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1.  INTRODUCTION

Mesoscale physical phenomena, such as eddies,
can have substantial effects on biological interactions
and biogeochemistry (Benitez-Nelson et al. 2007,
Chenillat et al. 2015, McGillicuddy 2016, Sherin et al.
2018). For instance, the doming isopycnals of cold-
core eddies (cyclonic circulation in the Northern
Hemisphere) bring high nutrient concentrations into
the euphotic zone, often doubling the f-ratios of sur-
rounding waters (Sherin et al. 2018). On the global
scale, estimates of eddy-enhanced new production

range from 10 to 50% of annual new production
(Falkowski et al. 1991, Oschlies & Garcon 1998,
Siegel et al. 1999, Benitez-Nelson & McGillicuddy
2008). Eddy perturbations can similarly stimulate the
biological carbon pump (e.g. Goldthwait & Steinberg
2008), up to 7-fold higher in the core of the eddy com-
pared to outside (Waite et al. 2016), though not al -
ways (Maiti et al. 2008). Enhanced production of
higher trophic levels has also been documented,
through peaks in zooplankton biomass (Goldthwait &
Steinberg 2008, Landry et al. 2008b) and greater
growth and survival of larval fishes (Shulzitski et al.
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2015, 2016). These mesoscale features thus represent
complex ocean phenomena with significant impacts
on marine food webs and biogeochemistry.

Eddies can also serve as manageable natural ex -
perimental systems to evaluate the effects of rapidly
altered physical conditions on biological communi-
ties and biogeochemical dynamics. Particularly in
oligotrophic waters of the central subtropical gyres,
perturbation effects can be measured against sparse
and relatively constant background communities
(McGowan & Walker 1979), and prominent features
can be readily tracked by their sea surface character-
istics (e.g. satellite sea surface height, temperature,
chlorophyll a) for repeat sampling and study. One
such example was a large cyclonic Hawaiian lee
eddy (Opal, see Fig. 2) that formed in waters of the
North Pacific Subtropical Gyre (NPSG), south of the
Big Island of Hawai’i in February 2005, and was inten-
sively studied several weeks later (Benitez- Nelson et
al. 2007). Hawaiian lee eddies spin up reliably during
periods of intensifying trade winds, which generate
strong wind stress curl in the ‘Alenuihāhā channel
between the high mountain islands of Maui and
Hawai’i (Dickey et al. 2008). Opal was particularly
notable in having an isopycnal (nitracline) doming of
~100 m in its central region, stimulating a massive
deep-euphotic-zone bloom of large diatoms from
which it got its name (Benitez-Nelson et al. 2007).
Experimental studies conducted in Opal and in
 ambient ‘control’ waters documented large increases
in nutrient delivery, phytoplankton/zooplankton bio-
mass, primary production and grazing (Benitez-
 Nelson et al. 2007, Brown et al. 2008, Landry et al.
2008a,b, Rii et al. 2008), and provide an unprece-
dented dataset on general food-web relationships
during the late bloom decline. 

In this study, we used compound-specific isotopic
analyses of amino acids (CSIA-AA) of individual zoo-
plankton taxa to investigate trophic differences with -
in and outside of eddy Opal. We estimated the contri-
bution of protistan and metazoan heterotrophs to
metazoan zooplankton, and determined changes in
the baseline phytoplankton supporting zooplankton
consumers. Based on conventional understanding of
the differences expected, for example, between tro -
phic structure in coastal diatom blooms versus that
in picophytoplankton-dominated oligotrophic waters
(e.g. Legendre & Rassoulzadegan 1995), we hypothe-
sized that the bloom of large phytoplankton would
lead to a shorter food chain with lower average
trophic positions (TPs) of zooplankton. This arises
because most mesozooplankton cannot directly con-
sume very small (<2 μm) phytoplankton (Hansen et

al. 1994) and consequently rely on intermediate tro -
phic levels of protistan microzooplankton as their pri-
mary food resource in the open ocean (Calbet &
Landry 1999, Calbet & Saiz 2005, Calbet 2008). In
principle, the presence of abundant large diatoms
should decrease the importance of the picophyto-
plankton−protistan grazer−mesozooplankton trophic
pathway and lead to an increase in the diatom−meso-
zooplankton grazer food chain, thus altering the
major route of carbon and nitrogen flow in this
oceanic ecosystem.

CSIA-AA is a technique that uses the measured
differences in δ15N values of different types of AAs
within the body tissue of a consumer. The ‘trophic’
AAs enrich strongly with each trophic transfer, and
the ‘source’ AAs remain similar to source N at the
base of the food web. The difference in δ15N of these
2 groups allows the calculation of the consumer’s
mean TP (Hannides et al. 2009). Because CSIA-AA
was very new to the marine science field when
cyclonic eddy Opal was initially investigated, it was
not part of the methods planned to be used in the
study. Nonetheless, we sorted specimens from the
preserved zooplankton samples and analyzed them
for CSIA-AA relatively soon (2008) thereafter. For
most of the intervening decade between these ana -
lyses and the present, a key issue in CSIA-AA inter-
pretation has been the extent to which trophic AAs
reveal different aspects of a consumer’s food web
linkages. The commonly used trophic AA glutamic
acid (Glu), for example, has been shown to account
only for the metazoan steps in the food web, while
alanine (Ala) accounts for both metazoan and protis-
tan microzooplankton steps (Gutiérrez-Rodríguez et
al. 2014, Décima et al. 2017). Here, we used both Glu
and Ala as trophic AAs in conjunction with the
source AA phenylalanine (Phe) to highlight differ-
ences in trophic structure that arise primarily from
changes in the number of steps through protistan
consumers as compared to changes in carnivory
(feeding on metazoan prey). As schematically illus-
trated in Fig. 1, a zooplankter that feeds exclusively
on phytoplankton will be seen as a herbivore (TP = 2)
by both Glu and Ala, whereas one that feeds on an
 intermediate level of herbivorous protists will show a
1-step difference between TPAla and TPGlu. Such dif-
ferences occurring at the base of the food web will
also propagate to higher-level consumers.

Finally, we used these diagnostics to provide new
insights on trophic-space differences that exist among
taxa. Niche diversification in the marine pelagic
occurs primarily over the vertical dimension, as most
factors (e.g. food and predation) co-vary with depth.
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We investigated whether trophic differences existed
among 4 congeners of the genus Pleuromamma, that
are largely thought to share the same habitat, based
on previous studies. Trophic differences could spec-
ify different ecological niches for each Pleuromamma
species not evident in the physical environment, as
they overlap in vertical distributions, and could ex -
plain the co-existence of these 4 sibling species over
similar depth ranges.

