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ABSTRACT. Pelagic decapods were collected dur-
ing October 6-12, 2004 off the southwest coast of
Oahu Island, Hawaii. Samples were collected using
various micronekton sampling gears in the shallow back-
scattering layer (SSL, 0-120 m) at night and deep
backscattering layer (DSL, 500-700 m) during both
day- and nighttime. Three different gears were used,
allowing a wide range of macrozooplankton and mi-
cronekton to be sampled: a 3 m? (mouth opening) Isaacs-
Kidd Midwater Trawl with a 5 mm mesh size, a 4 m?
Hokkaido University Frame Trawl with a 3 mm mesh
size, and a 140 m? pelagic Cobb trawl with a mesh size
narrowing to 10 mm at the cod end. A total of 30
decapod taxa were identified. Amongst the 22 species
with sufficient representation, three migration groups
were identified: full migrators (27% of all species),
partial migrators (59%), and non-migrators (14%). It
was found that decapod diet varied not only with size,
but also with taxonomic affinity. Diets of nine migrat-
ing decapod species mainly included small pelagic crus-
taceans: calanoid copepods, euphausiids, decapods, os-
tracods and amphipods, as well as fish, radiolarians,
chaetognaths and pelagic mollusks. Generally, there
was no significant overlap (<30% of diet similarity) in
the diet composition between various species. Howev-
er, on three occasions the dietary overlap exceeded
50% (up to a max 71%) in three species pairs: Notosto-
mus elegans and Oplophorus spinosus due fish con-
sumption; Sergia gardineri and S. scintillans due to
consumption of calanoid copepods, particularly Pleu-
romamma spp., and radiolarians; and finally Neoserg-
estes orientalis and Stylopandalus richardi due to prey-
ing upon crustaceans in general with the large copepod
contribution. All decapods fed more in the SSL at night
than in the DSL during the day or night. However,

feeding in the DSL was equal to 9.7-44.7% of feeding
in the SSL by weight. A significant, on average ~20%,
decapod feeding occurring at the daytime depth in
tropical gyres needs to be taken into account in current-
ly emerging biochemical models aiming to quantify
active downward carbon flux via migrating large plank-
ton. The question further arises whether such a pattern
holds true for decapods in other regions of the world
ocean and for other migratory species of macroplank-
ton and micronekton community which urgently re-
quires further studies.

PE3IOME. Ilenarmueckne KpeBeTKH ObLIH coOpa-
HbI B OKTs10pe 2004 1. B Tuxom okeaHe y 10ro-3amajiHo-
ro nodepesxbs octpoa Oaxy, ["aBaiin. s coopa mak-
POIJIAaHKTOHA U MUKPOHEKTOHA B TOBEPXHOCTHOM 3BY-
kopaccenBaroreMm cioe (I13C, 0—120 m) B HOYHOE Bpe-
Ms 1 TITy0OKOBOTHOM 3ByKopaccensatomieM cioe (I'3C,
500-700 M) B AHEBHOE W HOYHOE BPEMs HCIOIH30Ba-
HBl pa3lU4HbIe Opyaus JoBa: Tpan Aiizexca-Kumna,
ceTb YHHUBepcuTeTa XOKKai0 U Mmelaruyeckuil Tpaj
Ko06a. B ynoBax obnapyxeHo 30 BHIOB meiarmdec-
KuxX KpeBeTok. Cpenn 22 penpe3eHTaTHBHO 0OJIOBIICH-
HBIX BUZOB 27% OBLTH aKTHBHBIMH MHTpaHTaMH, 59%
— YaCTUYHBIMU MUTPaHTaMu U 14% BHUIOB HE MUTPH-
poBanu. BBIIO yCTAaHOBIEHO, YTO COCTaB MHUINH
Decapoda 3HaunTenbHO BapbupoBail. JIeBsiTh MUTPH-
PYIOIUX BUJOB KPEBETOK MUTAINCh B OCHOBHOM MeEJI-
KHMH TIE€TarnIeCKUMH pakooOpa3HBIMU: BECIIOHOTHMH
paukamu, 3B(ay3unaamu, AEKarnoaaMH, OCTPaKOIaMU
1 aMpUIOAaMH, a TakKe PHIOOH, PaTHOISIPUIMH, Xe-
TOTHaTaMU U IeNaruyecKuMH Mosutiockamu. Kak mpa-
BIJIO, CXOJICTBO B COCTaBE MOTPEOIEHHON MHIIM MEX-
Jly pa3iuuHbIMU BUIaMu He npesbimaio 30%. Oanako
B TpeX CIIydasX CXOJCTBO MUIIH mpeBbiciiio 50% (1o
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71%): mexny Notostomus elegans u Oplophorus
spinosus 3a CYeT MOTPEOJICHUS PBIOBL; MEXKIY Sergia
gardineri n S. scintillans n3-3a TOTPEOICHNUS BECIOHO-
TUX PavyKoB, B YacTHOCTH Pleuromamma spp., U pa-
TIMOJIIPU; U HAaKOHEI, Mex1y Neosergestes orientalis
u Stylopandalus richardi n3-3a nuTaHus pakooOpas-
HBIMH B I[EJIOM, HO C OOJBIION JT0JICH BECIOHOTHX pad-
KOB. Bce kpeBeTkr muTamuch 0ojiee MHTEHCHBHO HO-
ypio B [13C 1o cpaBHEHUIO C MUTAHWEM B TCUCHHE JTHS
i Houn B [ 3C. OmHako BECOBBIE MHAEKCH HAIIOJIHE-
Hus xenyakoB B ['3C coctasmsiiu 9,7-44,7% ot Tako-
BoiX B [I3C. Oty 3HauurtenbHylo, B cpeaneM ~20%,
JTOJTFO MTOTPCOJICHNUS MUK Ha TITyOWHE B TCUCHHE JTHS B
TPOMUYCCKUX KPYTOBOPOTAX HEOOXOAUMO MPUHUMATH
BO BHUMaHHE B OMOXHMHYECKHX MOJCIIX MHpPOBOTO
OKeaHa /s 0oJiee TOYHOI OIEHKHM aKTHBHOTO ITOTOKA
YIJIEPO/A 3a CUET CYTOYHBIX MUTPALUil KPYITHOT'O TUIaH-
KTOHA. B HacTosmiee BpeMsi HEU3BECTHO HACKOJIBKO
TOYHO OIICHCHBI MPOTOPIIUU TOBEPXHOCTHOTO U TITY-
OMHHOTO THTAHUS IS MUTPHPYIONINX BHUIOB MaKpO-
IJIAaHKTOHA U MUKPOHEKTOHA B IpyruX paiioHax Mupo-
BOTO OKEaHa, M 3TO HACTOSTEIBHO TpeOyeT HaibHei-
LIUX UCCIIEA0BaHUM.

Introduction

Macroplankton and micronekton are of particular
ecological importance in the mesopelagic zone, where
they are one of the most conspicuous members of the
community and are also significant components of the
epipelagic zone after their nocturnal accent for feeding
[Longhurst et al., 1990; Longhurst, 1991; Brodeur,
Yamamura, 2005]. These groups are a primary food
source for a wide variety of nektonic species that are
commercially harvested, such as tuna, swordfish and
sharks, and abyssal/bathypelagic predators that migrate
up into the mesopelagic depth [Hunt et al., 2000;
Kaeriyama et al., 2004; Davison et al., 2013]. There-
fore, macroplankton and micronekton are a key link in
the food chain between mesozooplankton and the high-
er trophic levels linking surface and deep waters [Bro-
deur, Yamamura, 2005].

