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ABSTRACT: Mesozooplankton (202 to 2000 µm) biomass, abundance, taxonomic composition, depth
distributions and gut pigment contents were measured inside and outside of an iron-enriched patch
during the IronEx II study in the eastern equatorial Pacific. Mean carbon biomass remained nearly
constant in the ambient community, but increased 2- to 3-fold during early stages of the phytoplankton bloom. The increases were due primarily to small calanoid and cyclopoid copepods and copepod
nauplii in the mixed layer and appeared to be the result of 2 processes. First, significantly higher
abundances of nauplii in the patch indicated that adult copepods responded reproductively, at least
initially, to the increased food. Second, changes in copepod vertical migratory behaviors in response
to reduced light penetration and increased food abundance in the patch apparently resulted in an
upward displacement of copepods from the lower euphotic zone into the mixed-layer. Mesozooplankton gut pigment content also increased significantly inside the patch, largely in proportion to
the increased concentration of phytoplankton chlorophyll a, and estimates of carbon consumed suggest that mesozooplankton standing stock was growing at maximal, or near maximal, temperaturedependent rates (1.0 d–1) at the peak of the patch bloom. Nonetheless, zooplankton abundance and
biomass declined, rather than increased, during this period. The premature decline of mesozooplankton in the patch suggests that they might have been cropped by their predators in a tightly
coupled trophic network or that their reproductive output may have failed to produce viable young
when the food resources were dominated by diatoms.
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INTRODUCTION
In the classic seasonal production cycle of temperate marine ecosystems, phytoplankton bloom in the
springtime when nutrients mixed into surface waters
by winter storms can be utilized under favorable conditions of increasing light and water-column stratification. Mesozooplankton are generally at low concentrations at this time of year and need to recover
physiologically from winter diapause or nutritional
deprivation. Their growth and reproductive responses
to increasing food concentration are further slowed
by low temperature. Consequently, even at modest
*E-mail: grollwag@socrates.berkeley.edu
© Inter-Research 2000

growth rates, a substantial biomass of phytoplankton
can accumulate, deplete nutrients to low levels, and
often sink as senescent aggregates before the algae
are effectively grazed.
In planning for the IronEx II mesoscale iron-fertilization experiment, we recognized that initial conditions in
the eastern equatorial Pacific would be quite unlike
those preceding classic temperate blooms and could
potentially allow a more dramatic mesozooplankton response to increased phytoplankton standing stock and
production. First, the water would be stocked with an
established community of grazing plankton, presumably
in good physiological condition and already growing
and reproducing at modest to high rates. Second, the
elevated water temperatures in the equatorial Pacific
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would allow extremely high potential rates of growth
and reproductive response. According to the empirical
equations of Huntley & Lopez (1992), for instance, generation times of copepods at 28°C and non-limiting food
concentration should be on the order of 4.5 d and mean
growth rates of individual animals would be as high as
1.0 d–1. Given such rates, a daily doubling of grazing
impact was well within the hypothetical potential of
mesozooplankton should the equatorial phytoplankton
bloom in response to iron-fertilization.
In addition to enhanced physiological and reproductive potentials, anecdotal evidence from the IronEx I
study also suggested that mesozooplankton might accumulate in an iron-induced patch as animals made forays into the mixed-layer from the lower euphotic zone
or deeper depths, sensed the more-favorable food environment and stayed (Martin et al. 1994). Hypothetically,
the 2-layer flow of the equatorial divergence cell would
contribute to this effect by continuously refreshing the
community of mesozooplankton below the mixed-layer.
The present study provides the first detailed account
of mesozooplankton community responses to an ironfertilized bloom. To test for the expected large mesozooplankton response to iron-enhanced production,
we investigated temporal changes in population abundances, taxonomic composition and total and size-fractioned biomass from daytime and nighttime sampling
in and out of the IronEx II patch (Coale et al. 1996,
Landry et al. 2000, in this issue). To evaluate the potential for significant accumulation of migrants into the
patch from below, we also examined the depth structure of zooplankton populations. Lastly, as an index
of changing grazing impact on the phytoplankton
community, biomass-specific grazing rates were determined from measured estimates of gut pigment content and conservative assumptions about gut evacuation rates and digestive pigment destruction.

MATERIALS AND METHODS
Sample collection. Mesozooplankton samples were
collected inside and outside the IronEx II patch near
midday or midnight with a 1.0 m2 rectangular plankton
net, equipped with a Brancker Time-Depth-Temperature Recorder and a General Oceanics flow meter
(Landry et al. in press). A 64 µm mesh net was used
through Julian Day (JD) 157. Subsequently, a 202 µm
mesh net was used for sample collections inside the
patch due to increased phytoplankton biomass. Prior to
this switch, coincident sampling using 202 and 64 µm
mesh nets showed no significant difference in abundance or taxonomic composition of the > 200 µm zooplankton community. The net was towed obliquely to
the base of the mixed layer and back to the surface at

