirostris (8.0)

3

Tontonia sp. (44.4)
L. ovifomis (23.8)
Strombidium spp. (15.9)
Leegaardiella sol (9.5)
Strombilidium sprialis (6.3)

Prorocentroid (68.2)
Gymnodinoid (20.0)
Peridinoid (11.2)

P. pseudodilicatissima (96)

A. tonsa (31.3)
Paracalanus spp. (19.5)
P. crassirostris (13.5)
Larvacean (7.0)

4

Tontonia sp. (37.0)
Strombidium spp. (31.5)
L. ovifomis (27.8)

Prorocentroid (43.8)
Gymnodinoid (30.4)
Peridinoid (24.6)

P. pseudodilicatissima (93)

A. tonsa (23.0)
Paracalanus spp. (19.7)
Doliolids (9.6)
P. crassirostris (6.6)
Larvacean (5.2)
Nauplii (5.2)

5

L. ovifomis (66.2)
Strombidium spp. (22.1)
Tontonia sp. (8.3)

Prorocentroid (77.7)
Gymnodinoid (13.3)
Peridinoid (8.5)

P. pseudodilicatissima (86.3)

Doliolids (18.6)
Paracalanus spp. (17.5)
Acartia tonsa (13.2)
Oncaea spp. (12.0)

1

Ciliate size and mesozooplankton feeding
We binned ciliates into 5 µm intervals based on ESD.
In all, ciliates were dominated by cells smaller than
20 µm ESD but show a marked difference in size composition among experimental sites (Fig. 4). After incubation, abundance of ciliates increased in the control
bottles although the size spectrum was also changed in
some experiments. Ciliate abundances decreased dramatically in the bottles with mesozooplankton added,
with ciliates > 30 µm ESD virtually disappearing from
the treatment bottles of all experiments (Fig. 4).
While small ciliates were the most numerically abundant, large ciliates were important in terms of carbon
biomass, and at some stations their biomass was as

Pseudonitzschia
pseudodilicatissima (72.9)
Navicula distans (14.6)

Acartia tonsa (30.6)
Paracalanus spp. (26.3)
Doliolids (5.6)

high as the biomass of the small ciliates (Fig. 5). In
Stns 1 and 2, ciliates in the size range 16 to 20 µm ESD
contributed the most to carbon biomass. In Stn 3, a
bimodal biomass distribution was apparent, with
peaks at 16 to 20 and 41 to 45 µm. In Stn 4, larger (26 to
30 µm ESD) ciliates provided the most biomass, and in
Stn 5 both small (5 to 15 µm ESD) and large (26 to
35 µm ESD) were equally important. The right-hand
panels in Fig. 5 shows the importance of large ciliates
in term of mesozooplankton carbon ingestion.
Because of the low number of large ciliates, we
pooled cells > 30 µm to calculate clearance and ingestion rates. Mesozooplankton clearance on differentsized ciliates displayed 2 different patterns (Fig. 6,
Table 4). At Stns 1 and 5, clearance rates were highest

Table 3. Initial carbon biomass and mesozooplankton ingestion of Mesodinium rubrum, oligotrich, tintinnid and total ciliates in
each experiment. Ingestion rates of tintinnids were calculated using clearance rates of oligotrichs because low tintinnid
abundance prevented accurate measurement of clearance rates
Stn
M. rubrum
1
2
3
4
5

10.45
38.55
1.88
1.91
0.56

Carbon biomass (µg C l–1)
Oligotrichs
Tintinnids
12.78
23.86
8.00
8.58
1.25

0.04
0.43
0.14
0.35
0.19

Total
23.23
62.84
10.02
10.84
2.00

Ingestion (µg C mg–1 dry wt d–1)
M. rubrum
Oligotrichs
Tintinnids
16.89
140.78
2.66
1.77
0.57

17.36
48.88
11.05
10.27
3.95

0.16
0.48
0.10
0.42
0.30

Total
34.41
190.13
13.81
12.47
4.82
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30
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Control
Treatment
Stn 1 initial
Stn 1 after Incubation
1.15 mg dry wt l–1

20
15
10
5
0
100
80

Stn 2 after incubation
0.61 mg dry wt l–1

Stn 2 initial

60
40
20
0

Abundance (103 l–1)