2.  MATERIALS AND METHODS

2.1.  Zooplankton sampling

Zooplankton samples were collected from the cen-
tral region of Opal on the E-Flux III cruise on RV
‘Wecoma’ between 16 and 21 March 2005 (Fig. 2).
Comparable samples were taken from other stations
well removed from the eddy influence from 24 to 26
March 2005. As described by Landry et al. (2008b),
all samples were taken with oblique tows of a 1 m2

net with 200 μm Nitex mesh, a General Oceanics
flowmeter to measure volume filtered, and a Branc -
ker model XL-200 temperature−pressure recorder to

measure tow depth. The mean ± SD tow depth of 166
± 24 m included the full euphotic zone, which varied
between 90 and 140 m as defined by the depth of
penetration of 0.5% incident solar radiation. Half of
the net codend contents was preserved in 4%
buffered formalin, and the other half was processed
for size-fractioned estimates of zooplankton biomass
and gut fluorescence/grazing, as reported previously
(Landry et al. 2008b).

2.2.  Sample processing for CSIA-AA

Groups of specimens for CSIA-AA were obtained
from the formalin-preserved samples. Prior to sort-
ing, the zooplankton samples had been preserved in
formalin for 3 yr. For most of the taxa analyzed,
including appendicularians, the euphausiid Stylo -
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Fig. 2. Study region located in the lee of the Big Island of
Hawai’i (USA). Black diamonds are stations samples inside
the cylonic eddy Opal, white squares are stations outside 

of Opal

Fig. 1. Schematic depiction of the different trophic positions
(TPs) indicated by TPGlu and TPAla. TL refers to a zooplank-
ter’s actual trophic level, and the TPAla/TPGlu indicates what
each amino acid-based trophic index captures (i.e. includ-
ing/not including protistan consumers). These examples
correspond to idealized scenarios of the ‘classical food
chain,’ and the ‘multivorous food web,’ where the latter in-
cludes protistan grazers on phytoplankton and the former
does not. TPAla and TPGlu are equal (left side) if protistan mi-
crozooplankton are not part of the food chain, and mesozoo-
plankton are the main consumers of phytoplankton. TPAla

exceeds TPGlu (right side) to the extent that reflects the mean
number of trophic steps occupied by protistan microzoo-
plankton in the food chain leading to mesozooplankton
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cheiron carinatum, and the copepods Pleuromamma
abdominalis, P. gracilis, Euchaeta rimana, Lucicutia
flavicornis, Mecynocera clausii and Oncaea sp., we
sorted comparable samples from net collections
made both within (‘In’) and outside (‘Out’) of the
eddy (Table 1). In addition, we assayed several taxa,
namely the copepod Eucalanus sp., including adults
and copepodites (cop.), and Oithona sp. from In sta-
tions only, and P. xiphias and P. piseki from Out sta-
tions only, that were sufficiently abundant at In or
Out stations, but not both. The number of individuals
assayed varied with taxon, averaging 20 specimens
per group for the larger species (e.g. E. rimana) and
up to 200 individuals for the smaller Oithona sp. The
sorted zooplankton were rinsed in Milli-Q water and
dried at 60°C for 24 h prior to chemical preparation
for CSIA-AA.

2.3.  Hydrolysis and sample derivatization

We followed the procedures for sample preparation
of CSIA-AA as described previously (see Hannides et
al. 2009, Décima et al. 2013). Acid hydrolysis of AAs,
esterification of the terminal carboxyl groups and tri-
fluoroacetylation of the amine groups are the 3 major
steps involved (Macko et al. 1997). We hydrolyzed
the samples with Sequanal grade 6 N hydrochloric
acid to each vial containing sample (~1 mg zooplank-
ton dry weight, DW). Vials were flushed with N2,
capped with a Teflon-lined cap, and heated at 150°C
for 70 min. Tryptophan and cystine were not re -
covered because acid hydrolysis destroys these AAs.
In addition, hydrolysis converts asparagine to aspar-

tic acid and glutamine to glutamic acid. The hydro -
lysate was dried under a stream of N2 at 55°C, re-
 dissolved in 1 ml 0.01 N HCl, purified by filtration
using 0.45-μm hydrophilic filter, and washed with
1 ml of 0.01 N HCL. We purified the hydrolysate
using cation-exchange chromatography with a 50 mm
column of resin (Dowex 50WX8-400) prepared in a
glass Pasteur pipette (Metges et al. 1996). The AAs
were eluted with 4 ml of 2 N NH4OH and dried under
N2 at 80°C. We reacidified the samples with 500 μl of
0.2 N HCl, flushed with N2, heated to 110°C for 5 min
and evaporated to dryness under N2 at 55°C. Esterifi-
cation of hydrolyzed samples was done with 2 ml of
4:1 isopropanol:acetyl chloride, flushed with N2 and
heated to 110°C for 60 min. Samples were dried at
60°C under N2, then acylated by adding 1 ml of 3:1
methylene chloride:trifluoracetic anhydride (TFAA)
and heated to 100°C for 15 min. Purification of de -
rivatized AAs was done by solvent extraction, follow-
ing Ueda et al. (1989). Evaporation of acylated AA
esters was done at room temperature, under a stream
of N2, and redissolved in 3 ml of 1:2 chloroform:P-
buffer (KH2PO4 + Na2HPO4 in Milli-Q water, pH 7).
We ensured that the derivitized AAs were parti-
tioned into chloroform, and that contaminants re -
mained in the P-buffer, through vigorous shaking.
Centrifugation (10 min at 600 × g) was done to sepa-
rate both solvents, the chloroform was transferred to
a clean vial, and the solvent extraction process was
re peated. The acylation step was repeated to ensure
derivatization. Samples were stored at −20°C in 3:1
methylene chloride:TFAA for up to 6 mo until isotope
analysis.