each deployment. Mixed-layer depth was defined as
the point at which temperature began to change by
> 0.3°C m–1, as measured by daily profiles with a
SeaBird SBE9/11 CTD with SEASOFT software.
The collected zooplankton samples were immediately narcotized with carbonated water (Kleppel &
Pieper 1984) and split once using a Folsom plankton
splitter. One-half of the sample was preserved in 4%
borate-buffered formalin for later microscopical analyses. The other half of the sample was wet-sieved over a
nested set of 2000, 500, 202 and 64 µm Nitex mesh filters to produce 4 size fractions: > 2000, 500–2000,
202–500 and 64–202 µm. Each size fraction was then
split again. One-half of this split was gently filtered
over a pre-weighed 47 mm 64 µm Nitex filter, rinsed
with isotonic ammonium formate (to remove salts),
desiccated at 60°C and stored in individual petri dishes
for later determination of total dry weight and carbon
biomass. The other half of the split was filtered over a
47 mm Whatman GF/F glass-fiber filter, rinsed with
ammonium formate, wrapped in foil and immediately
frozen in liquid nitrogen for shipboard analysis of community gut fluorescence.
In addition to the oblique tows of the mixed layer,
depth-stratified vertical tows of the euphotic zone
were conducted periodically during the day and night
both inside and outside the iron-infused patch. Five
overlapping vertical hauls were taken using a 0.5 m
diameter paired bongo net system with 64 µm mesh
nets (Landry et al. 1994a). Each series produced duplicate samples from 5 depth strata: 0–30, 30–60, 60–90,
90–120, and 120–200 m. The total codend contents
from these net tow samples were preserved in 4%
borate-buffered formalin.
Biomass. Mesozooplankton carbon biomass was
measured from the dried subsamples in each size fraction of the mixed-layer oblique tows. Upon return to
the laboratory, the filters plus total samples were
weighed using a Mettler AE160 electronic microbalance, and the weight of the filter was subtracted to
obtain total dry weight. Each dried zooplankton sample was then homogenized using an ethanol-cleaned
mortar and pestle, and 2 subsamples were removed,
weighed and wrapped in pre-combusted foil. The foil
boats were then individually combusted in a PerkinElmer model 2400 CHN Elemental Analyzer. The carbon biomass (B, mg C m– 3) for each size fraction was
computed as follows:
B = Csub × WTot × Wsub–1 × 2s × V –1
where Csub is the mean measured carbon content of the
subsample, WTot and Wsub are the total and subsample
dry weights, s is the number of splits of the total zooplankton sample, and V is the volume of water sampled with the net tow. Total mesozooplankton carbon
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biomass was estimated from the combined biomass
values from the 202–500 and 500–2000 µm size fractions. Biomass in the 64–202 µm fraction could not be
accurately determined due to contamination from
large phytoplankton during the bloom.
Abundance and taxonomic composition. Total abundance and taxonomic composition of the 202 to
2000 µm mesozooplankton community were determined from all preserved samples from the mixedlayer oblique tows and the vertical bongo series.
Mixed-layer samples were separated into 202–500 and
500–2000 µm size fractions before subsampling and
enumeration. The size-fractioned samples were suspended in 500 ml of filtered seawater and subsampled
using a 5.0 ml Stempel pipette. These subsamples
were counted for total abundance, and each organism
was identified to at least class or order. The vertical
tow samples were subsampled and analyzed similarly;
however, the entire 202–2000 µm fraction was counted
and the copepods were identified to the genus level
and naupliar or copepodite stage. All counts and identifications were made using a Wild M5 binocular dissecting microscope at 25 to 50 × magnification. Copepod identification and taxonomy was according to
Yamaji (1979).
Using the total mesozooplankton abundances obtained from each series of overlapping vertical tows,
weighted mean depths (WMD, m) were calculated
according to Bollens et al. (1993):
WMD = ∑(Ai × Mi × Hi )/∑(Ai × Hi )
where i is the depth stratum, and A the total abundance of mesozooplankton, M the mid-point depth,
and H the vertical range (m) of each depth stratum.
Gut pigment content. Mesozooplankton ingestion of
phytoplankton was determined from the oblique
mixed-layer tows inside and outside the iron-infused
patch using the gut fluorescence method (Mackas &
Bohrer 1976). All gut pigment analyses were completed within 48 to 72 h of sample collection. Three
equal random subsamples of the zooplankton community were obtained from each frozen filter using a
hand-held hole punch and ground in 90% acetone in a
tissue homogenizer to extract gut pigments. The
extract was analyzed on a Turner model 10-AU Fluorometer for chlorophyll a (chl a ) and phaeopigment
concentrations (Strickland & Parsons 1972). Weightspecific gut pigment content (GP B, µg pigment mg C–1)
was calculated as:
GPB = GPsub × A Tot × A sub–1 × 2s × V –1 × B –1
where GPsub is the concentration of gut pigment from
the subsample, ATot and A sub are the total and subsampled areas of the filter, s is the number of splits of the
zooplankton sample, V is the volume of water sampled,
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and B is the carbon biomass (mg C m– 3) of the sample.
To be consistent with biomass estimates, total weightspecific gut pigment content of the mesozooplankton
was computed as the weighted average of the 202–500
and 500–2000 µm gut pigment values.
Gut pigment content was determined using only the
phaeopigment measurements from each mixed-layer
oblique tow in order to minimize potential chlorophyll
contamination from large diatoms as the bloom progressed. Fluorometric analyses of discrete water column samples collected daily from inside the patch
indicated very low levels of phaeopigment relative to
chl a throughout the experiment (M. Ondrusek & R.
Bidigare unpubl. data). In addition, gut phaeopigment
concentrations were assumed to be a conservative
index of ingested phytoplankton since no correction
was made for degradation of chlorophyll to non-fluorescent products during gut passage. Literature estimates of pigment loss range from 0 to 100% of ingested chlorophyll (e.g. Conover et al. 1986, Lopez et
al. 1988, Penry & Frost 1991, Head & Harris 1992,
Mayzaud & Razouls 1992).
Grazing rate estimates. In order to estimate ingestion rates of phytoplankton from the gut pigment measurements, 2 gut evacuation experiments were conducted at outside stations during IronEx II. Reliable
experiments could not be conducted using zooplankton samples taken inside the enriched patch because
high phytoplankton concentrations in the net prevented quantitative transfer of organisms to sample
bottles in sufficient time to avoid significant gut evacuation. Mesozooplankton were collected at night in separate oblique tows in the manner described above. The
live samples were immediately size-fractioned, and
equal aliquots from each size fraction were transferred
to 8 Nalgene bottles containing 300 ml of 0.2 µmfiltered seawater. Every 5 to 8 min the contents of one
bottle from each size fraction was filtered over a 24 mm
GF/F filter and frozen for subsequent analysis of gut
pigments as described above. Gut clearance rate constants (h–1) were calculated from the decline in gut
pigment (chlorophyll + phaeopigments) over a 30 to
45 min period, assuming an exponential rate of decay
(Dam & Peterson 1988).
Mesozooplankton grazing rates (G, mg phaeopigment m– 3 d–1) were estimated as follows:
G = GPB × CR × B –1
where GPB is gut pigments content for each sample,
CR is the gut clearance rate (h–1), and B is the carbon
biomass m– 3 of mesozooplankton sampled in each net
tow. Mesozooplankton community rates were obtained
by combining the grazing rate estimates for the
202–500 and 500–2000 µm size fractions. Depth-integrated grazing rates (mg gut pigment m–2 d–1) were
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next calculated by multiplying G times the mixedlayer tow depth. Finally, daily rates of mesozooplankton grazing impact (% chl a consumed d–1) were
calculated as the depth-integrated mesozooplankton
community grazing rate divided by the standing stock
of total chl a integrated to the depth of the mixed-layer
tow.

