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ascertain information on ecological strategies of these species and on differential accumulation of
dietary and modi � ed fatty acids in the wax ester and triacylglycerol storage lipid components of these
copepods in relation to their vertical distributions around the oxygen minimum zone. Additional data on
phospholipid fatty acid and sterol/fatty alcohol fractions were also generated to obtain a comprehensive
lipid data set for each sample. Rhincalanus spp. accumulated relatively large amounts of storage lipids
(31–



Henderson, 1986). Storage lipids, particularly WEs, appear to be
formed from a combination of direct incorporation of dietary fatty
acids, incorporation of modi � ed dietary fatty acids, and de novo
biosynthesis and esteri � cation of fatty acids and alcohols ( Graeve
et al., 2005; Graeve et al., 1994a; Kattner and Hagen, 1995; Sargent
and Falk-Petersen, 1988). As high-latitude copepods generally have
the highest total lipid content, as well as the largest proportion of
storage lipid, the vast majority of copepod lipid studies have
examined high latitude or temperate species. Such information on
lipid content can be particularly useful to investigate food sources,
diet, and trophic position of the studied copepods (e.g., Brett et al.,
2006; Escribano and Pérez, 2010; Falk-Petersen et al., 2002; Graeve
et al., 1994b; Pond et al., 1995 ). To our knowledge, there are only
two published papers on copepod lipid pro � les in equatorial
systems (latitudes lower than 20 1) (Cass et al., 2011; Schukat
et al., 2014), and only a few papers have examined copepod lipids
in detail for latitudes lower than 40 1 (Escribano and Pérez, 2010;
Håkanson, 1984; Lavaniegos and López-Cortés, 1997; Lee and Hirota,
1973; Lee et al., 1971a; Saito and Kotani, 2000; Schnack-Schiel et al.,
2008; Sommer et al., 2002 ).

Members of the copepod family Eucalanidae (genera: Rhinca-
lanus, Eucalanus, Subeucalanus, and Pareucalanus) occur through-
out the world's oceans ( Bradford-Grieve et al., 1999; Goetze, 2003;
Grice, 1962; Lang, 1965). These species, including those inhabiting
latitudes below 40 1, often have visible storage lipid sacs ( Lee et al.,
2006; Lee and Hirota, 1973 ), with total lipid content of 5 –69% of
dry weight, of which storage lipids usually comprise 4 40% of total
lipids ( Cass et al., 2011; Flint et al., 1991; Lee, 1974; Lee and Hirota,
1973; Lee et al., 1971a; Morris and Hopkins, 1983; Ohman, 1997;
Schnack-Schiel et al., 2008). It is not known why these copepods
accumulate such large amounts of lipids, although some eucala-
noid species in highly seasonal environments or upwelling sys-
tems have been found to undergo diapause or seasonalno oran,c
(



2.2. Copepod collection and measurement

Copepods included in lipid samples were collected at both the
Tehuantepec Bowl and Costa Rica Dome using bongo tows, Tucker
trawls, and MOCNESS (Multiple Opening/Closing Net and Environ-
mental Sampling System) ( Wiebe et al., 1976 ) tows in the upper
300 m of the water column. Copepods were collected from their
respective depths of maximum abundance as determined by the
MOCNESS (data courtesy of K. Wishner). Adult female Subeucala-
nus subtenuis and Pareucalanus attenuatus were targeted in the
upper 50 m, while Rhincalanus rostrifrons and R. nasustuswere
primarily collected in the 200 –300 m range (for further informa-
tion on Rhincalanus spp. collection, please see Cass et al. (2011)).
Eucalanus inermisadult males were collected from the upper 50 m
and adult females were collected from both the upper 50 m and
200–300 m depths (designated as shallow and deep individuals,
respectively). Due to variations in abundance and spatial distribu-
tion between years, adult female R. nasutuswere only collected in
2007 and adult female P. attenuatus were only collected in 2008.
During both years, the Costa Rica Dome tows contained a wider
diversity of the target species. Therefore, copepods used for these
analyses were primarily collected at the Costa Rica Dome station.
Exceptions to this include the S. subtenuissample from 2007 and
the E. inermis male, P. attenuatus, and S. subtenuissamples from
2008, where copepods collected at both stations were pooled to
obtain the number of individuals needed for the lipid sample.
E. inermis females from the upper 50 m in 2007 were all collected
at the Tehuantepec Bowl.

Immediately after capture, copepods were sorted and individuals
of each species were separated into small vessels containing 0.2 � m
� ltered seawater at in situ temperature and held for approximately
3–12 h to allow them to empty their guts. All individuals were frozen
in cryovials at � 80 1C on board the ship and in land-based laboratory
facilities. After both cruises, samples were shipped in dry ice between
the port and the University of South Florida to ensure appropriately
low storage temperatures were maintained.

Prior to lipid extraction, individuals were thawed and quickly
measured for total and prosome length (in mm). Length ( l), width ( w)

and height ( h) dimensions were also recorded for visible lipid sacs
and the volume of each lipid sac was estimated using the equation
for an ellipsoid ( V¼(4/3) n� n(h/2)n(w/2) n(l



converted to trimethylsilyl-ethers (TMS-ethers) using BSTFA
(N, O-bis(trimethylsilyl)tri � uoro-acetamide) and pyridine.