10
8

Stn 3 after incubation
0.88 mg dry wt l–1

Stn 3 initial

6
4
2
0
14
Stn 4 after incubation
2.15 mg dry wt l–1

12
Stn 4 initial

10
8
6
4
2
0
8
7

Stn 5 after incubation

Stn 5 initial

6

0.72 mg dry wt l–1

5
4
3
2

41–40
41–45
46–50
>50

36–40

16–20
21–25
26–30
31–35

5–10

11–15

>50

41–40
41–45
46–50

5–10
11–15
16–20
21–25
26–30
31–35
36–40

1
0

Size (μm ESD)
Fig. 4. Size distribution of ciliate abundance before and after incubation in 5 mesozooplankton experiments at 5 stations in the
Mississippi River plume during March 2002. The amounts of mesozooplankton added to ‘Treatment’ bottles are shown in the
right-hand panels
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Size (μm ESD)
Fig. 5. Size distribution of ciliate carbon biomass before and after incubation in 5 mesozooplankton experiments at 5 stations.
Further details as in Fig. 4
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but does not provide detailed information on which
mesozooplankton species are most important as grazers. However, our estimates of mesozooplankton community grazing rates must still be considered conservative because gelatinous zooplankton were excluded
from our experiments. Gelatinous microphages, including larvaceans, salps and doliolids, are able to feed
on a wide size range of particles, including bacteria
(Flood et al. 1992, Fortier et al. 1994). While these
organisms are generally rare in the near-field of the
plume, they can be very abundant in the mid- and farfield waters (present Table 2 and R. Sato et al. unpubl.)
and previous studies have indicated they can filter a
significant portion of the surface water and consume
large portions of daily algal production (Dagg 1995,
Dagg et al. 1996). Therefore, separate experiments
measuring the feeding rates of gelatinous microphages
must be conducted to obtain a more accurate estimate
of total mesozooplankton grazing.

Table 4. Mesozooplankton clearance and ingestion rates on
ciliates < 20 and > 20 µm ESD (including oligotrichs, Mesodinium rubrum and tintinnids)

30.60
87.42
9.75
9.62
5.34

on large ciliates. At the intermediate stations, mesozooplankton clearance rates were more uniform on ciliates of all sizes. For ingestion, the highest rates were
usually found in the size ranges corresponding to the
highest in situ carbon biomass.
Mesozooplankton ingested more carbon from
> 20 µm ciliates than from < 20 µm ciliates at all sites,
except at Stn 2 where mesozooplankton ingested
2.6 times more carbon from small ciliates than from
large ciliates (Table 4). The high contribution of small
ciliates at Stn 2 was a result of high abundance of M.
rubrum, which have an ESD of < 20 µm.

Importance of ciliate size
Ciliates contributed to the mesozooplankton diet at
all stations. Large species were cleared at equal or
higher rates than smaller species, although small-sized
(< 20 µm ESD) ciliates were by far the most abundant.
The pattern of higher clearance rates on larger-sized
prey has been shown in many copepod species (Paffenhöfer 1988). For example, the clearance rate of Acartia
tonsa and Paracalanus parvus increased monotonically
as a function of algal radius in natural multialgal suspensions of low concentration until a high-end size-cutoff. (Bartram 1981). Berggreen et al. (1988) found that
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Our approach to measuring mesozooplankton grazing provides a simple way to assess the community rate
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Fig. 6. Size-specific mesozooplankton clearance rates (top panels) and ingestion rates (bottom panels) of ciliates at 5 stations in
the Mississippi River plume. Data are means of duplicate samples
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the optimum particle size for adult A. tonsa was 14 to
70 µm. A. tonsa and A. clausi both demonstrated selective feeding on large cells from natural suspensions of
Chesapeake Bay plankton (Richman et al. 1977). Similarly, A. tonsa preferred prey cells >15 µm in size and
did not ingest cells <10 µm in San Francisco Bay (Rollwagen Bollens & Penry 2003). Increased selectivity for
large prey by suspension-feeding mesozooplankton is
probably due to their easier detection and capture compared to smaller cells (Jonsson & Tiselius 1990), especially in particle-rich environments (Stoecker & Egloff
1987) such as the Mississippi River plume. The size of
ciliates in our experimental sites falls within the optimum prey-particle size of Acartia spp. and other smallto mid-sized copepods. In our study, mesozooplankton
displayed higher clearance rates on large ciliates than
on small ciliates in some experiments, whereas in other
experiments the clearance rates on large and small ciliates were the same (Table 4). Such differences in mesozooplankton feeding behavior, i.e. prey size-dependent
vesus prey size-independent, may be explained by a
difference in mesozooplankton composition. Different
copepod species have different feeding behaviors and
the composition of the mesozooplankton community
will affect feeding on natural prey assemblages. For example, mesozooplankton at our shallow Stn 2 was 87%
A. tonsa, whereas at Stn 5 A. tonsa represented only
13% of the total mesozooplankton; therefore the attributes of A. tonsa will be more important at Stn 2. However, copepod ingestion in natural prey assemblages is
affected by many other factors including the density,
size, behavior, nutritional quality and physiological status of the prey and the physical environmental conditions. These factors may have contributed to some of
the variability in clearance rate observed in our experiments.