RESULTS
Mesozooplankton biomass and abundance
Over the course of the experiment, mesozooplankton
were sampled in 22 oblique tows in the surface mixed
layer and 8 series of overlapping vertical bongo tows to
200 m. Mixed-layer samples were distributed as 5 day
and 5 night collections out of the patch and 5 day and
7 night tows in the patch. The vertical tows included
3 day and 1 night series out of the patch and 2 day and
2 night series in the patch. Mixed-layer depth increased from 25 m on JD 148 to approximately 55 m on
JD 165.
Despite the water drift of up to 50 km d–1, mean carbon biomass of 202–2000 µm mesozooplankton remained fairly constant outside the patch during the
day, with a community mean (± standard deviation) of
3.4 (± 0.8) mg C m– 3. Nighttime community biomass
was slightly higher and more variable, with a mean of
4.2 (± 2.6) mg C m– 3. Mesozooplankton biomass in the
patch exceeded outside measurements between JDs

Fig. 1. Mesozooplankton (202 –2000 µm) carbon biomass
from mixed-layer samples collected outside and inside the
IronEx II patch

Fig. 2. Mesozooplankton (202–2000 µm) abundance from
mixed-layer samples collected outside and inside the IronEx
II patch

150 and 155, but the two were not substantially different thereafter (Fig. 1). Mean biomass estimates in the
patch were 7.6 (± 4.3) and 5.6 (± 3.8) mg C m– 3 for day
and night tows, respectively. The highest levels,
approximately 14 mg C m– 3, were from day and night
tows on JDs 154 to 155.
Total mesozooplankton abundance outside the patch
also remained steady over the duration of the experiment, with day and night means of 1300 (±110) and
1200 (± 380) organisms m– 3, respectively. Similar to the
biomass trend, abundances were higher inside the
patch from JDs 150 to 155 but decreased rapidly to outside levels thereafter (Fig. 2). Mean day and night
abundances in the patch were 1800 (± 720) and 1700
(±1200) individuals m– 3. The highest zooplankton densities (night = 4000, day = 2700 individuals m– 3) were
obtained on JDs 154 and 155.
Size-fractioned biomass and abundance estimates of
mesozooplankton closely followed the trends observed
for the total mixed-layer community. While both
size fractions showed numerical enhancement, the
202–500 µm mesozooplankton accounted for the bulk
of the changes in both biomass and abundance in the
patch versus outside values (Table 1). Small mesozooplankton more than doubled in biomass, and their
abundance increased by 40% over ambient levels. In
contrast, the 500–2000 µm component of the community increased by 41% in biomass and only 10% in
abundance.
One-sided t-tests were performed to compare
mixed-layer means in mesozooplankton biomass and
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Table 1. Mean carbon biomass (mg C m– 3) and abundance
(individuals m– 3) of mesozooplankton in the 202–500 and
500–2000 µm size fractions. Means (standard deviations) are
calculated from all mixed-layer oblique tows collected outside
and inside of the IronEx II patch
202–500 µm
Day
Night
Biomass
In:
Out:

4.1 (5.1)
1.3 (0.2)

500–2000 µm
Day
Night

2.2 (2.0)
1.3 (0.6)

3.5 (2.2)
2.1 (0.8)

3.4 (1.8)
2.8 (2.0)

Abundance
In:
1500 (620) 1310 (950)
Out:
1000 (200) 920 (430)

320 (130)
310 (120)

370 (220)
300 (80)

abundance between day and night samples, as well as
between samples taken in and out of the patch. Differences were considered statistically significant for
p-values < 0.05 and non-significant for p-values > 0.10.
Because the number of net hauls was small for most
comparisons and included samples from the patch
before the bloom started as well as after its peak,
p-values between 0.05 and 0.10 were judged nonsignificant but suggestive. According to these criteria,
there were no statistically significant differences between day and night biomasses or abundances, either
inside or outside the patch. Further statistical tests of
biomass and abundance differences were therefore
made using combined day and night samples.
Mesozooplankton carbon biomass increased significantly inside the iron-infused patch relative to outside
samples, both when day and night tows were combined and when only daytime means were compared
(day + night: p = 0.027; day only: p = 0.049). A suggestive difference in biomass was also observed in both
size fractions when all inside and outside samples
were compared (202–500 µm day+night: p = 0.069;
500–2000 µm day + night: p = 0.089). Similarly, the
elevation in mesozooplankton abundance inside the
patch over ambient levels was non-significant but
suggestive, as was the increased abundance in the
202–500 µm fraction (202 to 2000 µm: p = 0.069;
202–500 µm: p = 0.061). There was no significant difference between mean abundance in the 500–2000 µm
fraction inside versus outside the patch for either day
or night samples (p > 0.25).