Samples were analyzed on a GC (Agilent 6890 gas chromato-
graph with an FID detector) or GC/MS (Agilent 6890 gas chroma-
tograph coupled to an Agilent 5793 mass spectrometer). FAME
fractions were run on a Restek RTX-WAX column, while TMS
ethers were analyzed using a J&W DB-XLB column. Internal
standards of methylnonadecanoate for FAMEs and 5- � (H)-choles-
tane for the TMS ethers were added to each sample prior to
injection on the GC. Identi � cation of compounds was accom-
plished using mass spectra and retention times. Total lipid mass
and percent mass of each lipid class or compound were calculated
by summing identi � ed lipid compounds in all or relevant fractions.

Detailed fatty acid, sterol and alcohol pro � les have been
reported previously for Rhincalanus spp. analyzed as part of this
study ( Cass et al., 2011). However, their results are reported again
as part of this paper in order to create a full comparison among the
different eucalanoid genera present within the ETNP.

2.5. Statistics

Cluster analyses were performed using PRIMER 6 to examine
relative similarity between samples. Resemblance matrices for
fatty acid, alcohol or sterol pro � les of samples were generated
using Euclidian distance calculations performed on data seta sets



where each lipid component was represented as % mass of total
fatty acids, alcohols or sterols within the lipid fraction of interest.

3. Results

3.1. Copepod storage Lipids

Storage lipid (WE and TAG) accumulation patterns varied
among different genera ( Table 1). Eucalanus inermis and Subeuca-
lanus subtenuis accumulated primarily TAGs ( Z 90% of storage
lipid [TAG þ WE], 13–75% of total lipid). In contrast, the two
Rhincalanus species stored almost exclusively WEs ( 4 90% of
storage lipids, 86 –97% of total lipids). Pareucalanus attenuatus
similarly tended towards WE accumulation (84% of storage lipid,
41% of total lipid), but also biosynthesized a considerable propor-
tion of TAG (16% of storage lipid, 8% of total lipid).

Overall, lipid sacs were smallest in S. subtenuisand P. attenuatus
(median sizes of 0 –2 � 10–3 mm 3) and largest in Rhincalanus spp.
(55–64 � 10–3 mm 3), with E. inermis occupying an intermediate
range (7–30 � 10 � 3 mm 3) (Table 1). Similar trends held when
volumes were converted to mass and corrected for the weights
of each individual, with average storage lipid levels estimated at
0 � 1% of DM for S. subtenuis and P. attenuatus, 2–9% DM for
E. inermis, 31%DM for R. nasutusand 54–80%DM for R. rostrifrons.

Rhincalanus spp. had only small amounts of non-storage lipid,
with sterols (0.6 –4.7%), FFAs (1.5–2.6%), PLs (0.4–1.8%) and free fatty
alcohols (0.1–1.0%) each comprising o 5% of the total lipid ( Table 1).
E. inermis, P. attenuatus,and S. subtenuishad lower total storage
lipids, so other non-storage fractions comprised a larger proportion
of total lipids. Storage lipids in E. inermis, P. attenuatus, and
S. subtenuiswere still the most abundant form of lipids, although
lower proportionally than for the other species (13 –76%), followed
by FFAs (11–54%), sterols (5–49%), PLs (2–30%) and free fatty



alcohols ( o 1.0%). The amount of each type of lipid class was highly
variable within species and years, and no consistent patterns were
observed interannually. Generally, samples with lower percentages
of storage lipid had higher percentages of FFAs, likely due to
autolysis of PL, TAG, and WE fatty acids following the death of
animals or during the freeze –thaw cycle during sample processing
(Ohman, 1996). However, it is unlikely that such degradation would
have preferentially mobilized speci � c fatty acids within each lipid
class and, therefore, the reported fatty acid relative abundances
within lipid classes should be representative of initial conditions
prior to any degradation ( Sasaki and Capuzzo, 1984).

Euclidean distance matrices rev ealed that WE and TAG fatty acid
pro� les within single samples were usually distinct from each other
(Fig. 3). E. inermis, S.subtenuis, and P. attenuatussamples had distances
4 24 units between the fatty acids of the two lipid classes. R. nasutus
had a slightly higher similarity (distance of 23 units). R. rostrifrons
showed the most consistency (distances of 12 –19 units) between the
lipid fractions. Given these differences, WE and TAG pro � les will be
discussed separately.