2.4.  CSIA-AA

The TFAA derivatives of AAs were analyzed by
isotope ratio monitoring gas chromatography-mass
spectrometry. A Delta V Plus mass spectrometer
(Thermo Scientific™) was used interfaced with a Trace
GC gas chromatograph through a GC-C III combus-
tion furnace (980°C), re duction furnace (650°C), and
liquid nitrogen cold trap. An aliquot (1 to 2 μl) of each
sample was in jected (split/splitless injector, split ratio
10:1) onto a forte BPx5 capillary column (30 m ×
0.32 mm × 1.0 μm film thickness) at an injector tem-
perature of 180°C, with a helium flow rate of 1.4 ml
min−1. We held the column temperature initially at
50°C for 120 s and then increased to 190°C at a rate
of 8°C min−1. When the temperature reached 190°C,
it was further in creased at a rate of 10°C min−1 to
300°C, where it was held for 7.5 min. Aminoadipic
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Species/genus In Out

Appendicularia x x
Eucalanus sp. (adults) x
Eucalanus spp. copepodites x
Euchaeta rimana x x
Lucicutia flavicornis x x
Mecynocera clausii x x
Oithona spp. x
Oncaea spp. x x
Pleuromamma abdominalis x x
Pleuromamma gracilis x x
Pleuromamma piseki x
Pleuromamma xiphias x
Stylocheiron carinatum x x

Table 1. Zooplankton species/genera inside (In) and outside
(Out) of eddy Opal, with ‘x’ indicating that the group was
sorted and assayed for compound-specific isotopic analyses 

of amino acids 
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acid and norleucine of known nitrogen isotopic com-
position were co-injected with samples as internal
reference compounds, and used to normalize the
measured δ15N values of unknown AAs. Samples
were analyzed in triplicate, except for E. rimana (Out
sample), where not all runs yielded data above the
acceptable chromatographic threshold. The standard
deviations for multiple runs of AAs averaged 0.57‰,
ranging between 0.02 and 2.4‰.

2.5.  TP calculations

AAs were classified into 2 classes following Han-
nides et al. (2009). Trophic AAs include: alanine
(Ala), aspartic acid (Asp), glutamic acid (Glu), iso -
leucine (IsoL), leucine (Leu), proline (Pro) and valine
(Val). Source AAs are: glycine (Gly), lysine (Lys),
phenylalanine (Phe), serine (Ser) and threonine (Thr).
We calculated TPs in 2 ways: using Glu (TPGlu) as the
trophic AA to estimate the trophic transfers involving
only metazoan consumers, and using Ala (TPAla) as
the trophic AA to include transfers through both pro-
tistan and metazoan (Décima et al. 2017) consumers.
Phe was used as the source AA in both cases (Table S1
& S2 in the Supplement at www. int-res. com/ articles/
suppl/ m643 p033 _ supp. pdf). The general equation for
the TP calculations is:

TPTr = (δ15NTr − δ15NPhe − β) / TEF + 1 (1)

where Tr corresponds to Glu or Ala, β is the differ-
ence between Tr (Glu or Ala) and Phe in primary pro-
ducers (βGlu = 3.4‰; βAla = 3.2‰), and TEF is the
trophic enrichment factor, which accounts for the en -
richment in AA 15N with each trophic step (TEFGlu =
6.1‰; TEFAla = 4.5‰). The TEFs used were derived
from field-based regressions (Bradley et al. 2015) and
multi-step laboratory-experiments (Décima et al.
2017) and are lower than those used by Chikaraishi
et al. (2009). The latter are based on pure herbivory
of laboratory monocultures and have been shown to
overestimate the TEFs of field-collected animals feed-
ing on mixed diets (Hoen et al. 2014, Bradley et al.
2015, Nielsen et al. 2015, Décima et al. 2017, Landry
& Décima 2017).

The time-integrated trophic contribution of the pro-
tistan food web was quantified using the difference
between the 2 trophic indices, and is indicated by

ΔTP = TPAla − TPGlu (2)

Finally, we estimated microzooplankton (μzoo) TP
and their likely contribution to the diet of mesozoo-
plankton (mesoZ). In principle, the TP of each zoo-

plankter is given by the sum of the dietary fraction
(DF) of each μzoo and mesoZ prey (i) multiplied by
the prey TPi, as delineated in the equations below:

(3)

(4)

However, this system of equations is underdeter-
mined, as there are more variables than equations to
constrain them. Our current CSIA-AA approach al -
lows us only to determine the value of the product of
TP×DF for each prey type (μzoo or mesoZ). To inves-
tigate the range of possible contributions of μzoo to
zooplankton taxa, we used the simplified equations
below and calculated this for Eucalanus, a represen-
tative mesozooplankton grazer at the bottom of the
food web. Note that the TP of prey μzoo and mesoZ
remains unknown, and thus we estimate possible
ranges of DF, using a range of TP. The following
equations simplify the sum of terms to average TP for
all μzoo and mesoZ prey:

(5)

(6)

where MESO = mesozooplankton consumers, mesoZ
= mesozooplankton prey, and μzoo = microzooplank-
ton prey. We can re-arrange these equations to ob -
tain DFs of mesoZ and μzoo in consumer diet as:

(7)

(8)

For these, we assume that TPAlamesoZ = TPGlumesoZ = 2
(i.e. the mesozooplankton at the bottom of the food
chain are herbivorous). This assumption is realistic
and decreases the number of unknown variables so
we can calculate different combinations of TP and DF
for microzooplankton from the measurements made.
However, this exercise is simply to show the possible
range of microzooplankton dietary fractions.
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Statistical analyses were done using MATLAB
R2017b for TP calculations, estimations of statistical
differences between In and Out groups, and for prop-
agation of machine analytical error. The error for the
TP calculations was done following standard error
propagation rules, assuming TEF and β are con-
stants, as (σPhe+ σTr)/TEF. Statistical tests for sig ni -
ficance were done using non-parametric Kruskal-
 Wallis ANOVAs with a p-value of 0.05.

3.  RESULTS

3.1.  Phytoplankton, microzooplankton and meso-
zooplankton dynamics inside and outside of Opal

We briefly summarize production, growth and
grazing rates from previous studies on Opal, which
are important in understanding the biological effects
of the eddy perturbation; detailed experimental re -
sults are presented elsewhere (e.g. Brown et al. 2008,
Landry et al. 2008a,b). The cyclonic eddy Opal was
mature and >1 mo old by the time it was first sam-
pled. Phytoplankton production was initially high,
~1500 mg C m−2 d−1, but the 5 d period of Opal
growth-grazing experiments coincided with the late-
bloom decline in which biomass crashed and eu -
photic zone productivity declined 3−4-fold to ambi-
ent levels (Fig. 3). Vertically integrated rates of
grazing followed a similar trend, with microzoo-
plankton grazing initially ~3-fold higher than ambi-
ent rates but approaching similar values to outside
the eddy over the sampling period. Mesozooplankton
grazing rates were generally lower than microzoo-
plankton, but were also enhanced inside Opal and
decreased over the sampling period. In contrast to
microzooplankton grazing, however, mesozooplank-
ton consumption of phytoplankton remained signifi-
cantly higher within the eddy relative to waters out-
side Opal, despite the decreasing trend (Fig. 3).
Mesozooplankton abundances were also higher at In
stations, with some taxa higher inside of the eddy,
including Clausocalanidae, Eucalanus, Poecilosto-
mids (including Oncaea), Lucicutiidae and Mecyno-
ceridae (Fig. 4).