Pelagic decapods are an abundant and important
component of the micronekton community throughout
many regions of the world’s oceans [Maynard et al.,
1975; Hopkins et al., 1989; Flock, Hopkins, 1992]. In
the waters near Hawaii, the central North Pacific Sub-
tropical Gyre (NPSG), previous studies have shown
dendrobranchiate (penaeids and sergestids) and caride-
an shrimp to be the first and the fourth most abundant
micronekton groups respectively in deep (0 - 1200 m)
and shallow night time (0-400 m) tows [Maynard et
al., 1975]. Despite the high local abundance and func-
tional importance, limited information is available about
the diet or trophic role of pelagic decapods. While
several feeding ecology studies have been carried out
for pelagic decapod assemblages in the Atlantic and
Indian oceans [Foxton, 1970a, b; Foxton, Roe, 1974;
Donaldson, 1975; Fasham, Foxton, 1979; Roe, 1984,
Flock, Hopkins, 1992; Pakhomov et al., 1992; Hop-
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kins et al., 1994; Hopkins, Sutton, 1998], to date only
one community scale study addressing the feeding
ecology of pelagic decapods using presence/absence
indices in the NPSG has been completed and it cov-
ered only sergestid shrimps [Walters, 1976]. As the
NPSG is the largest ecosystem on the planet, and a
region being heavily studied by the Hawaii Ocean
Time-series (HOT) program [Karl, 1999], it is impor-
tant to gain further insight into the feeding ecology of
local pelagic decapods.

Not only is the diet of pelagic decapods in the
central NPSG poorly understood, but the effects of
their feeding coupled with diel migratory behavior has
not yet been studied. Diel migrants feed primarily in
the epipelagic, yet reside in both the epipelagic and
mesopelagic layers. Consequently, they transfer car-
bon to their mesopelagic resident depths through a
process known as the active carbon flux [Longhurst et
al., 1990]. Active flux attributed to migrant zooplank-
ton in various areas of the world’s oceans could be
significant compared to local gravitational (passive set-
tling) fluxes [Longhurst, Williams, 1992; Dam et al.,
1995; Le Borgne, Rodier, 1997; Steinberg et al., 2000,
2002; Al-Mutairi, Landry, 2001, Hidaka et al., 2001;
Davison et al., 2013].

Active carbon flux occurs when organisms con-
sume food primarily or entirely at shallow nocturnal
depths, but die, respire, excrete and defecate at all
depths [Longhurst, 1991]. If the food fueling these
fluxes is consumed only near the surface, there would
be a net downward transport of carbon [Longhurst,
1991], but if feeding was occurring equally at all depths,
there would be no net carbon transport. Previous esti-
mates of the active carbon flux were made under as-
sumption that the decapods were feeding exclusively in
shallow depths at night, with no feeding occurring in
the deeper daytime depths. Should this assumption prove
incorrect, current active flux estimates could potential-
ly be overestimates [Bianchi et al., 2013; Davison et
al., 2013].

A pronounced nocturnal feeding, with full stom-
achs in organisms caught near the surface at night, but
little or no food in the stomachs of organisms caught at
depth, has been observed for a range of plankton and
micronekton species [references below]. The study on
the diurnal feeding behaviour of four euphausiid spe-
cies in the central NPSG found that two strong vertical
migrators (Thysanopoda aequalis and T. monacantha)
showed some feeding activity during the day, while a
moderate migrator (7. pectinata) appeared to be con-
tinuously feeding throughout all depths and times [Hu,
1978]. In a study on the feeding behaviour of ten serg-
estid shrimp species near Bermuda, stomachs were ei-
ther equally full during the day and night or visibly not
empty during the daytime, implying a continuous feed-
ing over a 24-hour cycle [Donaldson, 1975]. Roe [1984]
calculated that daytime feeding of the shrimp Systelas-
pis debilis could account on average 27% for the night-
time feeding. Clearly the extent to which pelagic crus-
taceans and other micronekton groups feed diurnally
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depends strongly on the species being studied but it
appears to be common and poorly quantified [e.g. Hol-
ton, 1969; Roe, 1984; Roe, Badcock, 1984].

Most previous attempts to study diurnal feeding
have focused on changes in the mean stomach mass
throughout the day [Donaldson, 1975; Hu, 1978; Hay-
ward, 1980; Longhurst et al., 1989; Stuart, Pillar, 1990].
While this analysis can reveal the presence of noctur-
nal feeding, it has difficulty differentiating between
exclusive nocturnal feeding and feeding occurring at
all depths and times. This study examined diurnal chang-
es in prey composition as well as stomach mass in an
attempt to more accurately quantify the feeding occur-
ring at both shallow night time and deep daytime depths.
The aims were threefold: (a) describe the prey compo-
sition of the most abundant pelagic decapod species;
(b) quantify the distribution of feeding efforts across
time and depth; and (c) determine whether organism
size or taxonomy plays a larger role in the diet special-
ization.

Materials and Methods

Samples were collected in October 6—12, 2004 on
board the NOAA research ship Oscar Elton Sette dur-
ing the Micronekton Intercalibration Experiment in the
Pacific Ocean [Pakhomov, Yamamura, 2010] (Fig. 1,
also see sampling tracks in the insert). A total of 56
midwater trawl hauls were conducted off the southwest
coast of Oahu Island, Hawaii over bottom depths rang-
ing between 700 and 1200 m. Sampling was carried out
both at night (from 8:00 pm to 5:00 am local time) and
during the day (from 8:00 am to 5:00 pm), sampling
both the surface backscattering layer (SSL, ~0—120 m)
and the deep backscattering layer (DSL, ~500-700 m).
Three different gears were used, allowing a wide range
of macrozooplankton and micronekton to be sampled.
These included: a 3 m? Isaacs-Kidd Midwater Trawl
(IKMT) with a 5 mm mesh size, a 4 m? Hokkaido
University Frame Trawl (HUFT) with a 3 mm mesh
size, and a 140 m? pelagic Cobb trawl with a mesh size
narrowing to 10 mm near the cod end. The number of
samples collected with each gear in each depth range is
shown in Table 1. Trawls were not conducted during
the day in the SSL, due to the virtual absence of mi-
cronekton in this layer during daytime. Samples were
sorted into major taxonomic groups (decapods, eu-
phausiids, tunicates, fish, amphipods, copepods, sto-
matopods, etc.), and certain taxonomic groups (such as
fish and squid) were removed from the samples and
preserved separately for use in a separate study. All
decapods, as well as all macrozooplankton and meso-
zooplankton, were preserved in a 4-6% formalin sea-
water solution for further analysis in the laboratory.

In the lab, all decapods in the preserved samples
were identified to the species level. Of the 30 species
caught, only 9 were included in the dietary analyses
(Table 2). Of the species excluded most were simply
rare, some were too small to perform a meaningful
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Table 1. Number of trawls conducted at each depth, at each
time of day during October 6—12, 2004 off the southwest
coast of Oahu, Hawaii. SSL — shallow backscattering lay-
er, DSL — deep backscattering layer. IKMT — Isaacs-
Kidd Midwater Trawl, HUFT — Hokkaido University
Frame Trawl, Cobb — pelagic Cobb trawl.