Importance of microzooplankton in
mesozooplankton diet
Table 5 shows 2 estimates of total mesozooplankton
ingestion of ciliates. The first is the sum of oligotrich
ciliates, tintinnids and Mesodinium rubrum obtained
from Table 3, the second the sum of the products of
size-specific clearance rates and size-specific biomass
(Figs. 5 & 6). The second estimate is consistently,
although not significantly, higher than the first, particularly for Stns 1, 2 and 5 in which larger ciliates were
cleared at much higher rates than smaller ciliates.
Since large cells can be very important to dietary carbon, the second estimate may be a better simulation of
in situ conditions.
Using phytoplankton growth and mesozooplankton
grazing rates reported in Liu & Dagg (2003), we calculated mesozooplankton consumption of chlorophyll
(chl) a and converted it to carbon biomass using a
C:chl ratio of 50 (Table 5). Compared to the contribution of phytoplankton carbon, the contribution of oligotrich ciliates to total mesozooplankton carbon ingestion increased from near-field Stn 1 (5.3 to 11.0%) to
a maximum at mid-field Stn 3 (30.0 to 38.4%), and
decreased toward far-field Stn 5 (0.9 to 1.7%)
(Table 5). The C:chl ratio of 50 (Banse 1977) is widely
used for estuarine waters (e.g. Vincent & Hartmann
2001). However, it is possible that the mesozooplankton ingestion of phytoplankton carbon was overestimated in the near-field stations and underestimated
in the far-field station because the C:chl ratio may
increase significantly from the near-field to the farfield of the plume (Lohrenz et al. 1992, Chang et al.
2003). Nevertheless, the maximum contribution of
oligotrich ciliates to the mesozooplankton diet clearly
occurred in the mid-field.

Table 5. Estimates of mesozooplankton ingestion rates on ciliates and phytoplankton and contribution of ciliates to mesozooplankton diet
Stn

1
2
3
4
5
a

Ingestion of total ciliates
(µg C mg–1 dry wt d–1)
Rate estimate 1a Rate estimate 2b