3.2.  Zooplankton TPs, TPGlu and TPAla

The analyzed zooplankton taxa are organized ac -
cording to increasing estimates of TPGlu in Fig. 5,
which roughly separates them into particle grazers
(Eucalanus sp. adults, appendicularians, Oithona,

Eucalanus spp. cop. and Mecynocera clausii) and
carnivorous predators (Pleuromamma spp., Lucicutia
flavicornis, Stylocheiron carinatum and Euchaeta
rimana). Oncaea sp. falls at an intermediate TP rela-
tive to these 2 categories, reflecting its very different
particle-associated lifestyle (Ohtsuka et al. 1996,
Green & Dagg 1997, Steinberg et al. 1997) (Fig. 5a).
The positions of copepods in the metazoan (TPGlu)
food web ranged between 2.0 and 3.2, for species
assayed both inside and outside of the eddy (Fig. 5a).
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Fig. 3. Summary of vertically integrated production and
grazing rates inside (In) and outside (Out) of cyclonic eddy
Opal, showing primary production, microzooplankton (μzoo)
grazing and mesozooplankton (mesoZ) grazing rates 

(mg C m−2 d−1)

Fig. 4. Abundances of major zooplankton taxa collected at
stations inside (In; black bars) and outside (Out; white bars) 

of cyclonic eddy Opal. Error bars are SD
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The range of TPAla was much higher, varying be -
tween 2.0 and 4.9 for individual taxa, reflecting their
differences with respect to additional trophic trans-
fers through protistan consumers (Fig. 5b). Eucalanus
sp. adults were the only entirely herbivorous zoo-
plankton among the groups analyzed, with TPGlu =
TPAla = 2.0 (Fig. 5, Table S2). All other taxa showed
significant differences between TPGlu and TPAla

(Kruskal-Wallis, p < 0.05). Eucalanus spp. cop. had a
slightly higher TPGlu = 2.2, and a much higher TPAla =
3.1 (Fig. 5) compared to adults. Both Euca lanus
adults and copepodites were only assayed in side of
the eddy, because they were extremely rare in the
collections outside.

Appendicularians outside of the eddy had similar
TPs based on Glu and Ala (2.1/2.3 respectively,
Fig. 5), but TPs were more different in the eddy.
Oithona sp. was only assayed from inside the eddy,
where the high ΔTP = 0.8 (Fig. 6; TPGlu = 2.3 ± 0.3
[SD]; TPAla = 3.1 ± 0.5) indicates the substantial con-
tribution of heterotrophic protists to its diet. M.
clausii showed substantial variability in TPGlu and
TPAla be tween sampling locations (Figs. 5 & 6), sug-
gesting differences in the underlying food webs. The
contribution of protists to M. clausii diet inside of the
eddy was enhanced compared to appendicularians,
which had a similar TPGlu (~2.0), and also en hanced
compared to P. abdominalis, which had higher TPGlu

(~2.5) than M. clausii. These differences between
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Fig. 5. Trophic positions (TPs) of assayed mesozooplankton taxa collected inside and outside of cyclonic eddy Opal. (a) TPGlu is
based on the δ15N difference between glutamic acid and phenylalanine, and reflects steps within the metazoan (multicellular,
mostly mesozooplankton) food web. (b) TPAla is based on the δ15N difference between alanine and phenylalanine, which 

includes all steps (metazoan and protistan) including both meso- and micro-zooplankton. Error bars are SD

Fig. 6. Difference between the 2 trophic indices (ΔTP =
TPAla − TPGlu; see Fig. 5 for definitions) reflects the inte-
grated protistan contribution to the absolute trophic level of
each  species. Filled circles are for specimens collected in-
side (‘In’), open circles represent specimens collected out-
side (‘Out’) of cyclonic eddy Opal. Error bars are SD (σΔTP =

σTPGlu + σTPAla)
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food webs are further supported by the ΔTP of On -
caea sp., with the largest difference in both TPGlu and
TPAla between sampling locations (Fig. 5). Inside the
eddy, a full protistan trophic step separated Oncaea
and the microzooplankton, but the ΔTP was on ly 0.5
outside of the eddy (Fig. 6).

We were able to assay 2 Pleuromamma species
 outside and inside of the eddy. P. abdominalis gave
TPGlu = 2.6 /2.7 (Out/In), and TPAla = 3.2/3.3, while
P. gracilis had TPGlu = 3.0/3.3, and TPAla = 4.3/4.5. Two
other species, P. xiphias and P. piseki had TPGlu = 3.1
and 2.8, and TPAla = 3.7 and 4.2, respectively, and
were only sampled outside of the eddy. The ΔTP
for all Pleuromamma species varied between 0.5 and
1.4 TP, with P. piseki and P. gracilis on the higher
end. Finally, for both Out/In, E. rimana had the high-
est TPGlu (3.2/3.2) and TPAla (4.7/4.9) of the assem-
blage, and these differed by about 1.5 TP (Figs. 5 & 6;
Table S2).

3.3.  Changes in TP inside the eddy

TPs were either consistently higher inside the eddy
or not different between locations, such that no sig-
nificant differences were found when all groups
were tested together (Fig. 7, Kruskal-Wallis, p > 0.05).
However, differences among particle-grazing meso-
zooplankton, TPGlu <2.5, were significant (Kruskal-
Wallis, p < 0.05), suggesting generally enhanced con-
tributions of heterotrophic protists to the omnivorous
mesozooplankton in Opal. Appendicularia, M. clausii
and Oncaea spp. all had higher TPAla inside the eddy,
and some of these TPs were comparable to the more
predatory taxa (Pleuromamma spp., L. flavicornis
and S. carinatum; Fig. 5b).

For the 8 taxa that could be compared, Oncaea spp.
showed the greatest In−Out TP difference, with TPAla

increasing 1.5 ± 0.2 and TPGlu increasing 0.8 ± 0.3,
indicating proportional lengthening of both the pro-
tistan and metazoan components of the plankton
food web. M. clausii followed Oncaea spp. in trophic
variability, with TPGlu and TPAla enhanced 0.3 ± 0.2
and 1.0 ± 0.4, respectively, inside Opal, suggesting
a disproportionate eddy enhancement of food-web
path ways through heterotrophic protists. TP changes
were less pronounced for appendicularians and S.
carinatum (change in TPAla = 0.5/0.5; change in
TPGlu = 0.2/0.1, respectively). L. flavicornis showed
similar changes in TPGlu and TPAla (0.4 ± 0.1 and 0.3 ±
0.1, respectively), suggesting an enhanced reliance
on metazoan prey inside the eddy. Finally, for P.
abdominalis, P. gracilis and E. rimana, the In−Out TP

differences were slightly positive but not signifi-
cantly different from 0 (Fig. 7).