Taxonomic composition
Copepods (including nauplii) were the dominant
mesozooplankton both inside and outside the patch,
comprising > 83% of all organisms enumerated from
mixed-layer samples in the 202 to 2000 µm size frac-

tion. Calanoid copepods were consistently more abundant than cyclopoids, and harpacticoids were the least
abundant of the 3 copepod orders. Representatives of
28 copepod genera were identified, with the highest
abundances among Paracalanus, Oithona, Oncaea,
Clausocalanus, Calanus, Calocalanus and Microsetella
(Table 2). The remainder of the mesozooplankton community consisted of larvaceans, juvenile and larval
euphausiids, chaetognaths and a small number of
other taxa, including hyperiid amphipods, polychaete
worms and siphonophores.
Abundances of the calanoid and cyclopoid copepods
remained fairly constant outside the patch throughout
the experiment, while the less abundant taxa showed
greater variability. Both calanoid and cyclopoid copepods increased in the patch mixed layer by 30% over
outside levels, but only the calanoid increase was marginally significant (t-test: p = 0.079). Copepod nauplii
and other mesozooplankton more than doubled in
abundance inside the patch, both representing highly
significant increases relative to the outside community
Table 2. Mean abundances of copepods (adults and advanced
copepodids > 202 µm) identified in net samples from the
upper 200 m during IronEx II. Genera are listed in order of
mean abundance in samples collected in and out of the patch
Outside patch
Genus
No. m– 3

Inside patch
Genus
No. m– 3

Order: Calanoida
Paracalanus
1800
Clausocalanus
830
Calanus
520
Calocalanus
340
Acrocalanus
230
Acartia
200
Mecynocera
140
Euchaeta
52
Eucalanus
43
Pleuromamma
31
Lucicutia
19
Scolecithrix
5
Rhincalanus
2
Euchirella
1
Temora
<1
Centropages
<1
Labidocera
<1
Aetideus
<1

Paracalanus
Clausocalanus
Calanus
Calocalanus
Acrocalanus
Mecynocera
Acartia
Eucalanus
Pleuromamma
Euchaeta
Lucicutia
Scolecithrix
Rhincalanus
Candacia
Centropages
Euchirella
Labidocera
Heterorhabdus

1600
660
650
550
330
180
160
120
65
31
26
11
7
5
<1
<1
1
<1

Order: Cyclopoida
Oncaea
1300
Oithona
1000
Corycaeus
220
Lubbockia
1
Sapphirina
<1

Oithona
Oncaea
Corycaeus
Lubbockia
Sapphirina

1200
1000
300
6
<1

Order: Harpacticoida
Microsetella
710
Clytemnestra
<1
Copepod nauplii
190

Microsetella
680
Clytemnestra
<1
Copepod nauplii 600
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Table 3. Mean abundances (number m– 3) of copepod orders,
copepod nauplii and other mesozooplankton from the
202–500 and 500 to 2000 µm size fractions in and out of the
IronEx II patch. Parentheses contain standard deviations of
the mean estimates
Taxon

Fig. 3. Temporal changes in the relative composition of mesozooplankton taxa from mixed-layer net samples collected
inside and outside the IronEx II patch

(nauplii: p = 0.024; other mesozooplankton: p = 0.014).
Conversely, abundances of harpacticoid copepods decreased by 50% inside the mixed-layer patch. None of
the taxonomic categories showed significant day/night
differences in mean abundances either in or out of the
patch (all p-values ≥ 0.10).
The increased abundance of copepods and other
mesozooplankton was almost entirely accounted for by
animals in the 202–500 µm fraction (Table 3). Calanoid
and cyclopoid copepods in this size fraction increased
by > 35% inside the patch, while larger calanoids and
cyclopoids did not increase appreciably relative to outside abundances. Harpacticoids decreased in both size
fractions inside the patch compared to outside. However, the highest proportional increases in mesozooplankton abundance inside the patch came from
highly significant 2- to 3-fold increases in the 202–500
and 500–2000 µm copepod nauplii and other zooplankton (all p-values ≤ 0.03). The latter were principally larvaceans, larval and juvenile euphausiids, and
chaetognaths.
Despite the increased abundances of calanoid and
cyclopoid copepods inside the patch, their contributions to total abundance remained generally constant
and close to the proportions observed outside (Fig. 3).
However, shifts in the relative proportions of harpacticoid copepods, nauplii, and other zooplankton inside
the patch were evident. Harpacticoids decreased from
8% of the total mesozooplankton abundance outside
the patch to < 4% inside. Nauplii and other mesozoo-

202–500 µm
Day
Night

500–2000 µm
Day
Night

Calanoida
In:
840 (390)
Out:
570 (120)

761 (560)
555 (250)

150 (56)
160 (78)

200 (100)
170 (54)

Cyclopoida
In:
350 (140)
Out:
240 (81)

284 (160)
222 (130)

51 (25)
60 (33)

44 (29)
45 (19)

Harpacticoida
In:
42 (52)
Out:
66 (62)

52 (42)
74 (67)

19 (12)
32 (20)

28 (40)
34 (6)

Nauplii
In:
140 (72)
Out:
70 (51)

127 (140)
44 (25)

3 (2)
2 (2)

3 (4)
0 (1)

86 (71)
26 (16)

95 (67)
55 (11)

94 (60)
50 (13)

Other zooplankton
In:
100 (73)
Out:
52 (64)

plankton increased from 5 to 8% and from 7 to 11%,
respectively. While always representing < 20% of the
total > 202 µm mesozooplankton abundance, nauplii
and larvaceans were clearly enhanced inside the
patch, but they declined to nearly ambient levels by
JD 163 (Fig. 4).