Ta6muma 1. KoiaudecTBo TpajieHUiA, BHIOJIHCHHBIX HA TOW
WM MHOH TITyOUHE B ONpE/IeICHHOE BPEMs y FOT0-3ar1a/IHOro
nobepexbs 0. Oaxy (aBaiickue octpoBa) ¢ 6 1o 12 okTIOpst
2004 r. SSL — BepxHuii 3ByKkopaccenBatomuii cioit, DSL
— HIWKHHUH 3ByKopacceuBatomuit cioit. IKMT —
pasHorayOuHHbI Tpan Alizexca-Kumna, HUFT —
pamMouHbIif Tpan YHuBepcutera Xokkaiino, Cobb —
nenaruyeckuit Tpaa Ko6oa.

Gear SSL, nighttime DSL, nighttime | DSL, daytime
IKMT 1 1 6
HUFT 13 1 6
Cobb 8 3 6

quantitative gut content analysis using a dissecting mi-
croscope (e.g. Lucifer typus and Neosergestes conso-
brinus), while remaining were only sampled at one
depth or time and were not found at other depths and
times of day making impossible to analyze their diel
feeding patterns. For the species included in the analy-
sis, up to 75 individuals per species were analyzed,
with 15 individuals from each of 5 different depth-time
intervals. These included: (1) individuals caught in the
SSL during the early night, from 8:00 pm — 12:30 am
(Shallow EN), (2) individuals caught in the SSL during
the late night, from 12:30 am — 5:00 am (Shallow LN),
(3) individuals caught in the DSL during the early day,
from 8:00 am — 12:30 pm (Deep ED), (4) individuals
caught in the DSL during the late day, from 12:30 am —
5:00 pm (Deep LD), and (5) individuals caught in the
DSL at any point during the night, from 8:00 pm — 5:00
am (Deep E/LN).

Once decapods were identified to the species level,
their total lengths as well as mass were measured (to 1
mg). Total length was measured from the posterior
margin of the telson to the posterior edge of the orbit
using calipers with a precision of 0.1 mm. Stomachs
were removed and their fullness (as a percentage of
fullness) was estimated visually. Stomachs were then
opened, the food bolus was removed and its wet mass
was measured. Prey composition was determined
through visual analysis of the food bolus under a dis-
secting microscope.

Pelagic decapods use mandibular teeth to masticate
their prey into small pieces, so whole prey are rarely
found in their stomachs. However, the gears with the
finer mesh nets (IKMT and HUFT) caught potential
prey items, which were identified to the species level
when possible, dissected, and body parts of the taxo-
nomic importance photographed to facilitate prey iden-
tification to the lowest possible taxon. For example,
the molar process of the mandibles of euphausiids and
decapods tend to be species/genus specific and ap-
peared to be well preserved in stomachs even when the
softer body parts have been largely digested. Once the
prey items within an individual stomach were identi-
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Fig. 1. Map of the sampling area: insert shows actual tow tracks of trawls (Table 1) carried out off the southwest coast of Oahu Island,

Hawaii during October 6-12, 2004.

Puc. 1. Paiion cOopa npo6: BcTaBKa Moka3bIBaeT (haxTuueckue MapmpyTsl TpadeHui (Tabmuma 1) BHIIOIHEHHBIX y I0T0-3alaJHOTO
nobepexnst octpoBa Oaxy, ['aBaiickue octpoBa ¢ 6 mo 12 oktsadps 2004 r.

fied to the lowest taxonomic level possible, the visual
percentage contribution of each prey item to the over-
all food bolus volume, with a precision of 5%, was
estimated. In addition, the digestion stage of each prey
item was assessed according to the following scale: (1)
whole animal, virtually undigested; (2) body mostly in
one piece, appendages detached, some digestion of
soft parts visible; (3): soft parts mostly digested, entire
animal fragmented; (4): only hard parts identifiable,
soft parts largely digested; (5): a highly digested, uni-
dentifiable remains are found in the stomach. The food
bolus and the decapod were then oven-dried at 50 °C
for 24-72 hours and their dry mass determined using a
scale with a resolution of 0.01 mg.

To assess changes in the stomach fullness through
different depth/time intervals, the Stomach Fullness
Index (SFI) proposed by Hureau [1969], SFI (%) =

100 * FBDW/OrgDW, was used, where FBDW is the
food bolus dry mass in mg and OrgDW is the organ-
ism’s dry mass (mg). The SFI (as ratio only) was also
calculated for each decapod, and the mean SFIs at each
depth/time interval were compared using an ANOVA,
with a p-value lower than 0.05 indicating a statistically
significant difference in SFI at one of more depth/time
intervals.

Prey composition for each decapod species was
calculated in terms of the mean dry mass (ug) of each
prey item found in the stomachs. Mean prey dry mass
was calculated by multiplying the FBDW by the per-
centage contribution of this prey item to the overall
food bolus volume. This assumed that all prey items
have the same density, which might not be the case.
This was however the best compromise since it was
impossible to accurately measure the dry mass of indi-



Feeding ecology of pelagic decapods in the North Pacific Subtropical gyre 321

Table 2. Pelagic decapod species composition and species used for diet analyses caught during October 6—12, 2004 off the

southwest coast of Oahu, Hawaii.

Tabnuia 2. BumoBoii coctaB menarnueckux BuaoB Decapoda M BHIBI, HCITONB30BAHHBIC IS aHAKM3a COCTABA THIIH B X0/
TpPaNoBEIX paboT y 1oro-3anagHoro nodepexss o. Oaxy (I'aBaiickue oc nTposa) ¢ 6 mo 12 okTs16pst 2004 1.

Species Family Diet analysed Number of stomachs

Gennadas bouvieri Kemp,1909 Benthesicymidae No 0
Gennadas tinayrei Bouvier, 1906 Benthesicymidae No 0
Lucifer typus H. Milne Edwards, 1837 Luciferidae No 0
Nematocarcinus sp. Nematocarcinidae No 0
Acanthephyra smithi Kemp, 1909 Oplophoridae Yes 41
Acanthephyra quadrispinosa Kemp, 1939 Oplophoridae No 0
Janicella spinicauda (A. Milne-Edwards, 1883) Oplophoridae Yes 75
Notostomus elegans A. Milne-Edwards, 1881 Oplophoridae Yes 13
Oplophorus gracilirostris A. Milne-Edwards, 1881 Oplophoridae Yes 75
Systellaspis debilis (A. Milne-Edwards, 1881) Oplophoridae No 0
Stylopandalus richardi (Coutiére, 1905) Pandalidae Yes 75
Heterocarpus parvispina De Man, 1917 Pandalidae No 0
Eupasiphae gilesii Wood-Mason, 1892 Pasiphaeidae No 0
Pasiphaea affinis Rathbun, 1902 Pasiphaeidae No 0
Funchalia taaningi Burkenroad, 1940 Penaeidae No 0
Allosergestes pectinatus (Sund, 1920) Sergestidae No 0
Allosergestes sargassi (Ortmann, 1893) Sergestidae No 0
Deosergestes erectus (Burkenroad, 1940) Sergestidae No 0
Neosergestes consobrinus (Milne, 1968) Sergestidae No 0
Neosergestes orientalis (Hansen, 1919) Sergestidae Yes 75
Parasergestes armatus (Krgyer, 1855) Sergestidae Yes 49
Parasergestes vigilax (Stimpson, 1860) Sergestidae No 0
Sergestes atlanticus H. Milne Edwards, 1830 Sergestidae No 0
Sergia bigemmea (Burkenroad, 1940) Sergestidae No 0
Sergia bisulcata (Wood-Mason et Alcock, 1891) Sergestidae No 0
Sergia gardineri (Kemp, 1919) Sergestidae Yes 75
Sergia inequalis (Burkenroad, 1940) Sergestidae No 0
Sergia scintillans (Burkenroad, 1940) Sergestidae Yes 46
Sergia tenuiremis (Kroyer, 1855) Sergestidae No 0
Thalassocaris lucida (Dana, 1852) Thalassocarididae No 0

vidual prey items. For each decapod species the mean
prey composition in specimens caught in both the SSL
and DSL was calculated, to allow for a comparison
between stomach contents during the day and night.