3.4.  Shifts in the nitrogen baseline 
(Phe and source AAs)

Changes in the average δ15N values of all zoo-
plankton AAs are presented in Fig. 8. The source
AAs Gly, Lys and Thr showed higher δ15N inside
Opal, but only the increase for Thr was significant
(Kruskal-Wallis, p < 0.05).

Looking more closely at Phe, the canonical source
AA (Chikaraishi et al. 2009, Hannides et al. 2009,
Nielsen et al. 2015, Mompeán et al. 2016, Ohkouchi et
al. 2017), we found a large range (~9‰) in Phe δ15N
values for all zooplankton taxa both inside and
outside of Opal, but both maximum and minimum val-
ues were in the eddy. Eucalanus sp. adults (Phe δ15N =
3.3 ± 0.6‰) had the highest Phe values, and along
with Eucalanus spp. cop. (Phe δ15N = 2.0 ± 0.5‰)
showed their highest values inside the eddy (Fig. 9a).
In contrast, Phe values for Oncaea spp. (Phe δ15N =
−4.9 ± 0.6‰) and L. flavicornis (Phe δ15N = −3.3 ±
0.5‰) were lowest overall, but only for specimens
sampled inside the eddy, while their values were
closer to average outside of Opal. In general, Phe val-
ues outside of the eddy were less variable, with P. ab-
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Fig. 7. Change in trophic positions (TPs) for mesozooplank-
ton taxa sampled inside (In) and outside (Out) of cyclonic
eddy Opal. Changes in TPAla are represented by squares,
and changes in TPGlu are represented by asterisks. Error 

bars are SD



Décima & Landry: Plankton food-web resilience

dominalis (Phe δ15N = 1.7 ± 0.7‰) being the highest of
the sampled taxa, followed by M. clausii (Phe δ15N =
0.7 ± 0.9‰). P. piseki gave the lowest Phe δ15N value
of −2.85 ± 0.3‰ outside of the eddy, and the re -
maining taxa had values of 0 to −2.0‰ (Fig. 9a).

For the taxa that can be compared, Phe δ15N values
generally decreased in Opal, with the exception of
ap pendicularians and S. carinatum, for which chan -
ges were not significantly different from 0 (Fig. 9b).
Oncaea spp. and L. flavicornis showed the greatest
Phe depletions (−2.7 ± 0.7‰), followed by M. clausii,
P. abdominalis, P. gracilis and E. rimana (Fig. 9b).

4.  DISCUSSION

We hypothesized that the enhanced diatom bio-
mass and productivity inside of Opal (Brown et al.
2008, Landry et al. 2008a, McAndrew et al. 2008)
would produce a shorter, more direct food-web path-
way to mesozooplankton. This is consistent with
 conventional thinking that associates large phyto-
plankton with eutrophy and higher grazing by meso-
zooplankton within a ‘classical food chain,’ and small
phytoplankton with oligotrophy and high grazing by
microzooplankton within a ‘multivorous food web’
(Fig. 1, e.g. Legendre & Rassoulzadegan 1995). While
this may reasonably describe trophic variability on
large scales, we found the opposite result for the per-
turbed eddy system. According to CSIA-AA, zoo-
plankton TPs inside the eddy were either similar or
higher than in the adjacent environment, especially
for TPAla of groups closer to the food-web base
(Figs. 5b & 7).
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Fig. 8. Mean (±SD) amino acid δ15N values of all zooplank-
ton sampled. Filled circles represent samples from inside
(In)  cyclonic eddy Opal, open circles are zooplankton 

sampled outside (Out) of Opal

Fig. 9. (a) δ15N of phenylalanine (Phe) for all analyzed mesozooplankton taxa. Filled (open) circles indicate organisms sampled
inside (outside) of cyclonic eddy Opal. Error bars are standard deviations of 3 machine runs. (b) Difference in Phe δ15N in 

animals collected inside and outside of Opal
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The isotopic analyses also showed differences in
source N and trophic enrichment of individual taxa
that provide new insights on aspects of their trophic
ecologies, including the likely role of detrital feeding
and potential niche separation of 4 co-occurring spe-
cies of the genus Pleuromamma. In the sections be -
low, we consider these results in the context of what
is known about the dynamics of biomass, productiv-
ity and grazing in the eddy.

4.1.  Temporal scales of variability in food-web
perturbation response

The magnitudes of the physical and biological per-
turbations associated with Opal were on the extreme
end for mesoscale eddies that have been studied to
date in the subtropical Pacific (Seki et al. 2001, Bidi-
gare et al. 2003, Vaillancourt et al. 2003, Brown et al.
2008, Rii et al. 2008), providing an important oppor-
tunity to quantify food web responses to a substantial
and lingering event. When Opal was first sampled in
mid-March 2005, it had been visible for about 1 mo in
MODIS SST imagery, and it remained trackable for
an additional month (Dickey et al. 2008, Nencioli et
al. 2008). However, the experimental time frame cor-
responded to the late-bloom period when the phyto-
plankton community crashed (Fig. 3, Landry et al.
2008a), showing strong temporal variability during
the period of our sampling.

Three distinct layers within the Opal water column
could be identified, based on plankton rates and
standing stocks. Biomass and composition of the
phytoplankton community was similar to waters out-
side of the eddy in the upper mixed layer (0−40 m),
but rates of growth and grazing were enhanced. Dis-
tinct differences in biomass and composition were
found in the deep layer (70−90 m), with a large in -
crease in >20 μm diatoms (~100-fold greater than in
waters outside of the eddy). The 50−60 m layer be -
tween the surface and deep waters was character-
ized by elevated biomass of senescent diatoms, and
enhanced grazing with respect to production, as their
growth rates were depressed in this layer (Brown et
al. 2008, Landry et al. 2008a). This vertical habitat
structuring likely had an effect on food-web struc-
ture and the baseline nitrogen of phytoplankton,
which could help explain the high variability in
the source AA Phe of different zooplankton taxa
(Fig. 9).