Cluster analyses indicated that TAG lipid pro � les fell into three
different groups of samples having distances of o 20 units within the
groups: R. nasutus, R. rostrifrons,and a � nal group containing all
E. inermis, P. attenuatus, and S. subtenuissamples (Fig. 3). R. nasutuswas
characterized by high 18:1( n� 9) (25%), 16:1(n� 7) (17%), 18:0 (11%),



pro� les: the two chlorophyll maxima samples (38 and 28 m in
2007 and 2008, respectively), the two deepest samples in 2007
(260 and 325 m) and the two deepest samples in 2008 (264 and
540 m) ( Fig. 3). Major fatty acids for the chlorophyll maxima group
included 16:0 (23 –30%), 14:0 (13%), 16:1(n � 7) (9–11%), 22:6(n � 3)
(7–13%), 18:0 (4–8%), 18:1(n � 9) (4–5%) and 20:5(n � 3) (4%)
(Table 4). Deep samples from 2007 had primarily 18:0 (42 –53%)
and 16:0 (27 –33%) fatty acids with smaller amounts of 18:1( n � 9)
(5–7%), 16:1(



low overall alcohol content and erratic accumulation patterns.
Within the Pareucalanus and Rhincalanus genera, each species
showed very different fatty alcohol accumulation patterns, with
distances of 4 55 units between species ( Table 6). R. rostrifrons
accumulated primarily 18:1 (71%), 16:1 (24 –25%) and 16:0 (4� 5%)
fatty alcohols. R. nasutuspro� les only contained 16:0 (60%), 14:0
(31%) and 18:0 (8%) alcohols, while P. attenuatus had a more
general accumulation pattern, with 18:0 (29%), 18:1 (27%), 14:0
(18%), 16:1 (15%) and 16:0 (11%) being almost equally abundant.

Sterol pro � les among the copepods were highly similar,
with cholest-5-en-3 � -ol (75 –96%) and cholesta-5,22E-dien-3 � -ol
(3–25%) as the only sterols regularly observed at 4 1% of total
sterols (Table 7). Cluster analyses indicated that although sterols in
all copepods were generally similar (distances of o 30 units
between all samples), three different groups of copepod samples
emerged with distances of o 10 units within groups. One group
was comprised of R. rostrifrons (cholest-5-en-3 �



in deeper water in this region. Increased POC concentrations were
observed at our sampling locations at depths near the lower OMZ
edge (S. G. Wakeham, unpublished data) and similar increases
have been observed previously in this region at depths near the
lower oxycline ( Wishner et al., 1995 ). It is currently thought that
high abundances of E. inermisbelow the surface layer (deeper than
200 m) represent an ontogenetic migration, although the occur-
rence of such a migration may vary temporally and spatially
(Wishner et al., 2013 ). However, adult E. inermis females are found
simultaneously in both deep and shallow regions ( Wishner et al.,
2013), making uncertain the role of the migration or cues

associated with its start and/or termination. Also, a range of life
stages of E. inermisare found in the shallow waters ( Wishner et al.,
2013), indicating non-synchronous reproduction by adults. Given
the major differences between shallow and deeper-water PM
(Table 4), it seems unlikely that E. inermis actively feeds at depth,
as their TAG pro� les would then re � ect a different feeding history
than their shallow-water conspeci � cs. The high similarities in TAG



providing further support for a common food source for indivi-
duals found at all depths. Overall, this suggests feeding near the





food sources (Brett and Müller-Navarra, 1997 ), this suggests that a
higher proportion of unmodi � ed dietary fatty acids occur in TAGs.
Similarly, for all copepod species, TAG pro � les were more similar
than WE pro � les to available PM, suggesting a larger dietary
component within the TAG fraction.

4.4. Non-storage lipid fractions

Sterol pro � les were relatively similar between these � ve
different copepod species. Their pro � les were dominated by
cholest-5-en-3 � -ol and cholesta-5,22E-dien-3 � -ol, suggesting that
sterol composition is highly regulated. This likely is due to cholest-
5-en-3 � -ol having many important functions in cellular mem-
branes, including stabilizing membrane structure, affecting mem-
brane permeability and altering the activity of membrane proteins
(Crockett, 1998). Such speci� c sterol compositions are probably
attained through preferential retention of dietary cholest-5-en-3 � -
ol and other dietary phytosterols (e.g., 24-methylcholesta-5,22E-
dien-3 � -ol and 24-methylenecholesterol) that can be easily deal-
kylated to cholest-5-en-3 � -ol, and subsequent conversion of
assimilated sterols to needed forms ( Goad, 1978; Harvey et al.,
1989; Teshima, 1971 ). One major difference between the sterol
pro� les reported in this study versus previous work is the absence
of cholesta-5,24-dien-3 � -ol (desmosterol), which is often the
second most abundant sterol found in zooplankton ( Harvey
et al., 1987; Mühlebach et al., 1999; Serrazanetti et al., 1992;
Serrazanetti et al., 1994 ). Cholesta-5,24-dien-3 � -ol is usually
thought to occur because it is an intermediate in the conversion
of dietary phytosterols to cholest-5-en-3 � -ol ( Goad, 1978). These
studies have all occurred at temperate or polar latitudes, where
seasonal phytoplankton blooms contribute to available food.
Microplankton counts at our study site indicated that hetero-
trophic organisms were major components of available prey
(Olson and Daly, 2013). Therefore, heterotrophic prey were likely
to be common in the diet, resulting in lower amounts of phytos-
terols for conversion. It is also possible that these copepods have a
more ef � cient or rapid conversion of ingested phytosterols to
cholest-5-en-3 � -ol, such that cholesta-5,24-dien-3 � -ol was not
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