For six pelagic decapod species, two methods were
used to estimate the percentage of feeding occurring at
depth, one method representing a reasonable upper
boundary for this estimate, with the other method repre-
senting its reasonable lower boundary. Upper and lower
boundaries for the estimate of feeding at depth were
computed separately for each decapod species. The up-
per boundary was established using the equation:

Upper boundary (UB)= (SFI,,/SFI ) * 100%,
where SFI  is the mean SFI in the deep scattering
layer, and SF1, is the mean SFI in the shallow scatter-
ing layer. The UB represents an upper boundary for the
estimate of feeding at depth because it assumes that
100% of food bolus of decapods caught in the DSL is
due to feeding at depth, as opposed to food consumed
in the SSL that has yet to be fully digested. The lower
boundary for the percentage of feeding occurring at
depth was established using the equation:

Lower boundary (LB) = (Prey DW_, /Prey
DW ) *100%,

where Prey DW ., is the dry mass of all prey taxa
occurring exclusively or “nearly exclusively” in deca-
pod stomachs collected in the DSL, and Prey DW, is
the dry mass of all prey taxa occurring in decapod
stomachs from the SSL, including both prey taxa found
exclusively in the SSL, and prey taxa found in both the
SSL and DSL. “Nearly exclusively” found in the DSL
was defined as prey taxa for which DSL dry mass was
at least 5 times of SSL dry mass. The equation repre-
senting a lower boundary for the feeding activity esti-
mate at depth assumes that, for prey taxa found in
considerable quantities during both the SSL and DSL,
the prey dry mass in the DSL collected stomachs is due
exclusively to partially digested SSL feeding and not at
all due to DSL feeding.

In addition to the species specific analyses, the
stomach content data were analyzed using the PRIM-
ER software package (Plymouth Routines in Multivari-
ate Ecological Research, version 6.1.12). A hierarchi-
cal agglomerative method was used between and with-
in species comparison and a Bray-Curtis Similarity
Index was used to quantify similarity [Clarke, War-
wick, 2001]. Prey composition data, expressed as dry
mass, were log transformed (log(x+1)) to reduce bias
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Fig. 2. Janicella spinicauda stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars show

95% confidence intervals for the estimate of the mean.

Puc. 2. Unnexcel HanosHeHue xenyzaka (A) u cocras nuu (B) Bo BpeMst CyTOYHBIX BEPTHKAIBHBIX MUTPALMil y KpeBeTOK Janicella
spinicauda. BepTHKaIbHBIC THHUU OTpaXkaloT 95% IOBepHTEIbHBIE HHTEPBAIBI CPEIHEH OLCHKH.

due to highly abundant prey [Clarke, Warwick, 2001].
First, prey composition was averaged for all decapods
by the depth/time interval at which decapods were
collected: Shallow EN, Shallow LN, Deep ED, Deep
LD and Deep E/LN, with each interval representing
one “site.” Second, prey composition was averaged by
the decapod species. Third, prey composition was av-
eraged based on the individual decapod mass (not spe-
cies specific) into bins of the natural logarithm of their
dry mass (bins were In(DW) (mg) = 1-2, 2-3, 34,
etc.). For example, “1 — 2” bin represented the prey
composition of all decapods with a In(DW) of 1-2 mg,
e.g. DW of 2.72-7.39 mg; “2-3” bin represented the
prey composition of all decapods with a In(DW) of 2—
3 mg (DW of 7.39-20.09 mg), and so on.

Following the cluster analysis, an analysis of simi-
larities (ANOSIM) was performed. ANOSIM is a non-
parametric, multivariate analysis similar to analysis
of variance (ANOVA). Instead of testing for a differ-
ence between a set of group means, ANOSIM tests
for differences in relative similarities in community
composition, in this case using a Bray-Curtis Similar-

ity matrix [Clarke, Warwick, 2001]). The analysis
was performed for the same three routines used in the
cluster analysis: depth/time interval, decapod species,
and decapod mass. For each factor, a test statistic, R,
was calculated [Clarke, Warwick, 2001]. The value
of R lies between —1 and +1, with a value of 1 indicat-
ing that all replicates within a group are more similar
to one another than to replicates from other groups, a
value of 0 indicating that there is no difference be-
tween groups, and a value of —1 indicating that all
replicates within groups are less similar to one anoth-
er than to replicates from other groups [Clarke, War-
wick, 2001]. A total of 999 random permutations
were conducted to assess the significance level of R,
with a significance level of 0.05 or lower being con-
sidered statistically significant [Clarke, Warwick,
2001].

To compare the diets of all species investigated, a
food similarity index (FSI) was calculated using the
formula: FSI = XZmin r (i, j), where min r (i, j) is a
minimal contribution (%) by mass of food item 7 in the
two species i and j [Shorygin, 1952].
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Fig. 3. Neosergestes orientalis stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars

show 95% confidence intervals for the estimate of the mean.

Puc. 3. Unnexcel HamonHeHue kemynka (A) u coctaB mumu (B) Bo BpeMs CyTOYHBIX BEPTHKAIBHBIX MHIPAlUi y KPEBETOK
Neosergestes orientalis. BepTukanbHble TUHUM OTpaxaroT 95% NoBepuUTeNbHbIE HHTEPBAJbI CpeIHEH OLEHKH.

Results

For six of the 9 species (Janicella spinicauda, Neo-
sergestes orientalis, Oplophorus gracilirostris, Sergia
gardineri, S. scintillans and Stylopandalus richardi)
up to 75 individuals per species were analyzed, at all
depth/time intervals (Table 2). For two of the species
(Acanthephyra smithi and Parasergestes armatus), no
individuals were caught in either of the shallow inter-
vals (Shallow EN or Shallow LN), likely because they
did not migrate up to 120 m, so only individuals from
the Deep ED, Deep LD and Deep E/LN were analyzed.
Notostomus elegans were caught only in the Deep E/LN
interval, but were included in the analysis because of
their exceptionally large size, and thus significant contri-
bution to local decapod biomass (Table 2).

Janicella spinicauda (total length range 15-36 mm,
mean length 28.2 mm, mean dry mass 40.1 mg) showed

a trend of decreasing SFIs throughout the day, with
SFIs peaking in the Shallow EN interval, and progres-
sively lowering at each interval through to Deep E/LN
(Fig. 2A). However, SFIs did not vary significantly
between depth/time intervals (p = 0.0519, F = 2.4767,
DF =4 and 70). It should be noted that the p-value was
very close to the 0.05 significance level cut off, so it is
possible that the sample size was simply not large
enough to detect a statistically significant difference in
mean SFIs. Sixteen different prey taxa were found in J.
spinicauda stomachs, with osteichthyes (fish) and cal-
anoid copepod Pleuromamma spp. being the largest
contributors to mean prey dry mass (Fig. 2B). For most
prey, its mean DW was higher for shrimp caught in the
SSL than for shrimp caught in the DSL. Two prey taxa
were found only in the stomachs of shrimp caught in
the DSL: heteropod Atlanta spp. and unidentified De-
capoda (Fig. 2B).