One likely explanation for the disparity between
the zooplankton TP estimates from CSIA-AA (sug-
gesting enhanced mesozooplankton omnivory in the

eddy) and the fluxes from production-grazing exper-
iments (suggesting enhanced mesozooplankton her-
bivory inside Opal) is that they apply to different time
periods in the eddy’s life cycle. Isotopic signatures
accumulate in copepod tissue based on dietary in -
take and metabolism over the course of development
and somatic growth from nauplius to adult. If adult
female copepods, such as we sampled for CSIA-AA,
pass most of their daily diet to egg production, the
isotopic compositions of their body tissues could have
been set, possibly weeks prior, under environmental
conditions during the early phase of the eddy bloom.
The observed dynamics of the mixed layer stratum in
Opal illustrates how nutrient inputs can stimulate
productivity of the ambient picophytoplankton com-
munity with little effect on phytoplankton biomass
but substantially increasing grazing, productivity
and biomass of microzooplankton, especially large
ciliates (Landry et al. 2008a). Such a scenario, if
 generalized to an earlier state of the bloom, could
support both a higher rate of microzooplankton
prey availability and a longer (picoplankton−nano-
flagellate−ciliate) food chain to mesozooplankton.

The importance of the time element in interpreting
the trophic data can also be seen in the isotope en -
richment differences of carnivorous versus suspen-
sion-feeding taxa (Fig. 5). The fact that carnivorous
taxa (e.g. Euchaeta rimama and Pleuromamma gra-
cilis) show modest to little change in trophic isotopic
enrichment compared to taxa closer to the base of the
food web indicates that considerable time is required
for the signal to propagate through the trophic hier-
archy because each level must gradually alter its iso-
topic composition in response to dietary changes
before it can influence the next level. We thus inter-
pret the isotopic evidence for elevated TPs of suspen-
sion-feeding zooplankton in Opal as providing a
unique perspective on the early response (i.e. predat-
ing our direct experimental observations) of an oligo-
trophic open-ocean food web to a major nutrient
input perturbation.

Using Oncaea spp., a strongly aggregate-associa -
ted copepod genus (Steinberg et al. 1994, Ohtsuka et
al. 1996, Green & Dagg 1997), as an indicator organ-
ism, CSIA-AA also suggests a potentially important
role of detritus feeding in explaining the elevated TP
response to Opal’s diatom bloom. Oncaea spp.
showed by far the largest TP change (1.5 steps for
TPAla; Figs. 5 & 6; Table S2) of all taxa analyzed, with
TP estimates similar to suspension feeders (i.e. Eu ca -
lanus, appendicularians, Oithona and M. clausii, Fig. 5)
outside of the eddy, but with higher TPs, comparable
to carnivorous taxa, inside of the eddy. This result
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suggests that aggregates were local sites of elevated
microbial food-web activity and isotopic enrichment.
Consistent with this ΔTP of Oncaea spp., other stud-
ies have indicated elevated rates of remineralization
in the 100−150 m depth within the eddy, based on
234Th (Maiti et al. 2008), and δ15N of particulate nitro-
gen (Mahaffey et al. 2008). Enhanced δ15N of partic-
ulate nitrogen could have resulted from the higher
input of heavy nitrate sources, but re-working (alter-
ation with respect to the baseline) of AAs by micro-
zooplankton (Décima et al. 2017) or bacteria (Calleja
et al. 2013) likely plays a role altering 15N values,
including those of source AAs. Detrital feeding could
well be an important contributor to their observed
isotopic enrichments in the eddy, assuming that all
suspension-feeding taxa include at least some detri-
tus in their diets (Steinberg et al. 1994, Möller et al.
2012).

Enhanced δ15N in Gly, Lys and Thr follow the same
pattern of particulate nitrogen (Fig. 8), although the
pattern was only significant for Thr (Kruskal-Wallis,
p < 0.05) where isotopic values were enhanced inside
Opal at depths >50 m (Mahaffey et al. 2008). Some of
this pattern may be related to enhanced delivery of
nitrate, but remineralization cannot be ruled out.
Calleja et al. (2013) found that Gly was highly and
consistently altered, compared to the phytoplankton
source material, through bacterial processes. Metab-
olism of Thr is complex, displaying both source and
trophic characteristics and making the interpretation
of shifts in its δ15N difficult. It has thus been classified
as a ‘metabolic’ AA, outside of source and trophic de -
finitions (Germain et al. 2013). However, the degree
of dissimilarity in Thr does suggest metabolic activ-
ity, potentially linked to microbial activity (Fig. 8).
These multiple lines of evidence support the conclu-
sion that remineralization and microbial activity
were substantially elevated along with production in
Opal, further rejecting our original hypothesis that
nutrient injection into an oligotrophic system ap -
proximates the conditions and/or the food web of a
eutrophic system.

While issues related to the CSIA-AA methodology
could have contributed to our results, we consider
their effects less likely than those described above.
There is ample evidence that the TEFs used to esti-
mate TPs can vary with TP (Hoen et al. 2014), diet
(McMahon et al. 2015), laboratory versus field esti-
mates (McClelland & Montoya 2002, Bradley et al.
2015) and type of organism (Lorrain et al. 2009, Dale
et al. 2011, Gutiérrez-Rodríguez et al. 2014). For
example, when fed a monoalgal herbivorous diet in
controlled laboratory experiments, Calanus pacificus

had higher TEFs (TEFGlu = 7.6, TEFAla = 6.1) than on
a diet of protistan microzooplankton (TEFGlu ~ TEFAla

~ 5) (Décima et al. 2017). To reflect mixed diets and to
be consistent with other recent studies (Bradley et al.
2015, Nielsen et al. 2015), we used intermediate and
proportionally lower (1.5‰/1.2‰) values of TEFGlu =
6.1 and TEFAla = 4.5 than those of Chikaraishi et al.
(2009). If TEFs in the field were higher inside the
eddy than outside, our resulting TP calculations
would have been more similar for In and Out analy-
ses. However, using higher TEFs inside the eddy
would also have produced unrealistically low TP esti-
mates (<2.0) for Eucalanus sp. Overall, while there is
still a need to be cognizant of such effects, there is
 little specific evidence that points to TEF variability
as a significant issue for interpreting results of the
present study.

Additional methodological issues related to preser-
vation deserve consideration as well. Samples had
been preserved in formalin for 3 yr prior to sorting
and analyses. Early studies have shown that the iso-
topic signatures of bulk nitrogen of zooplankton do
not change appreciably, even after 2 (Mullin et al.
1984) to 11 yr (Rau et al. 2003) of formalin preserva-
tion, and this was subsequently confirmed for AA
analyses (Hannides et al. 2009, Hetherington et al.
2019). All samples experienced similar times and
conditions of preserved storage, sorting and isotope
analyses. Because of this, we assume that these
CSIA-AA results can at least be compared in a rela-
tive sense and do not bias our main conclusions.