Fig. 4. Abundances of larvaceans and copepod nauplii from
net samples collected outside and inside the IronEx II patch
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Fig. 5.Vertical distributions of mesozooplankton (202–2000 µm)
from overlapping net samples collected during the day and
night, outside and inside the IronEx II patch. Error bars
indicate ±1 SE
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ferent from the weighted mean depth of 49 m outside
the patch (p > 0.10). During the day, the weighted
mean depths in and out of the patch were 37 and 57 m,
respectively. While the difference was not statistically
significant by conventional standards (p = 0.10), considering the very small sample sizes and the broad
time-scale over which the tows were obtained, the test
result suggests an upward shift in the daytime depth
distribution of mesozooplankton inside the patch.
Fig. 6 shows day/night vertical distributions for each
copepod order, combined copepod nauplii, and other
mesozooplankton. During the day, each of the taxonomic categories were distributed similarly inside the
patch, with > 60% of their abundances concentrated in
the 30–60 m layer and the remainder of the population
located in the upper 30 m. Virtually no mesozooplankton were detected below 60 m under the patch during
the daytime. At night, the copepods other than nauplii
were distributed similarly to the overall mesozooplankton community inside the patch (Fig. 6). However, copepod nauplii and other mesozooplankton
were principally concentrated in the 30–60 m stratum
and were not present at all below 60 m. Likewise, the
vertical distributions of the dominant copepod genera
were similar to the trend for the overall community
(Fig. 7). In general, each genus of copepod showed
slightly lower abundances in the upper 30 m and much
lower abundances below 60 m inside the patch both

Vertical distributions
Counts from the overlapping vertical tow series
showed a change in the vertical structure of the mesozooplankton community in the upper 200 m inside the
patch (Fig. 5). During the day outside the patch, mesozooplankton were distributed throughout the upper
200 m. On average, 30% of the overall abundance was
observed in the 0 to 30 m depth stratum, 56% in the
30–60 m stratum, and 15% below 60 m. At night, 55%
of the mesozooplankton were concentrated in the
upper 30 m, 35% resided between 30 and 60 m, and
10% were found below 60 m. At the patch stations,
however, mesozooplankton were concentrated almost
entirely in the lower portion or just below the mixed
layer during the day (> 99%), with 78% of the total
organisms between 30 and 60 m and 22% in the upper
30 m. The nighttime distribution underlying the patch
followed a similar, though less dramatic pattern, with
51% of the organisms in the 30–60 m stratum, 45% in
the upper 30 m, and 4% below 60 m.
In order to test whether the apparent shifts in mesozooplankton vertical distribution were statistically significant, the weighted mean depths of each vertical
tow series were compared inside and outside the patch
using 1-sided t -tests. At night, the weighted mean
depth inside the patch of 41 m was not significantly dif-

Fig. 6. Relative vertical distributions of adult and naupliar
copepods and other mesozooplankton from overlapping net
tows collected outside and inside the IronEx II patch
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Fig. 7. Relative vertical distributions of the 5 most abundant copepod genera from overlapping vertical net samples
collected from outside and inside the IronEx II patch

Fig. 8. Weight-specific gut pigment contents of mixed-layer
mesozooplankton from outside and inside the IronEx II patch.
Note 3× scale difference between figure panels

day or night. Nearly all copepod taxa increased in
abundance between 30 and 60 m (Fig. 7).
The most notable relative increases were among the
strongly migrating Pleuromamma and Eucalanus spp.,
which doubled and tripled, respectively, in the upper
60 m. In addition, 3- to 5-fold increases were noted for
other carnivorous genera such as Rhincalanus, Candacea and Temora although these genera never exceeded 1% of the total calanoid copepods collected.
Calocalanus spp. increased nearly 2-fold above 60 m
inside the patch. Oithona spp. increased between 30
and 60 m both day and night, but also decreased substantially above 30 and below 60 m, such that its overall abundance over the 200 m water column did not
change significantly.

Gut pigment content
Gut fluorescence analyses from the mixed-layer
samples showed that gut phaeopigment content increased substantially inside the patch relative to outside stations (Fig. 8). The ambient levels of weightspecific gut phaeopigment (Ph) were 0.14 (± 0.04)
during the day and 0.15 (± 0.08) µg Ph mg C–1 during
the night. Mesozooplankton community gut phaeopigment increased inside the patch to a daytime
mean of 1.24 (±1.23) µg Ph mg C–1 and a nighttime
mean of 1.54 (±1.11) µg Ph mg C–1. The highest gut
pigment concentration of ~2.9 µg Ph mg C–1 observed
during the peak patch bloom (JDs 155 to 158, Landry
et al. 2000) represents an approximately 21-fold in-

Table 4. Mean estimates (± standard deviation) of gut pigment content (µg phaeopigment mg C–1), grazing rate (mg phaeopigment m– 3 d–1) and grazing impact (% chl a consumed d–1) for 202–500 and 500–2000 size fractions of mesozooplankton in and
out of the IronEx II patch
Parameter

202–500 µm

500–2000 µm

Day

Night

Day

Night

Gut pigment

In:
Out:

0.37 (0.31)
0.06 (0.02)

0.78 (0.53)
0.07 (0.04)

0.87 (1.08)
0.09 (78)

0.75 (0.59)
0.08 (0.04)

Grazing rate

In:
Out:

0.073 (0.089)
0.004 (0.001)

