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Abstract

The presence of a characteristic crustacean larval type, the nauplius, in many crustacean taxa
has often been considered one of the few uniting characters of the Crustacea. Within Malacos-
traca, the largest crustacean group, nauplii are only present in two taxa, Euphauciacea (krill)
and Decapoda Dendrobranchiata. The presence of nauplii in these two taxa has traditionally
been considered a retained primitive characteristic, but free-living nauplii have also been sug-
gested to have reappeared a couple of times from direct developing ancestors during mala-
costracan evolution. Based on a re-study of Thysanoessa raschii (Euphausiacea) using
preserved material collected in Greenland, we readdress this important controversy in crusta-
cean evolution, and, in the process, redescribe the naupliar and metanaupliar development of
T. raschii. In contrast to most previous studies of euphausiid development, we recognize three
(not two) naupliar (= ortho-naupliar) stages (N1-N3) followed by a metanauplius (MN). While
there are many morphological changes between nauplius 1 and 2 (e.g., appearance of long
caudal setae), the changes between nauplius 2 and 3 are few but distinct. They involve the
size of some caudal spines (largestin N3) and the setation of the antennal endopod (an extra
seta in N3). A wider comparison between free-living nauplii of both Malacostraca and non-
Malacostraca revealed similarities between nauplii in many taxa both at the general level (e.g.,
the gradual development and number of appendages) and at the more detailed level (e.g.,
unclear segmentation of naupliar appendages, caudal setation, presence of frontal filaments).
We recognize these similarities as homologies and therefore suggest that free-living nauplii
were part of the ancestral malacostracan type of development. The derived morphology (e.g.,
lack of feeding structures, no fully formed gut, high content of yolk) of both euphausiid and den-
drobranchiate nauplii is evidently related to their non-feeding (lecithotrophic) status.
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Introduction

It has traditionally been difficult to identify characters shared by all or at least most of the mor-
phologically diverse Crustacea. This may not be surprising considering the great age of Crusta-
cea (e.g., [1]). Adding to the difficulties of finding commonalities for Crustacea is the growing
evidence of its paraphyly with respect to Hexapoda (insects and allies) [2, 3]. One of the classical
candidates for a uniting set of characters for Crustacea is the ‘nauplius larvae’, a characteristic
larval type with only three pairs of appendages: first antennae, second antennae, and mandibles
(see reviews in [4, 5]). A naupliar developmental phase is present in practically all major crusta-
cean taxa [6]. Despite the likely paraphyly of Crustacea, shared larval types such as the nauplius
still potentially holds important evolutionary information, e.g., for phylogeny, or at least for
explaining the evolution of the Crustacea, in which heterochrony (= evolution caused by devel-
opmental changes in timing of events) has played an important role.

The study of crustacean larvae is an old discipline in the attempt of elucidating the evolution
of Crustacea [7] and has in recent years received renewed attention. Developmental stages of
many crustacean groups have been examined in recent years offering new details [8-17]. Add-
ing to this is the wealth of data on the development of Crustacea (and related groups) from the
Cambrian, many of which go through an early phase of naupliar or naupliar-like stages [18-
20]. It is now firmly established that the study of early larval development of Crustacea and
other arthropods is indispensable if a full understanding of the evolution of these taxa is to be
achieved. Concerning the crustacean nauplius stage, it has recently been discovered that also
Remipedia go through an early developmental phase with naupliar-like stages [21, 22]. Hence,
a nauplius type of larvae is indeed widespread within the Crustacea, and occurs in practically
all major taxa (see details in [6]).

Also within Malacostraca, which holds the largest proportion of crustacean diversity (e.g.,
Decapoda and Peracarida), a couple of taxa are well-known to start their development with a
phase of free-living nauplii. These are the euphausids (krill) and dendrobranchiate decapods,
both of which are pelagic taxa with a general ‘caridoid facies’-like (shrimp-like) appearance.
The classical notion is that the presence of a naupliar phase in the early development of these
two taxa is ancestral in Malacostraca and has been either lost or modified in several malacostra-
can subtaxa [23-25]. An alternative view is that the presence of free nauplii has reappeared sec-
ondarily during malacostracan evolution from direct-developing ancestors [26, 27].