4.2.  Taxon-specific responses to the bloom
 perturbation

Zooplankton taxa displayed very different respon -
ses to the diatom bloom in Opal. Oncaea spp. and
Eucalanus sp. were among the taxa whose abun-
dances increased substantially, Eucalanidae, in par-
ticular, being 15 times more abundant inside the
eddy than outside (Fig. 4). As previously noted, On -
caea spp. showed the strongest isotopic enrichment
and TP change (+1.5) of all analyzed taxa, which pre-
sumably reflects their feeding on active microbial
communities on particle aggregates. Oncaea spp.
also had the lowest δ15N values for Phe (−5‰), which
would suggest an N source based strongly on recyc -
ling of light N (metabolic fractionation). In contrast,
Eucalanus sp. had the lowest TP estimate (2.0), which
is assumed to reflect its almost exclusive feeding on
large diatoms in the lower euphotic zone (70−90 m).
This is consistent with Eucalanus sp. having the
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highest δ15N value for Phe (+3.5‰), indicating that
upwelled deep nitrate contributed more to the source
N supporting the food web to this species than to
 others, and consistent with higher δ15N of deep par-
ticulate nitrogen inside Opal (Mahaffey et al. 2008).
As reported by Landry et al. (2008b), the adult
Eucalanus analyzed in this study are believed to be
E. spinifer, relatively large animals of the E. hyalinus
group (Goetze 2005). The Eucalanus copepodites
analyzed are more likely a mixture of co-dominants,
including Subeucalanus subtenuis and Subeucala -
nus subcrassus. While the copepodites had high δ15N
Phe, similar to the Eucalanus adults, their mean TP
was substantially higher, suggesting stronger, per-
haps selective, feeding on protistan microzooplank-
ton (TPAla).

Mecynocera clausii (cruising suspension-feeder)
and appendicularians both had similar and inter -
mediate values of TPGlu (<2.4) and δ15N Phe com-
pared to Oncaea spp. and Eucalanus sp. Neither
showed much of a change in source N in the eddy,
with appendicularians increasing slightly and M.
clausii decreasing in the eddy to almost the same
δ15N Phe. This suggests to us that their population
centers were most likely in the upper mixed layer
where the observed eddy simulation effects were
primarily an increase in the turnover rate of the
ambient phytoplankton community (increased cou-
pled production, grazing and remineralization) and
enhanced productivity and biomass of protistan
microzooplankton. M. clausii did, in fact, display a
strong TPAla increase in the eddy, consistent with a
disproportionate dietary input of microzooplankton.
Appendicularians showed much less of a TPAla

increase, which likely results from a feeding appa-
ratus optimized for consuming very small particles,
from a few microns to submicron-sized particles
(Flood et al. 1992, Flood & Deibel
1998), allowing larger microzooplank-
ton, like ciliates, to evade being en -
trained and captured on their mucus
houses. Active capture by copepods, in
contrast, would allow more efficient
consumption of larger microzooplank-
ton. In this regard, Oithona spp., small
ambush predators of microzooplank-
ton, had isotopic characteristics also
identical to M. clausii inside Opal. On
this basis, we would also put Oithona
spp. as mainly in the mixed layer stra-
tum, although we have no comparative
isotopic measurements for that taxon
outside of Opal.

As previously indicated, the more carnivorous spe-
cies that we examined probably had insufficient time
in the eddy to come into isotopic equilibrium with
their prey. Migratory species like Pleuromamma may
also have moved in and out of the eddy as it was
being advected southward (Nencioli et al. 2008),
although the changes in their isotopic values in and
out of the eddy are similar to what we observed for
the carnivorous non-migrating copepod Euchaeta
rimana. While these factors make the magnitudes of
isotopic changes difficult to interpret for higher-level
consumers, it is clear that their trends are at least
similar to those of taxa closer to the base of the food
web.

4.3.  Implications for trophic niche separation of
Pleuromamma species

Co-occurring species of the strongly migrating
genus Pleuromamma have been used in previous
investigations of how congeners may partition the
open-ocean environment so as not to compete direct -
ly. For our study region in the subtropical North
Pacific, Ambler & Miller (1987) found that modal day-
and nighttime vertical distributions differed among 3
species, with females of P. gracilis occupying shal-
lower depth strata (300 m day, 25 m night), P. xiphias
occupying deeper strata (>400 m day, 100 m night)
and P. abdominalis occurring at intermediate depths
(100 m deeper than P. gracilis during the day,
50−75 m at night, Table 2). Haury (1988) found
broader distributional overlap among species in the
eastern Pacific, but his few samples (3 daytime, 1
nighttime) of finely resolved distributions from the
NPSG are generally consistent with the conclusions
of Ambler & Miller (1987) and provide additional
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Species Residence depth (m) Phe (‰) TPGlu TPAla

Night Day 

P. gracilis 1 25−75 300 0.1 ± 0.6 3.0 ± 0.2 4.3 ± 0.2
P. gracilis 2 25−75 300 −0.9 ± 0.6 3.1 ± 0.2 4.4 ± 0.2
P. abdominalis 50−75 400 1.7 ± 0.7 2.6 ± 0.2 3.2 ± 0.2
P. piseki 0−170 300 −2.9 ± 0.3 2.8 ± 0.2 4.2 ± 0.2
P. xiphias 50−200 >400 −1.9 ± 0.1 3.1 ± 0.04 3.7 ± 0.4

Table 2. Mean depths of occurrence, phenylalanine (Phe ‰) and trophic po-
sitions using glutamine or alanine as the trophic amino acid to estimate
trophic transfers (TPGlu and TPAla, respectively) for 4 Pleuromamma species
sampled outside of Opal. For P. gracilis, we ran 2 sets of samples (replicates
1 and 2), which show the natural ecological and baseline variability within
1 species. Estimates of day and night residence depths are from Ambler & 

Miller (1987) and Hayward (1980)



Décima & Landry: Plankton food-web resilience

information on P. piseki, which overlaps with P. gra-
cilis during the daytime but is more uniformly distrib-
uted throughout the euphotic zone (upper 170 m) at
night than any of the other species (Table 2). Despite
these apparent distributional differences, Hayward
(1980) observed that feeding indices, measured as
relative gut fullness, covaried positively among all
species for all scales of spatial and temporal variabil-
ity, failing to reveal the circumstances where individ-
ual species might have an advantage over the others.
We therefore asked here whether differences in
source N and trophic AA enrichment from CSIA-AA
might provide new insights into possible trophic dif-
ferences that set these species apart.