0.076 (0.064
0.004 (0.002)

0.110 (0.117)
0.009 (0.003)

0.114 (0.077)
0.009 (0.005)

Grazing impact

In:
Out:

6.3 (4.7)
2.0 (1.1)

–
–

7.4 (3.8)
4.5 (2.7)

–
–
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Fig. 10. Mesozooplankton grazing impacts outside and inside
the IronEx II patch. Grazing impacts were calculated from the
ratios of grazing rate (mg phaeopigment consumed d–1) to
concentration of phytoplankton chl a, both integrated to the
depth of each mixed-layer net tow

crease in carbon-specific gut Ph content over ambient
levels (p < 0.01).
Mesozooplankton size fractions showed similar patterns of increased gut pigment content inside the
patch, with the 500 to 2000 µm values generally 1.5 to
2 times higher than those of the 202 to 500 µm fraction
(Table 4). The small mesozooplankton showed a marginally significant (p = 0.064) difference between day
and night gut pigment contents inside the patch,
whereas the larger fraction demonstrated no day/night
difference.

and 158 (Fig. 9), with a maximum value of 0.39 mg Ph
m– 3 d–1 on JD 153. Mean day and night community
grazing rates outside the patch were 0.013 (± 0.004)
and 0.013 (± 0.007) mg Ph m– 3 d–1, respectively. Mean
day (0.183 ± 0.185 mg Ph m– 3 d–1) and night (0.190 ±
0.132 mg Ph m– 3 d–1) estimates were similar in the
patch, and significantly elevated over outside estimates (Table 4).
The increase in grazing rate estimates in the IronEx
II patch largely followed the increased concentration
of total chl a, which plateaued at about 16 times
higher than the ambient concentration from JDs 155
to 159 (Landry et al. 2000). Therefore, the mortality
impact of mesozooplankton grazing on phytoplankton
only doubled inside the patch compared to outside
estimates (Fig. 10). The outside mean grazing impact
was 6% of mixed-layer chl a standing stock d–1. The
inside mean of 14% chl a d–1 was significantly higher
and punctuated by peaks ≥19% d–1 on JDs 154 and
158 (Fig. 10).

Grazing rates and impacts

DISCUSSION

The 2 gut evacuation experiments conducted during
the present study yielded a mean clearance rate estimate of 2.3 h–1. Since this was comparable to the mean
of 24 experiments reported by Zhang et al. (1995) from
the US JGOFS (Joint Global Ocean Flux Study) EqPac
Program at 140° W, we used the latter, more robust
estimate (2.1 h–1) for our rate calculations. This gut
turnover rate was applied equally to gut pigment contents in and out of the patch and for both size fractions.
Therefore, the resulting grazing rate estimates simply
reflected the combined differences in biomass and biomass-specific gut pigment.
Grazing rate estimates from the patch indicated a
27-fold increase over ambient levels between JDs 153

The IronEx II experiment was designed to test the
hypothesis that iron deficiency limits the carbon and
nutrient uptake of phytoplankton in the eastern equatorial Pacific (Coale et al. 1996). Although the iron
hypothesis had been tested previously in a variety of
incubation studies (e.g. Martin et al. 1991, Price et al.
1991) and in the shorter (9 d) IronEx I open-ocean
enrichment experiment (Martin et al. 1994), none of
these investigations specifically addressed the role of
mesozooplankton in limiting the net growth of phytoplankton. This study thus represents the first quantitative assessment of the mesozooplankton community
response to a mesoscale iron-stimulated phytoplankton bloom.

Fig. 9. Mesozooplankton grazing rate estimates from mixedlayer net tows outside and inside the IronEx II patch.
Note 10 × scale difference between figure panels
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Temporal patterns in biomass and abundance
During IronEx II, mixed-layer mesozooplankton biomass and abundance outside the iron-infused patch
remained nearly constant over 18 d and ~1500 km of
drift from 4° S 104° W to 7° S 111° W. The combined
day/night biomass mean of 3.8 mg C m– 3 is in close
agreement with White et al. (1995), who found mean
biomass of ~3.6 mg C m– 3 over the same latitudinal
range at 140° W during the EqPac Program. In the ironfertilized patch, mesozooplankton abundance and biomass increased by as much as 3 times higher than the
ambient average, with maximum values observed
between 4 and 5 d after the initial infusion (Figs. 1 & 2).
These results supported our initial expectation that
mesozooplankton would increase inside the patch relative to outside levels in response to an iron-stimulated
phytoplankton bloom. The present evidence also provides some support to the view that the zooplankton
reproductive response would be rapid and significant.
Small (202–500 µm) animals accounted for the majority
of the mesozooplankton increase, with most attributable to small calanoid copepods, copepod nauplii and
larvaceans (Fig. 4).
A rapid change in mesozooplankton biomass was
also observed in the central equatorial Pacific during
the EqPac Program following passage of a tropical instability wave (Roman et al. 1995). The instability wave
apparently caused increased upwelling of iron into the
euphotic zone at 140° W (Foley et al. 1997), resulting in
an increase of chlorophyll and diatom-associated pigment biomass (Bidigare & Ondrusek 1996). In response, mesozooplankton biomass increased nearly
5-fold in the upper 200 m over a 10 d period. As in the
present study, mesozooplankton biomass returned to
normal levels soon after the instability wave-induced
chlorophyll peak (Roman et al. 1995).
While at least some of the changes observed in the
EqPac instability wave study might be ascribed to
advective effects as the wave moved by the fixed sampling station, it is clear in the present study that the
changes were mostly due to in situ processes. Therefore, the inability of the mesozooplankton to continue
to grow rapidly in abundance and biomass during the
period of peak bloom biomass needs some explanation. For one, it seems unlikely that the mesozooplankton voluntarily left the patch of enhanced food abundance. There is little evidence of a pronounced diel
migratory behavior to remove animals from the mixedlayer on a regular cycle. In addition, the deepening of
the mixed-layer bloom to include the depth range (0 to
60 m) of most mesozooplankton, as well as the shoaling
of isolumes due to increased patch biomass (see below), should both have worked to retain zooplankton in
the patch.