324 Y. Podeswa & E.A. Pakhomov

A @ -

3 v

o

c

- o

@ 9 .

£ .

2

= s B ta

[=] £e

@ ——

E H 4

2 ~ i ;

m _E:_ ..;‘:... v I‘ .

o e
] 3 ;
1 I 1 1 T
Shallow EN Shallow LN Deep ED Deep LD Deep E/LN

:'_Q 10000 :
é‘ | Shallow
= | M Deep
H 1000 -
@ |
a |
-;En {
‘S 100
2 !
[ {
5 I
> -
¢ 10 § | I
(=8
: 11

g » > 2 N > .3 2 %] o - > > . > @ >

FT TP I T F LTS & &P F S
& & & & S o \b“'& N & S S
o 05 t.,,\ o L %,bc o ‘\0‘3 csz}“ 9 \0((\‘0 6‘%‘ &
C ¥ : 5 N
\"&L N\ (\o’\‘ g€ .8%‘)

Fig. 4. Oplophorus gracilirostris stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars
show 95% confidence intervals for the estimate of the mean. Note that vertical axis is log scale.

Puc. 4. Unnexcebl HanonHeHus xenyaka (A) u coctas iy (B) Bo BpeMsi CyTOUHBIX BEPTHKAJIbHBIX MUTPaLUiil y KpeBeTok Oplophorus
gracilirostris. BepTHUKaNbHbIe JINHUHM OTpaxxaroT 95% oBepHTEIbHbIE HHTEPBAIBI cpenHel oneHku. OOpaTHTe BHUMAHUE, YTO Ha BEpPTHU-

KalbHOH ocH JorapudmudecKas IIKania.

Neosergestes orientalis (total length range 17-32
mm, mean length 26.9 mm, mean dry mass 29.8 mg)
had generally high SFIs near the surface and low SFIs
at depth (Fig. 3A). An ANOVA showed that SFIs
varied significantly between different depth/time inter-
vals (p = 0.0228, F = 3.0369, DF = 4 and 70). It is
worth noting that there appeared to be a slight (but not
significant) increase in SFIs from when individuals
would have recently migrated to depth (Deep ED) to
the time interval when shrimps supposed to be longest
at depth (Deep E/LN) (Fig. 3A). Eleven prey taxa were
found in N. orientalis stomachs, with the euphausiid
Nematobrachion spp. and unidentified crustaceans
comprising largest proportions of the mean food bolus
mass (Fig. 3B). Pleuromamma spp., osteichthyes and
the euphausiid Thysanopoda pectinata were exclusive-
ly found in stomachs of shrimp caught in the DSL (Fig.
3B). Highly digested food (unidentifiable paste) was
found only in shrimp caught in the DSL.

Stomach fullness indices of Oplophorus graciliros-
tris (total length range 19-61 mm, mean length 48.6
mm, mean dry mass 824.9 mg) were higher near the
surface than at depth with the highest SFIs recorded
during the Shallow LN time interval (Fig. 4A). SFIs
varied significantly between different depth/time inter-
vals (p = 0.0101, F = 3.5936, DF = 4 and 70). Of the
three intervals in the DSL, mean SFI was highest for
shrimp caught in the Deep E/LN, when they would be
expected to have been at depth for the longest period of
time, though none of the deep intervals had mean SFI
statistically different from one another (Fig. 4A). Eigh-
teen different prey taxa were identified in the O. graci-
lirostris stomachs, with osteichthyes dominating the
mean dry mass of the prey (Fig. 4B). Although all were
minor contributors to the overall diet, eight prey taxa
were only recorded in shrimp caught in the DSL. In
addition three groups; chaetognaths, amphipods and
euphausiids, were also mainly found in the diet of DSL



Feeding ecology of pelagic decapods in the North Pacific Subtropical gyre

325

o
A = =2 |

(1] -—
o
C
£ o |
w 9
(1]
£ o] + ...
2 © :
5 <
o = —_— i W

& .

(o]

T I I I |
Shallow EN Shallow LN Deep ED Deep LD Deep E/LN
40
Shallow
35
H Deep

30

25

20

Mean prey dry weight per shrimp (ug)

2 2 e
& & {\q," &
& g & & ae
) ' o &
x5 ] &
) e 2~ P A
? € F & &
N & < 5%
oy
&
Q\

Fig. 5. Sergia gardineri stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars show 95%

confidence intervals for the estimate of the mean.

Puc. 5. Mnnexcel HanmonHeHus xemyaka (A) u coctaB nmuiy (b) Bo BpeMst CyTOUHBIX BEpTHUKATBHBIX MUTPAIHl Y KPeBETOK Sergia
gardineri. BepTukaibHble JTUHUN OTPaxkaioT 95% J0BepUTEIbHBIC HHTEPBAIbl CPEIHEH OLCHKH.

shrimp (Fig. 4B). This was accompanied by a small
contribution of the highly digested prey (Fig. 4B).

Sergia gardineri (total length range 21-33 mm,
mean length 26.5 mm, mean dry mass 35.6 mg) had
generally high SFIs near the surface, and generally
low SFIs at depth, with mean SFI peaking during the
Shallow LN interval (Fig. 5A). An ANOVA showed
that SFIs varied significantly between different depth/
time intervals (p = 0.0210, F = 3.0943, DF = 4 and
70). Ten different prey taxa were found in S. gardin-
eri stomachs, with unidentified calanoid copepods
being the largest contributors to mean prey dry mass
(Fig. 5B). Foraminiferans were found only in shrimp
caught in the DSL, as was the highly digested food
(Fig. 5B).

Sergia scintillans (total length range 27-37 mm, mean
length 32.4 mm, mean dry mass 45.6 mg) had generally
high and low SFIs near the surface and depth, respec-
tively, with the mean SFIs peaking during the Shallow

EN interval (Fig. 6A). The SFIs varied significantly
between different depth/time intervals (p = 0.0175, F =
3.3879, DF =4 and 70). In the DSL, mean SFI was the
highest in the Deep LD interval, although no intervals in
the DSL were statistically different from one another
(Fig. 6A). Only eight prey taxa were found in S. scintil-
lans stomachs, with unidentified calanoid copepods be-
ing the largest contributors to the mean prey mass (Fig.
6B). Osteichthyes and Pleuromamma spp. were found
only in shrimp caught in the DSL (Fig. 6B).
Stylopandalus richardi (total length range 20-36 mm,
mean length 29.1 mm, mean dry mass 65.8 mg) had low
mean SFIs at all depth/time intervals except highest SFIs
in the Shallow LN (Fig. 7A). Indeed, an ANOVA con-
firmed that SFIs varied significantly between different
depth/time intervals (p < 0.0001, F = 20.2770, DF = 4
and 70). Thirteen different prey taxa were found in S.
richardi stomachs. Crustaceans were the main prey of S.
richardi (Fig. 7B). Among them, euphausiid 7hysanop-
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Fig. 6. Sergia scintillans stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars show

95% confidence intervals for the estimate of the mean.