Here we use scanning electron microscopy to describe the naupliar and metanaupliar phase
of Thysanoessa raschii (Fig 1), a broadcast-spawning species of Euphausiacea. Euphausiaceans
go through a number of phases during their development: a nauplius (= ortho-nauplius) phase,
a metanauplius ‘phase’, a calyptopis phase, and a furcilia phase, each of which may contain
more than one larval stage, but with a relatively constant morphology within each phase [28].
In the present study we only focus on nauplii and metanauplii. We recognize three naupliar
stages, in contrast to earlier studies, and describe/re-describe some previously unknown or
poorly understood aspects of the external morphology of early euphausiid development. More-
over, we compare euphausiid naupliar morphology with that of other crustacean nauplii, and
use this to discuss the evolutionary status of malacostracan nauplii.

Materials and Methods
Collecting of material and morphological studies

The larval material of Thysanoessa raschii (Euphauciacea) (Fig 1A) used for this study was col-
lected in the inner part of Godthébsfjord, Greenland (sampling site indicated on Fig 1B) (see
also [29]). The sampling was part of a project (BOFYGO—Biological Oceanography of Fyllas
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Fig 1. Thysanoessa raschii (Euphausiacea), adult morphology and map of sampling sites. (A) Adult
morphology of Thysanoessa raschii (Euphausiacea) (photo by permission from Russel Hopcroft). (B, C) Map
of Godthabsfjord, SW Greenland, with sampling stations indicated by black dots and station numbers. The
larvae examined in this study originated from station GF8 (arrow on C).

doi:10.1371/journal.pone.0141955.g001
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Bank-Godthébsfjord)) coordinated by Professor Torkel Gissel Nielsen (DTU Aqua), which
took place from 7 to 22 June 2010 from RV “Dana” (National Institute for Aquatic Resources,
Denmark). No permit for collecting zooplankton in Greenland is required. The field studies
did not involve endangered or protected species. Background information on the oceanogra-
phy and the composition and distribution of plankton are reported in [29-31]. Plankton was
collected on 15 June 2010 at station GF8 (Fig 1B) by oblique hauls to 110 m depth with a
Bongo net (300 pm and 500 um mesh size) with non-filtering cod-ends. Only plankton from
the 300 um net was used in the present study. It was preserved in buffered formalin (4% final
conc.) immediately after collection. Krill larvae were sorted from the sample and separated
roughly into different developmental categories: nauplius, metanauplius, calyptopis, and furci-
lia (latter two not included in the present study, see e.g. [32]).

The first three stages have been termed ‘nauplii’ thereby following the literature on early
development of Euphauciacea. Some treatments dealing with general aspects of crustacean
development use the term ‘ortho-nauplius’ for those nauplii with only three pairs of functional
appendages and with no anlage to a fourth pair(maxillae 1) (e.g., [4, 6, 33].

About 400 nauplii (= ortho-nauplii) and metanauplii were selected for various types of mor-
phological analysis. Standard measurements of body size (length versus width) (Fig 2) and gen-
eral overview photographing (Fig 3) took place under a dissecting microscope Olympus SZX10
with a Nikon D700 camera fitted via an LM adapter. The Nikon camera was tethered to a PC
with the program ControlMyNikon v. 4.3. Some morphological aspects were examined and
photographed in more detail using a compound microscope Nikon Microphot-FX fitted with
an Olympus DP73 camera. For both types of microscopes, a larger depth of field was obtained
by combining several photographs taken at different focal points with the software Zerene
Stacker v. 1.04. Most morphological information was obtained from SEM (scanning electron
microscope) studies of selected specimens. The SEM used was a JEOL JSM-6335F (with a field
emission gun). The material for SEM was dehydrated in an ethanol series, critical point dried,
mounted and coated with platinum/palladium following standard procedures (e.g., [34]). In
the initial phase of the work with the SEM, many problems were encountered regarding cuticle
shrinkage and even more critical collapse of tissue, rendering the results largely useless. These
problems were in part overcome by post-fixing some specimens in 1% osmium tetroxide. To
obtain maximum resolution at the SEM, some of the whole view illustrations were combined
(stitched) from several images taken at high magnification. The images were processed and
photo plates were made in standard graphical software such as CorelDraw X7 and various
Adobe programs. The SEM material on which the work is based is stored in the collection of
the Natural History Museum of Denmark and can be made available after contacting the col-
lection unit at this museum (e.g., the Curator of Crustacea, Jorgen Olesen, jolesen@snm.ku.
dk). All SEM material is stored under registration numbers ZMUC-CRU-4797 to ZMUC--
CRU-4799.