The mesozooplankton decline during the peaks of
the patch bloom would be consistent with strong predatory regulation of mesozooplankton standing stock. In
this regard, the ecological setting for IronEx II phytoplankton bloom was substantially different from classic
seasonal blooms in temperate environments in that the
organisms involved were already growing, though not
necessarily at maximal rates, and suffering losses to an
established network of predators. Just as the high temperatures of equatorial waters should have allowed a
rapid response of omnivorous zooplankton to increased
abundances of large phytoplankton and heterotrophic
protists (e.g. Huntley & Lopez 1992), the same would be
true for the predators of zooplankton.
Donaghay et al. (1991) proposed that zooplankton
reproduction and/or growth rates might increase in
response to increased food resources resulting from an
atmospheric input of iron to an HNLC region. However, changes in zooplankton species composition, age
class structure and biomass would only be observed if
predation losses did not increase proportionally with
the increased growth and reproduction. During IronEx
II, the mixed-layer mesozooplankton community composition remained the same throughout the experiment, and biomass initially increased but then returned rapidly to pre-infusion levels. These results
were consistent with the notion that the gains in mesozooplankton growth would be quickly lost to a predator community poised to consume them.
There is, however, another possible explanation of
the zooplankton decline during the peak of the patch
bloom — a failure in reproduction due to inhibitory
effects or nutritional deficiency of an increased diatom
diet on copepod embryonic development (e.g. Ianora et
al. 1995, Laabir et al. 1995, Poulet et al. 1995). This mechanism is controversial, even in coastal environments
where diatom blooms much higher than the IronEx
patch occur (Ban et al. 1997, Jónasdóttir et al. 1998), and
we have no direct evidence that it was important in the
present study. Nonetheless, since the predicted results
are consistent with our observations, a careful investigation of the grazer reproductive physiology and egg
viability would be an important addition to future investigations of iron bloom responses in tropical waters. In
colder HNLC systems (the subarctic Pacific or Southern
Ocean), temperature effects or reproductive seasonality
would likely preclude a significant reproductive response over the time period (2 to 3 wk) during which an
iron-fertilized patch could be effectively studied.

Vertical community structure
The observed changes in vertical distributions of
mesozooplankton suggest that their abundances may
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also have increased inside the patch as the result of
altered vertical migrations in the upper 200 m. The
majority of mesozooplankton were found at or just
below the base of the mixed-layer patch, whereas they
were more equally distributed throughout the 3 depth
strata outside the patch (Fig. 5). Since no significant
difference was found in total 0–200 m abundance in
and out of the patch, much of the increased daytime
abundance in the 30–60 m depth stratum might have
resulted from depletion in the density of mesozooplankton below 60 m. At night, the contribution of
organisms to the 30 to 60 m stratum was more pronounced from animals distributed above 30 m during
the day.
Two factors may have resulted in the accumulation
of mesozooplankton between 30 to 60 m at the patch
station. First, discrete measurements of chl a concentration (Landry et al. 2000) and fluorescence profiles
from daily CTD casts indicated that the chlorophyll
maximum shifted from ~10 m on JD 148 to 20–30 m at
the peak of the bloom. Previous studies have noted the
correspondence between depth distributions of zooplankton and chl a (Ortner et al. 1980, Townsend et al.
1984, Napp et al. 1988), or between zooplankton and
primary production (Roman et al. 1986, Harrison 1990).
In either case, the hypothesized benefit is proximity to
increased food resources. The dominant taxa in the
present study — Paracalanus, Clausocalanus, Calanus
and Oithona spp. — are primarily herbivorous/omnivorous (Lampitt & Gamble 1982, Dessier & Donguy 1985),
and Napp et al. (1988) have shown that the vertical distributions of all, except Paracalanus, maintain positive
relationships with chlorophyll distributions in both day
and night samplings.
The second factor that may have effected mesozooplankton vertical distribution was a change in light
penetration, light being an important environmental
cue for the diel migratory behaviors (Longhurst 1976).
The extinction coefficient for photosynthetically available radiation (K par) increased inside the patch from
ambient levels of ~0.06 to > 0.13 m–1 on JD 155, resulting in a shoaling of the euphotic zone (1% light depth)
from 72 to 33 m (Kudela & Chavez 1996).
Substantially higher chlorophyll in the mixed layer
could have caused a reduction in daytime downward
migration of mesozooplankton to depths below 60 m
because light levels were too low to stimulate deeper
migrations. Alternatively, organisms normally found
below 60 m may have entered shallower depths to take
advantage of increased food. At night, upward migration may have been reduced such that the animals
were more evenly distributed between 0 and 60 m
instead of concentrated in the upper 30 m. In sum, the
higher biomass and abundance of mesozooplankton in
the iron-enriched patch appeared to be largely due to
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a reproductive response among the copepods and
small larvaceans. However, changes in the vertical
migratory behaviors of mesozooplankton in response
to light and/or food contributed to increased abundances in the patch, as well.