Puc. 6. Nnaekcel HamosHeHus xenynka (A) u cocraB nuiu (B) Bo BpeMsi CyTOUHBIX BEPTUKAIBHBIX MUTPALMNA y KPEBETOK Sergia
scintillans. BepTHKanbHbIe THHUN OTpaXkatoT 95% JOBEpUTEIbHBIC HHTEPBANIBI CPEAHEH OLEHKH.

oda acutifrons and crustacean eggs were only found in
shrimp stomachs caught in the DSL (Fig. 7B).

The following three decapod species, namely Acan-
thephyra smithi, Parasergestes armatus, and Notosto-
mus elegans, were only collected in the DSL time
intervals, likely because they did not migrate into the
SSL during the night. 4. smithi was found during the
Deep ED, Deep LD, and Deep E/LN intervals, with
very little difference in mean SFIs throughout these
time intervals (Fig. 8A). An ANOVA failed to identify
differences in mean SFIs for all intervals (p = 0.8891,
F =0.1179, DF = 2 and 38). Fourteen prey taxa were
recorded in A. smithi (total length range 35-83 mm,
mean length 60.4 mm, mean dry mass 626.3 mg) stom-
achs (Fig. 8B). Decapods of the family Pandalidae
comprised main prey group by dry mass, although uni-
dentified crustaceans, decapods of the family Ophlo-
phoridae, osteichthyes and polychaetes also accounted
for large proportions of the shrimp diet (Fig. 8B).

Parasergestes armatus (total length range 29-44
mm, mean length 38.7 mm, mean dry mass 67.8 mg)

was found during the Deep ED, Deep LD, and Deep E/
LN intervals, also with very little difference (p =0.7852,
F=0.2432, DF =2 and 42) in mean SFIs through these
intervals (Fig. 9A). Nine different prey taxa were found
in P. armatus stomachs, with calanoid copepods ac-
counting for the largest proportion of the diet, while
euphausiids and decapods ranked second and third in
the importance (Fig. 9B).

Notostomus elegans (total length range 37-113 mm,
mean length 74.4 mm, mean dry mass 1746 mg) were
very rare in the samples, with a total of only 13 speci-
mens collected. Their diet was however analyzed re-
gardless as they were significant contributors to local
decapod biomass due to their very large size. The mean
individual dry mass of N. elegans was one to two order
of magnitude larger that most other decapod species
mean dry mass varied between 10 and 100 mg. N.
elegans were found only in the DSL at night (Fig.
10A), and their mean SFIs were not statistically signif-
icant in individuals caught during the Deep EN and the
Deep LN (p = 0.9068, F = 0.0144, DF = 1 and 11).
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Fig. 7. Stylopandalus richardi stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars

show 95% confidence intervals for the estimate of the mean.

Puc. 7. Unaexce! HanomHeHus xenyaka (A) u coctas nuiud (bB) Bo BpeMst CyTOUHBIX BEPTHKAIBHBIX MUTPALMi Y KpeBeTOK Stylopandalus
richardi. BepTukanbHble THHHU OTpaXkaloT 95% NOBepHTEIbHbIC HHTEPBAIbI CPeIHEH OICHKH.

Only 3 prey taxa were found in N. elegans stomachs,
with osteichthyes being the most prominent prey (Fig.
10B).

Averaged for six species, the upper and lower bound-
aries of feeding estimates at depth expressed as a per-
centage of feeding during the day in DSL were 44.7%
and 9.7% of prey consumption near the surface, re-
spectively (Table 4). The geometric mean of all values
was 18.5% (Table 4.). The “highly digested food” was
not included in the above calculations as it is likely
(but may be not entirely) a result of a digestion of prey
consumed in the SSL at night.

Cluster analysis showed that overall SSL and DSL
decapod (not species specific) diets appeared to be
different (Fig. 11A). However, two main clusters were
separated at a Bray-Curtis Similarity of 66.5% (Fig.
11A). Indeed, an ANOSIM run on the full data set,
with depth/time intervals as the factor failed to find
significant differences in prey composition between
the different intervals (p = 0.106, R = 0.003).

Two main species groups at the ~19% level of
similarity were identified using the cluster analysis
(Fig. 11B). One group contained only four oplophor-
id species, which were with one exception all large
species with the mean individual mass ranging be-
tween 626 and 1746 mg, while the other group con-
tained small sized decapods (mean mass 10-100 mg)
including four sergestid and a pandalid species (Fig.
11B). Diets expressed as dry mass per individual were
quite dissimilar between two main groups although at
the similarity level of 50%, three smaller clusters
were visible (Fig. 11B). An ANOSIM run on the full
data set, however, confirmed that the prey composi-
tion was significantly different between species (p <
0.001, R = 0.161). Indeed, food similarity indices
(FSI) between all 9 species calculated based on the
data presented in Table 3 generally did not exceed
40% (mean 21+12%) suggesting no significant over-
lap in the diet composition between various species.
Similarly with above analysis, on three occasions the
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Fig. 8. Acanthephyra smithi stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars show

95% confidence intervals for the estimate of the mean.

Puc. 8. Munexcs! HanomHeHus xeryaka (A) u cocra iy (B) Bo Bpemst cyTOUHBIX BepTHKAIBHBIX MUTPALUil y KpeBeToK Acanthephyra
smithi. BepTukanbHble TUHUM OTpaxaioT 95% moBepuUTeNbHbIe HHTEPBAbl CPEAHEH OLEHKH.

dietary overlap was high reaching 71% between No-
tostomus elegans and Oplophorus spinosus due to
fish consumption; 61% between Neosergestes orien-
talis and Stylopandalus richardi due to preying upon
crustaceans in general with the large copepod contri-
bution, and 57% between Sergia gardineri and S.
scintillans due to consumption of calanoid copepods,
particularly Pleuromamma spp., and radiolarians (Ta-
ble 3).

Decapod diets averaged by the shrimp size (In(DW)
bins) clearly clustered into two main groups with a
further subsequent sub-clustering at higher similarity
levels (Fig. 11C). Small and medium sized decapods
consumed mostly small crustaceans (copepods and eu-
phausiids), while larger shrimps were mainly preying
upon fish, decapods and large euphausiids (Table 3).
An ANOSIM test found highly significant differences

in the diet between subsequent size bins of pelagic
shrimps (p< 0.001, R = 0.035).

Discussion

Diurnal feeding

The stomach fullness data confirmed an intensive
nocturnal feeding in the subsurface layers for all mi-
grating decapod species investigated. While it seems
that decapods were feeding more in the SSL, the prey
composition data separated by depth also strongly sug-
gested the daytime feeding in the DSL. Indeed, be-
tween one and eleven prey taxa (excluding highly di-
gested food) occurred exclusively or almost exclusive-
ly in decapods caught in the DSL. Furthermore, all
prey taxa that appeared to have been consumed in the
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Fig. 9. Parasergestes armatus stomach fullness index (A) and diet composition (B) through its diel vertical migrations. Error bars

show 95% confidence intervals for the estimate of the mean.

Puc. 9. Innekcel HanonHeHus xenynka (A) u cocta nuind (Bb) Bo BpeMst CyTOUHBIX BEPTUKAIBHBIX MUTPALIMI Y KPEBETOK Parasergestes
armatus. BepTukaibHble JTMHUM OTpakaroT 95% 0oBepUTENIbHbIE HHTEPBAJIbI CPETHEN OLIEHKHU.