In the present study the analyzed krill larvae originated from station GF8 (Fig 1B), where
adult krill abundance was dominated by Thysanoessa raschii, followed by Meganyctiphanes
norvegica and T. inermis [29]. Adult individuals from st. GF1 (mouth of Godthébsfjord) and st.
GF11 and GF12 (inner part of Godthébsfjord) were analyzed with regard to maturity. About
half of the mature females of T. raschii were fertilized both at the mouth of the fjord (st. GF1)
and in the inner part (st. GF11-GF12), whereas fertilized females of T. inermis were only found
at the mouth of the fjord (GF1) [29]. Juveniles and fertilized females of M. norvegica were not
present in the fjord, which suggests that individuals of this species are seeded from the offshore
population by advection and that M. norvegica does not reproduce this far north [29]. Addi-
tionally, the fjord’s side branch Kapisigdlit (Fig 1B) was also dominated by T. raschii and all of
the mature females there were fertilized. Conversely, T. inermis were not so abundant and its
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Fig 2. Size of nauplii 1-3 (N1-N3) and metanauplius (MN) of Thysanoessa raschii (Euphausiacea). lllustrated as width plotted against length (in
millimeters) based on data shown in Table 1.

doi:10.1371/journal.pone.0141955.9002

females were not fertilized [29]. Therefore, based on the fact that only fertilized females of T.
raschii were present in the inner part of the fjord, and on the fact that T. raschii dominated at
st. GF8, we assume that all of the larvae analyzed in the present study belong to T. raschii.

Statistical analysis

As length and width data were not normally distributed, the data were log transformed prior to
analysis. By one-way ANOVA it was tested whether there was any difference in either individ-
ual length or width between the four different larval stages [35]. Afterwards, we performed
pairwise comparisons using the Tukey multiple comparisons of means posthoc test.

Results
Measurements of larvae

Based on morphological criteria it was possible to distinguish clearly between three naupliar
stages (in the following termed N1-N3), and one metanauplius stage (MN). In the initial phase
of the work, the larval specimens were divided based on spine development of the caudal
region, a division later confirmed by more detailed studies of development of limb setation (see
below). Many (25-45) specimens of each stage were selected and measured (length versus
width; mm) (Table 1) under the dissection microscope and plotted in a diagram in order to
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reveal any grouping of the specimens based on size alone (Fig 2). Length was measured from
anterior to posterior without including the caudal spines. The width was measured at the wid-
est place of the body. This yielded no clear-cut grouping of the specimens into categories based
on size. The average lengths and width of N1-3 were about the same (450-470 um and 250-
270 pm, respectively). Most size variation (both length and width) (expressed as standard devi-
ation, Table 1) was seen among N1 specimens, less among N2 specimens, and least among N3
specimens. There was a wide range in size among the measured MN specimens, and this stage
included the largest larval specimens found in this study (Fig 2). There was a significant differ-
ence in length (ANOVA, F; 5, = 14.04; p<0.001) and width (ANOVA, F; 5, = 27.55;
p<0.001) between stages. However, a Tukey posthoc test revealed no significant difference
between N1, N2 and N3, whereas all three nauplii stages were significantly different from the
metanauplius stage (all p-values <0.01).

Description of nauplii 1-3 and metanauplius

Descriptions based on Figs 3-8. Differences between stages summarized in Fig 9 and in Table 2.

Nauplius 1 (Figs 3A, 4, 9A, 9E, 91 and 9M). The mean length of nauplius 1 is 0.45 mm
with a large variation (0.37-0.51 mm); the mean width is 0.27 mm, also with a large variation
(0.20-0.33) (Table 1, Fig 2).