34.41
190.13
13.81
12.47
4.82

55.29
243.65
14.93
12.62
8.26

In situ ingestion
(mg C m– 3 d–1)
Phytoplanktonc Total ciliatesd

25.96
0.73
0.33
29.01
26.21

2.87–4.61
0.53–0.68
0.23–0.25
1.31–1.32
0.28–0.47

% ciliate to total carbon ingestion
Excluding
Mesodinium
rubrum d

Total ciliatesd

Excluding
Mesodinium
rubrum d

1.46–3.20
0.14–0.29
0.19–0.20
1.12–1.14
0.24–0.44

9.9–15.1
42.2–48.4
34.7–43.1
4.3–4.4
1.0–1.8

5.3–11.0
16.0–28.3
30.0–38.4
3.7–3.8
0.9–1.7

From Table 3
Sum of total ingestion from size-specific ingestion rates in Fig. 6
c
Based on phytoplankton growth and mesozooplankton grazing rates in Liu & Dagg (2003) and carbon to chlorophyll a ratio
of 50
d
Ranges based on 2 ingestion-rate estimates
b
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Based on these estimates (Table 5), it is clear that
phytoplankton was more important as a food source
than ciliates at all stations, although only slightly so at
Stns 2 and 3. At Stn 2 (not in the plume) mesozooplankton biomass was extremely low and was composed
almost entirely of Acartia tonsa. The autotrophic ciliate
Mesodinium rubrum, was very abundant, contributing
significantly to mesozooplankton carbon ingestion. At
Stn 3 there was a very high concentration of the diatom
Pseudonitzschia pseudodelicatissima, and mesozooplankton grazing on phytoplankton, particularly on
diatoms, was very low (Table 5, and Liu & Dagg 2003)
Mesozooplankton biomass was also low at this station.
We do not know whether low mesozooplankton biomass and grazing activity is a result of any toxins produced by P. pseudodelicatissima. We observed that at
the near-field station, diatoms were cleared at the
same rate as other prey, but at Stn 3, where P. pseudodelicatissima was very abundant (17 000 cells ml–1),
low mesozooplankton grazing on diatoms was
observed. At Stns 4 and 5, P. pseudodelicatissima
abundances were lower, although still greater than
near-field Stn 1, and clearance rate remained low.
These findings suggest that mesozooplankton in the
plume, dominated by A. tonsa and other small copepods, cannot efficiently feed on P. pseudodelicatissima
which is usually >100 µm long, especially when it is
found at very high concentrations. Mesozooplankton
may also actively avoid feeding on P. pseudodelicatissima, which is reported to be able to produce toxic
domoic acid (Martin et al. 1990, Pan et al. 2001). The
development stage of the bloom could also be a factor
since domoic acid content and production rate of P.
pseudodelicatissima differ during different growth
phases (Pan et al. 2001).
An interesting finding is that the contribution of ciliates to mesozooplankton carbon ingestion was highest
at Stn 3 where, in spite of a diatom bloom, phytoplankton contribution to mesozooplankton diet was very
low. This does not agree with the general pattern,
which suggests that a high microzooplankton contribution to the mesozooplankton diet occurs when phytoplankton abundances are low (Kleppel 1992, Fessenden & Cowles 1994, Halvorsen et al. 2001). It also
has been suggested that blooms of phytoplankton may
provide survival windows for ciliates because of
reduced predation pressure from copepods (Kiørboe et
al. 1996, Kiørboe 1998). Our results do not support this
hypothesis. Instead, our results suggest that mesozooplankton may be able to selectively ingest microzooplankton over unfavorable or harmful diatom species
such as Pseudonitzschia pseudodelicatissima.
The data in Table 5 only show the contribution of ciliate carbon to total mesozooplankton ingestion. Since
we were not able to separate autotrophic and hetero-

trophic dinoflagellates in samples fixed with Lugol’s
solution, we were not able to estimate their contribution to total mesozooplankton carbon ingestion.
According to Strom & Strom (1996), microzooplankton
biomass in general was approximately equally divided
between ciliates and dinoflagellates in the Mississippi
River plume. If we assume that the biomass of heterotrophic dinoflagellates is approximately equal to those
of heterotrophic and mixotrophic ciliates at our study
sites, our conclusion would be that the microzooplankton contribution to mesozooplankton diet would range
between a maximum of more than 60% at Stn 3 and a
minimum of only 2% at Stn 5.

Planktonic community structure in the plume
The Mississippi River is one of the world’s 10 largest
rivers. Discharge of freshwater and its dissolved and
particulate constituents affect broad areas of the northern Gulf of Mexico (Ortner & Dagg 1995). According to
the conceptual model of Dagg & Breed (2003), conditions for phytoplankton growth in the lower river are
poor because of high concentrations of suspended sediments, but immediately after discharge and formation
of a surface plume, the settling of large lithogenic particles results in a greatly improved light environment.
Combined with high concentrations of dissolved nutrients in river water, these conditions result in high
phytoplankton growth rates in the near- and mid-field
regions. Phytoplankton biomass rapidly accumulates
and is maximal in the mid-field region. Microzooplankton grazers quickly respond and their biomass and
grazing activities closely track the phytoplankton. As
nutrient concentrations decline due to biological uptake and physical mixing with oligotrophic oceanic
water, phytoplankton growth rates also decline. Phytoplankton stocks decline in this mid- to far-field region
due to grazing losses and sinking. Because mesozooplankton grazers generally have a slower numerical response than microzooplankton, their importance as
grazers is greatest in this mid- to far-field transition region, especially on large phytoplankton. Data reported
in Liu & Dagg (2003) support this conceptual model,
and indicate that grazing from microzooplankton and
mesozooplankton contributes to the observed changes
in phytoplankton biomass and community structure.
The data in this paper further support the conceptual
model in at least 3 ways: (1) abundance of microzooplankton (ciliates) was high in the near- to mid-field
and then decreased toward the far-field, in parallel
with phytoplankton stock; (2) mesozooplankton consumed large prey rather than small, thereby affecting
the structure of the phytoplankton and microzooplankton communities; (3) phytoplankton, dominated by
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diatoms, were the major food source for mesozooplankton in the plume. However, more experiments
are needed, especially in near-field (salinity < 20) and
far-field (salinity > 35) regions, to refine the conceptual
model of Dagg & Breed (2003). We expect that as
phytoplankton stock declines sharply in the far-field
location, microzooplankton will remain relatively
abundant, resulting in an increased importance of
microzooplankton to the mesozooplankton diet.
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