DSL (Atlanta spp., Candacia spp., foraminifera, Pleu-
romamma spp., Thysanopoda species, chaetognatha,
decapoda, euphausiidae, osteichthyes and polychaeta)
are known to occur in the mesopelagic layers [e.g.
Nemoto, 1968; Maynard et al., 1975; Mauchline, 1985;
Steinberg et al., 2008; Hull et al., 2011] and thus it is
reasonable to assume that they could have been eaten
at depth. The estimated upper boundary meant to be a
theoretical maximum estimate of the feeding at depth
and may likely represent a significant overestimate. It
assumed that all food ingested in the SSL has passed
out of the stomach by the time the shrimp were caught
in the DSL. While this could be the case for some prey
items, or even parts of certain prey items, the harder to
digest prey and body parts would not be evacuated this
rapidly [Clarke, 1980]. Likewise, the lower boundary
makes a nearly opposite assumption that at any time
prey found in shrimp stomachs caught in the SSL and
DSL, 100% of it should have been consumed in the

SSL. Thus, any prey present in stomachs of shrimp
caught in the DSL should simply be a residual prey
from feeding in the SSL. An exception was only made
in cases when the mean dry mass of prey in the DSL
exceeded that of that in the SSL. In such cases, it was
far more likely that prey was consumed in the DSL and
not in the SSL. Nevertheless, the lower boundary was
meant to be a very conservative estimate and that is
almost certainly too low.

One process that could actually cause the lower
boundary to be an overestimate of feeding at depth, as
opposed to an underestimate, is the diet natural vari-
ance. The sample size of 75 stomachs per species (30
from the SSL, 45 from the DSL) may be not large
enough to disentangle properly day- and nighttime feed-
ing. This seems unlikely, however, for three reasons.
First, prey taxa were often found in at least 3 to 6 DSL
stomachs, but not in a single SSL stomach. Second, as
in case of O. gracilirostris when 11 of 18 prey taxa
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Puc. 10. Mnpexcsl HanmonHeHus sxemyzaka (A) u cocraB numu (B) Bo BpeMsi CyTOUYHBIX BEPTHKAIbHBIX MUIpPalHil y KPeBETOK
Notostomus elegans. BepTukaiabHble TUHUN OTpaxaroT 95% H0BepHUTENbHBIE HHTEPBAIIBI CPEAHEH OLICHKH.

(excluding highly digested food) were found exclu-
sively in DSL shrimp stomachs. Lastly, the cluster
analysis further supported the hypothesis of feeding in
the DSL because all three DSL depth/time intervals
clustered together, as did the two SSL depth/time inter-
vals. While it suggested differences in prey composi-
tion between layers, there was a high level of similarity
between DSL and SSL gut contents overall, which is
not surprising considering that many prey items con-
sumed in the SSL could still be getting digested in the
DSL, and vice versa.

Size versus taxonomic affinity

This study also attempted to answer a question of
what controls pelagic decapod diets: species size and/
or taxonomy. Our findings showed that decapod diets
clustered strongly based on both the size and the spe-
cies composition proving to be the strong determinants
of their dietary preferences. At the broadest level, two
main decapod groups were either containing only serg-
estid and pandalid species or only oplophorid species.
The sergestid and pandalid group was composed ex-
clusively of relatively small species, while the oplo-
phorid group comprised predominantly of large spe-
cies with only one species falling into the sergestid/

pandalid group size category. Small Janicella spini-
cauda clustered strongly with Oplophorus graciliros-
tris, a species ~20 times of former size in terms of
mean individual mass. While strongly different in terms
of size, both species are highly similar taxonomically
and morphologically, to the point that J. spinicauda
formerly belonged to the genus Oplophorus [Chace,
1986]. However, if size of the consumed prey is taken
into account diets of these species would overlap mar-
ginally [Pakhomov et al., 1992]. It thus appears that
size alone cannot explain dietary preference of the
pelagic decapods with taxonomy likely influencing the
diet through similarity in feeding structures between
taxonomically related species. ANOSIM analyses fur-
ther confirmed that shrimp diets were more similar
within species groups than within groups organized
based solely on the organism mass. This further em-
phasized that while decapod size clearly plays a key
role in diet specialization it can only explain decapod
diets in combination with their taxonomic affiliation. It
appears that should a given pelagic decapod species be
removed from the ecosystem through a targeted fishery
or ecosystem change, a similarly sized decapod species
may not necessarily be able to fill the same niche.

It should be noted that diets were also highly dis-
similar between species, with just a ~20% similarity in
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Fig. 11. Bray-Curtis Similarity dendrograms: (A) of the decapod (all species) prey composition collected in 5 different depth/time
intervals: in the SSL during the early and late night (Shallow EN and Shallow LN), and in the DSL during the early day, late day, and early/
late night (Deep ED, Deep LD and Deep E/LN); (B) of the prey composition of 9 decapod species analyzed in this study. The mean
individual dry mass of each species is also provided; (C) of the prey composition of all species (not species specific) in shrimp mass bins,
In(DW).

Puc. 11. Jlennporpamma HOCTpoeHHasi Ha OCHOBE HMHJIeKca cxoicTBa bpes-Kypruca: (A) cocraBa IHUIIM KPEeBETOK (BCEX BUJBI
00beMHEeHbI) B 5 pa3HbIX HHTEpBaNoB 0010BIeHHBIX r1yOuH (Shallow EN and Shallow LN), a Taxke B DSL B Havane qHs, HO3HUM THEM
u Houbto (Deep ED, Deep LD and Deep E/LN); (B) cocraBa muiiy IeBSITH BHIOB MPOAHATM3UPOBAHHBIX KPEBETOK. [IpUBOIUTCS TaKkKe
CpedHss MHAMBUAYyalbHas cyxas macca Kaxzaoro Bujaa; (C) cocTaBa NMUIIM KPEBETOK (BCEX BHJBI OOBEIMHEHBI), CTPYNITUPOBAHHBIX
COIJIACHO PKBUBAJEHTHBIM Jiorapudmudeckum nHtepBaitam macchl (In(DW)) kpeBeTok.
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Table 3. Prey composition of nine decapod species studied collected during October 6-12, 2004 off the southwest coast of Oahu,
Hawaii expressed as % of total prey dry mass. As — Acanthephyra smithi, Js — Janicella spinicauda, No — Neosergestes orientalis, Ne —
Notostomus elegans, Og — Oplophorus gracilirostris, Pa — Parasergestes armatus, Sg — Sergia gardineri, Ss — Sergia scintillans, St —

Stylopandalus richardi.

Tabauna 3. CocTaB MUK AEBSITH BHIOB JECATHHOTHX PaKOOOPa3HBIX, COOPaHHBIX Y I0T0-3amagHoro nodepexss o. Oaxy (I'aBaiickue

oc ntpoBa) ¢ 6 mo 12 oxtadps 2004 r.