According to our results for Pleuromamma species
outside of the eddy (where we sampled all 4 species),
P. gracilis had source and trophic AA characteristics
that were most like those of E. rimana, a known car-
nivore in the upper euphotic zone (Ambler & Miller
1987). TPGlu values of both are slightly greater than
3.0, a signature of direct predation on other meta-
zoans. In addition, their TPAla values both point to
food-web pathways with an additional >1 trophic
transfer steps through protistan microzooplankton
(Fig. 5; Table S2). At the other end of the trophic
spectrum for Pleuromamma species, P. abdominalis
shows a TPGlu that is 0.5 less than P. gracilis, and a
full trophic level less in TPAla. This indicates a diet
that has a greater phytoplankton contribution com-
pared to P. gracilis (i.e. more omnivorous). In addi-
tion, their nighttime distributions coupled with the
higher δ15N Phe of P. abdominalis and P. gracilis
 suggest that both of these species feed in a similar,
shallower stratum, with 15N of particulate organic
matter (POM) particles suggesting depths of 20−50 m
(Mahaffey et al. 2008).

The 2 remaining species are deeper dwelling, and
their depleted Phe values suggest they feed at depths
between 50 and 100 m (Table 2), assuming the base-
line Phe 15N follows the same pattern as bulk POM
(Mahaffey et al. 2008), albeit with lower isotopic con-
tent (Hannides et al. 2013). P. piseki appears to have
dietary characteristics similar to P. gracilis, with
strong feeding on both metazoan and protistan
micro zooplankton prey. P. xiphias, the deepest-living
species, also exhibits comparably high carnivorous
feeding on metazoan prey (TPGlu ≥3) as P. gracilis and
E. rimana, but exploits a food web with 0.7−0.8 fewer
trophic steps (TPAla − TPGlu = 0.5 versus 1.2−1.3)
through protistan consumers, although consumption
of detritus cannot be discounted. Such conditions
might exist, for example, for small metazoans that
feed primarily on phytoplankton in the deep chloro-

phyll maximum, which in stations outside of the eddy
coincided with depleted δ15N bulk POM values at
depths of 80 and 120 m (Mahaffey et al. 2008).

While these speculations about possible feeding
niche differences among co-occurring Pleuromamma
species would need to be confirmed in a more de -
tailed and focused study, perhaps done in conjunc-
tion with molecular analyses of gut contents, they
illustrate that substantial variability exists among
similar species and the underlying food webs in the
open ocean, and the potential of isotopic approaches
to interpreting these differences.

4.4.  Plankton community variability and resiliency
in the NPSG

In a multi-year study of zooplankton collected at
Station ALOHA, Hannides et al. (2009) found notable
seasonal variability in the baseline N, a 6‰ range in
Phe δ15N values indicative of a system shift from
nitrate-based productivity in winter to diazotrophy-
based production in summer, although the calculated
TPs (TPGlu) of individual species remained relatively
constant overall. The diatom bloom perturbation in
Opal was a much stronger test of the system’s ability
to restructure and capitalize on a major productivity
event. Interestingly, while we did observe enhanced
grazing by mesozooplankton on phytoplankton, at
least during the late bloom phase, this did not result
in a weakening of the trophic link between microzoo-
plankton and mesozooplankton.

Enhanced TPAla of particle-feeding zooplankton
(Figs. 5b & 6) suggests that mesozooplankton con-
sumption of microzooplankton increased dispropor-
tionally in the eddy or that the microzooplankton
food chain was lengthened. While these 2 alterna-
tives or combinations thereof cannot be distin-
guished with the available data, Eqs. (7) and (8) can
be used to determine different combinations of mean
microzooplankton TPμzoo (TP) and DFμzoo (dietary
fraction or fractional contribution of microzooplank-
ton to mesozooplankton diet) that are consistent with
the data. Using Eucalanus copepodites (‘In’, TPAla =
3.1, TPGlu = 2.2) as an example of particle-feeding
mesozooplankton (Fig. 5), Eq. (7) with TPGlu = 2.2
indicates that metazoan prey comprise 20% (0.2) of
dietary N while the combination of phyto- and micro-
zooplankton accounts for the remaining 80% (0.8).
Inserting these results into Eq. (8) leads to TPAla = 3.1
± 0.5 (Fig. 5b), with the error from the standard devi-
ation of TPAla (Fig. 10). The values of 2.0, 2.5, 3.0 and
3.5 for TPμzoo imply microzooplankton proportional
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contributions of 0.86, 0.57, 0.43 and 0.34, respec-
tively, to the diets of Eucalanus cop. (Fig. 10). An
interesting conclusion from this exercise is that it was
unlikely that any microzooplankton with TP = 2 were
being consumed by Eucalanus cop. (or other suspen-
sion-feeding mesozooplankton by implication), since
this would not indicate any consumption of phyto-
plankton (Fig. 10). Direct consumption of phyto-
plankton by Eucalanus is supported by the TP of
adult specimens (TP = 2), their high abundance in the
eddy (Fig. 9) and measurements of enhanced grazing
by the mesozooplankton community (Landry et al.
2008b), which supports additional trophic steps in the
microzooplankton food web. Using the measured
CSIA-AA values and assuming an average microzoo-
plankton TP of 3.0 (assuming 1 flagellate to ciliate
step, Landry et al. 2008b), metazoan prey contributed
0.2, protistan microzooplankton 0.43, and phyto-
plankton 0.37 to the diet of a particle-feeding zoo-
plankter within the eddy (copepodites, in this case).
However, while this is a likely scenario, there is a
range of possible combinations with these measure-
ments (Fig. 10). The mean TP of microzooplankton
is clearly important in determining these dietary
 percentages, as the phytoplankton contribution de -
creas es proportionally with increasing TPμzoo.

In general, our CSIA-AA results for multiple spe-
cies suggest a disproportionate time-averaged in -
crease in N flow-through microbial processes rela-
tive to direct feeding on phytoplankton. A strongly
stimulated microbial food web was the primary eddy
effect on the mixed-layer community, and even the
microzooplankton grazing impact on large diatoms
inside Opal (58% of their production) was similar to
microzooplankton grazing on the ambient phyto-
plankton community (59% of production) outside of
the eddy (Landry et al. 2008a). This suggests that
while plankton systems can be characterized based
on their rates of nutrient supply (e.g. Legendre &
Rassoulzadegan 1995), short-term changes in nutri-
ent inputs do not necessarily alter the dominant
trophic pathways in a dramatic fashion. Similarly,
Calbet & Landry (2004) observed surprisingly little
difference among open-ocean to coastal and tropical
to polar ecosystems in terms of the mean proportions
of phytoplankton productivity consumed by micro-
zooplankton. Rapid growth rates and trophic flexibil-
ity of protistan microzooplankton apparently allow
the microbial community to reorganize quickly to
bloom perturbations such that this portion of the food
web is relatively resilient to change.
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