Mesozooplankton grazing impact
The increase in gut pigment content of mesozooplankton inside the patch was large and highly significant (Fig. 8). Unlike the maxima in biomass and abundance, which occurred only as the bloom was peaking
on JDs 154 and 155, high levels of gut phaeopigment
were measured throughout the bloom peak. Bautista &
Harris (1992) also observed a time lag between peaks
in mesozooplankton abundance and gut pigments,
with the latter occurring after the peak abundance, but
concurrently with increasing chl a. They ascribed this
lag to changes in the phytoplankton size distribution,
implying that larger phytoplankton came later in the
bloom and were more available to mesozooplankton
due to size-selective feeding (Frost 1972, Nival & Nival
1976, Lampitt & Gamble 1982). This proposed mechanism is consistent with observed increases in cellular
chl a content of ambient phytoplankton in the early
stages of the IronEx II bloom with the shift to larger
phytoplankton taxa occurring more gradually (Landry
et al. 2000).
Following the measured increases in gut pigment,
mesozooplankton grazing estimates increased dramatically from ~0.01 mg Ph m– 3 d–1 outside the patch to
> 0.25 mg Ph m– 3 d–1, and as high as 0.35 mg Ph m– 3 d–1
(JDs 153 to 155), in the patch. Grazing rates were high
even as abundance declined inside the patch, indicating that individuals continued to respond functionally
to enhanced phytoplankton throughout the bloom.
Morales et al. (1991) found that small mesozooplankton in the northeast Atlantic were more abundant than
the other size classes (500–1000 and 1000–2000 µm)
and were responsible for > 50% of the overall mesozooplankton community grazing. A similar dominance
of mesozooplankton grazing rate by the 200–500 µm
fraction has been reported in the equatorial Pacific
(Dam et al. 1995). During the present study, however,
the 202–500 µm mesozooplankton accounted for a
consistently lower portion of the total grazing rate than
the 500–2000 µm fraction (Table 4). Bautista & Harris
(1992) demonstrated that medium-sized (350–710 µm)
mesozooplankton contributed > 80% of the total community (> 200 µm) grazing rate in the temperate
Atlantic waters. Possibly, the size range for the
500–2000 µm fraction in the present study was so wide
that it masked the influence of the medium-sized animals by combining them with the larger organisms.
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Despite contributing less to overall mesozooplankton
grazing rate than the large-size fraction, an intriguing aspect of the small-sized mesozooplankton response to the phytoplankton bloom was the increased
abundances of larvaceans (appendicularia) in the
202–500 µm fraction. Although larvacean abundance
is likely to be underestimated in the > 200 µm net fractions, their increase during the bloom may have been
an important component of the mesozooplankton grazing response. In California waters, for example, larvacean gut pigment contents and grazing impacts are
comparable to and often exceed those of the more
numerous copepods (Landry et al. 1994a,b). Because
appendicularians produce relatively dense, fast sinking fecal pellets and discard numerous glycoprotein
houses daily, their increasing presence in the IronEx II
patch may also have contributed significantly to carbon export.
The present estimates of mesozooplankton grazing
impact in ambient equatorial waters are reasonable
with respect to the results of other studies, which range
broadly from 0.10 to 18% chl a standing stocks d–1,
with a mean of approximately 5% d–1 (e.g. Bautista &
Harris 1992, Dagg 1993, Dam et al. 1993, 1995, Landry
et al. 1994b). Even the elevated estimates from the
patch, which average about 20% d–1 (specific mortality
rate = 0.22 d–1) for the bloom peak (JDs 154 to 158),
would be insufficient to suppress equatorial phytoplankton capable of growing at 1 to 2 cell divisions d–1
(e.g. Landry et al. 1995, Verity et al. 1996, Latasa et al.
1997). Nonetheless, the present inferences from gut
pigments should be considered minimal or conservative estimates of grazing impact because they make no
allowance for digestive destruction of the grazed chl a
or the possibly that gut throughput rates increased
when food became more available in the patch.
We can assess the likely magnitude of the uncertainty in the pigment-based grazing estimates by looking at the problem from another perspective. Throughout the peak of the patch bloom, where we can assume
that the zooplankton should be growing at or near their
maximal temperature-dependent rates, biomass-specific gut pigment contents averaged roughly 2.7 µg Ph
mg C–1 (Fig 8). At a gut clearance rate of 2.1 h–1 and a
C:chl a of 70 (Landry et al. in press), the daily rate of
pigment processing would be 136 µg chl a (mg zooplankton C)–1 d–1, and each mg of mesozooplankton
biomass would consume an estimated 9.5 mg phytoplankton C d–1. Therefore, the carbon ingested from
phytoplankton alone should have supported a specific
mesozooplankton growth rate of 0.64 d–1 assuming a
gross growth efficiency (GGE) of 20%, or 0.86 d–1 for
GGE = 25%. These estimates approach the predicted
temperature-dependent growth rate of 1.0 d–1 from
Huntley & Lopez (1992) while making no allowance for

additional feeding on non-pigmented prey such as
other mesozooplankton and heterotrophic protists,
which were also enhanced inside the patch (Landry et
al. 2000). Considering these other nutritional sources,
we conclude that the food resources were sufficient for
high, probably maximal, rates of zooplankton biomass
growth at the peak of the IronEx bloom, and that grazing rates and impacts were not seriously underestimated by our gut pigment approach and conservative
assumptions.
In summary, mesozooplankton (202–2000 µm) responded to the IronEx II phytoplankton bloom with
significantly increased biomass, gut pigment content
and grazing. Copepod reproduction was at least initially enhanced in the patch, as evident in the significant increase in naupliar abundance. Alterations in
depth distributions also imply behavioral responses to
increased food resources and/or diminished light. The
available evidence indicates that the zooplankton
were grazing and growing at maximal, or near-maximal, rates at the peak of the bloom, but population
abundances and biomass declined rather than increased during this period. These results imply that the
zooplankton were tightly regulated by the network of
predators in the established plankton community or
that their reproductive output failed to produce viable
young when the food resources were dominated by
diatoms.
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