Dietary components Decapod species

As Js No Ne Og Pa Sg Ss Sr
Foraminifera — 2.3 6.2 — <0.1 — 6.9 20.0 13.1
Candacia spp. 0.6 - — - <0.1 6.1 — — —
Clausocalanus spp. — — — — — — 8.1 — —
Euchaeta spp. — — — — — — 8.3 — -
Gaetanus spp. — — — — — 15.1 — — —
Pleuromamma spp. — 11.8 5.0 3.9 0.1 8.4 8.8 6.5 14.4
Calanoida unidentified 0.6 6.8 11.4 — <0.1 27.9 42.9 49.9 8.1
Amphipoda — 3.3 — — 1.1 — — — 5.8
Nematobrachion boopis — - 4.7 — — - — — —
Nematobrachion spp. 0.1 — 22.8 — — — — — —
Nematoscelis spp. - - - - - - - - 1.1
Thysanopoda acutifrons — — 6.8 — — — — — 6.4
T. monacantha 0.5 — — — — — — — —
T. pectinata — — 1.2 — — — — — —
T. tricuspidata — — 7.1 — 0.4 6.1 — — —
Thysanopoda spp. 1.6 4.9 — — 0.7 — — — —
Euphausiidae unidentified — 0.4 — 21.5 1.6 — — — —
Caridea 0.6 - - - - - - - -
Oplophoridae 16.2 — — — 3.5 — — — —
Pandalidae 27.2 — — — — — — — —
Sergestidae — — — — — 15.4 — — —
Decapoda unidentified — 2.0 — — 8.2 11.6 — — —
Ostracoda — 0.2 — — — — — —
Crustaceans unidentified 233 6.2 28.0 — 1.0 — 17.2 0.2 36.5
Crustacean eggs — — — — — — — 11.8 0.1
Ctenophora — — — — — — — — 0.5
Chaetognatha 0.3 14.8 — — 2.7 — 0.7 4.9 1.2
Nematoda — — — — <0.1 — — — —
Polychaeta 12.9 — — — 0.3 - 3.5 — —
Thecosomata — 6.5 — — 0.8 — 2.5 0.2 —
Atlanta spp. — 3.9 — - — — - — -
Bivalvia larvae 0.5 1.9 — — — — — — —
Teuthida 1.9 1.3 — — 10.7 — — — —
Osteichthyes 13.8 29.1 3.5 74.6 68.8 1.6 — 6.4 4.0
Unidentified food 0.1 4.6 3.3 — <0.1 7.8 1.2 — 8.2
Number of stomachs 41 75 75 13 75 49 75 46 75
analysed

diets between the two broadest clusters; oplophorids and
sergestids/pandalids, and a ~60—70 similarity between the
two species with most similar diets. This suggests low
levels of competition and likely high resource portioning
between pelagic decapod species allowing very diverse
decapod community to co-exist [Pakhomov et al., 1992].
Similar pattern of high diversity and low dietary over-
lap has also been observed for migrating myctophid
community in the central NPSG, while myctophids at
temperate latitudes have generally exhibited signifi-
cantly higher dietary overlap [Clarke, 1980].

Potential sources of error

One the main caveats of the current study could be
related to the fact that our stomach content data may
not necessarily be representative of predator-prey rela-
tionships. There are three main sources of error inher-
ent to using stomach content data to estimate natural
diets: secondary feeding, feeding in the cod end, and
variable rates of digestion for different prey items.
Secondary feeding occurs when a predator consumes
prey which in turn has prey in its stomach. Thus, the
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Table 4. Upper and lower boundaries of estimates of the
feeding occurrence at depth, expressed as a percentage of
feeding during the day. Only for species which were caught
in both SSL and DSL.

Tabmuua 4. Bepxauii 1 HIKHAN TPEAEIH OLIEHOK JOTH
oco0eif, MUTAIOMHKXCS B IITyOOKUX CIIOSIX BOJBI B TEUCHHE
JHs (B MPOIIEHTAX OT YMCJIa MUTAOIIMXCS 0c00eiH B
TeYeHHe JIHs). BBIYHCICHO TOJBKO IS TEX BU/IOB, KOTOPbIE
noiMansl kak B SSL (BepxHHUIT 3ByKOpacCeHBAIOLIUN CII0i1),
tak ¥ B DSL (HmkHUI 3ByKOpacCcenBaIOIH CIION).

Species Upper boundary Lower boundary

(%) (%)

Janicella spinicauda 69.6 4.2

Neosergestes orientalis 42.1 243

Oplophorus gracilirostris 48.1 8.3

Sergia gardineri 44.8 4.8

Sergia scintillans 36.6 8.8

Stylopandalus richardi 27.0 7.6

Mean (+1SD) 44.7+14.3 9.54£7.0

Global geometric mean 18.5

stomach of the predator could combine not only prey
consumed directly but also a “transit” prey. For exam-
ple, in the eastern North Atlantic copepods of the ge-
nus Pleuromamma were very common in stomachs of
the decapod Acanthephyra purpurea but appeared to
be rare in the shrimp feeding depths [Foxton, Roe,
1974]. It was assumed that Pleuromamma were not
consumed directly by 4. purpurea but rather via stom-
achs of shrimp’s main prey items, chaetognaths, eu-
phausiids and fish. Arguably, the smallest prey found
in the stomachs of the largest decapods may likely be a
result of the secondary feeding [Foxton, Roe, 1974]. In
our study, bivalve larvae in the stomachs of A. smithi
or Pleuromamma and foraminiferans in the stomachs
of N. elegans and O. gracilirostris could be indicators
of the secondary feeding.

Another potential source of error is feeding within
the trawl’s cod end. In the cod end of a trawl, organ-
isms are packed very tightly together and the decapods
may thus ingested prey that they would not normally
consume. This was shown for Sergestes similis [Jud-
kins, Fleminger, 1972]. On another hand, there was
little evidence that migratory decapods in the subtropi-
cal Atlantic consumed any significant amount of prey
in the cod end [Foxton, Roe, 1974]. Although it is
impossible to determine the extent of the cod end feed-
ing in our study, this potential source of error cannot be
entirely discounted.

Finally, variable digestion rates of different prey
taxa must be considered, as prey that are digested
quickly are likely underestimated in the diet. For exam-
ple, decapods could be eating significant quantities of
gelatinous organisms which would rarely show up in
the stomachs due to their fast digestion. Often, we
found in the stomachs grasping hooks of chaetognaths
while their bodies were seldom observed suggesting
underestimation of their role in decapod diets. The
same holds true for osteichthyes due to better presenta-
tion in the shrimp stomachs their hard to digest parts:
scales, jaw bones, fin rays and eye lenses.
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Concluding remarks

The proportion of active vertical flux mediated by
decapods in the total (active and passive) carbon flux
estimated by Podeswa [2012] in the tropical Pacific
gyre had to be reduced by 26, 19 and 28% at 711 m
(mean micronekton daytime depth), 262 m (mean mi-
cronekton nighttime depth) and 173 m (the base of the
euphotic zone) depths, respectively. This was purely
due to calculated in this study levels of daytime feeding
which accounted on average for 9.7-44.7% of night
time feeding at the surface. While estimates of the
feeding at depth are not available for many pelagic
mesozooplankton and macrozooplankton, previous stud-
ies have shown that some feeding at depth appears to
occur for some copepods [Baars, Oostherhuis, 1984],
euphausiids [Hu, 1978; Roe, Badcock, 1984] and de-
capods [Roe, 1984]. Our study thus calls to increase
attempts to quantify feeding at daytime depths for all
major migratory groups of organisms, for which active
flux estimates have been made, to avoid potentially
large overestimates of active flux on a global scale
[Bianchi et al., 2013; Davison et al., 2013].

A significant, on average ~20%, decapod feeding
appears to occur at the daytime depth in tropical gyres.
This needs to be taken into account in currently emerg-
ing biochemical models aiming to quantify zooplank-
ton and micronekton derived active downward carbon
flux [Francois et al., 2002; Bianchi et al., 2013]. The
question further arises whether such a pattern holds
true for decapods in other regions of the world ocean
and for other migratory species of macroplankton and
micronekton community. We would argue that daytime
feeding, potentially unquantified “cryptic food web” as
we term this, may be significant in the open ocean and
urgently requires further studies.
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