The body is egg-shaped, about 1.5 times longer than wide (Figs 3A, 4B and 4C). Three pairs
of naupliar appendages (antenna 1, 2, and mandible) are present ventrally on the body, concen-
trated in the anterior half (Figs 3A, 4B and 4C). All appendages extend somewhat latero-ven-
trally from the main body. The uniramous first antennae are about 2/3 as long as the body
(without setation), curved slightly posteriorly, tubular, with distal setation consisting terminally
of one setule-bearing long seta, one small spine, and one seta of intermediate length positioned
at some distance from the tip (Figs 4D, 4E and 9A); some superficial subdivision of the surface
in an uneven sclerotic arrangement can be seen, mostly in the proximal half where rows of
large, quadrangular sclerites are present (Fig 4D). The biramous second antennae are about 4/5
as long as the body (without setation) and curved slightly posteriorly (3A, 4B-C). The protopod
and the endopod are of about the same length, while the exopod is slightly longer. The protopod
is weakly subdivided into a coxa and a basis (Fig 4C). The endopod bears three setule-bearing
setae, two of which are placed distally and one at some distance from the tip; between the latter
and the two distal setae is a small anlage of a fourth seta (Figs 4F and 9E, shaded red). The exo-
pod bears four long, setule-bearing setae arranged weakly step-like along the medio-distal third
of the ramus (4F, 9E). Neither the endopod nor the exopod is clearly segmented, but the dorsal
surface of the exopod bears some plate-like scales (Fig 4D and 4F). The biramous mandibles are
about 1/3 as long as the body (without setation) (Figs 3A and 4C). The protopod, the endopod,
and the exopod are all of about the same length. The endopod bears three setulate setae, two of
which are distal and one at some distance from the tip (Figs 4G and 91I); between the latter and
the two distal setae is a small gap with what looks like an anlage of a fourth seta, but no such
developed seta appears later during development. The exopod bears three large setulate setae
distally arranged weakly step-like along the medio-distal third of the ramus (Figs 4G and 91I).
There is much ornamentation externally, some of which is certainly a shrinking artifact of the
critical point drying, but no consistent pattern could be identified. Some specimens show paired
rudiments of the caudal setae terminally (Figs 4H and 9M). The descriptions of the following
stages focus on those parts of the morphology where they deviate from the previous stage.

Nauplius 2 (Figs 3B, 5, 9B, 9F, 9] and 9N). The mean length of nauplius 2 are 0.46 mm
with a large variation (0.40-0.52 mm); the mean width is 0.26 mm also with a large variation
(0.22-0.32) (Table 1, Fig 2).
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Fig 3. Nauplii 1-3 and metanauplius of Thysanoessa raschii (Euphausiacea), light microscopy. (A) Nauplius 1. (B) Nauplius 2. (C) Nauplius 3. (D)
Metanauplius. The images are not to the same scale. See Table 1 and Fig 2 for size variation of the larvae.

doi:10.1371/journal.pone.0141955.g003

Table 1. Sizes of nauplii (N1-3) and metanauplii (MN) based on measurements of body length and width (mm) (see text).
Nauplius 1 (n = 28) Nauplius 2 (n = 28) Nauplius 3 (n = 25) Metanauplius (n = 45)
Length (mm)  Width (mm) Length (mm) Width (mm) Length (mm) Width (mm) Length (mm) Width (mm)

Mean size 0.45 027 0.46 0.26 047 027 0.50 0.33
Variation 0.37-0.51 0.20-0.33 0.40-0.52 0.22-0.32 0.44-0.50 0.24-0.30 0.40-0.66 0.23-0.49
Standard deviation 0.040 0.035 0.027 0.021 0.016 0.015 0.047 0.055

doi:10.1371/journal.pone.0141955.t001
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Fig 4. Nauplius 1 of Thysanoessa raschii (Euphausiacea), scanning electron microscopy (SEM). (A) Posterior view of whole specimen. (B) Lateral view
of whole specimen. (C) Ventral view of whole specimen. (D) Ventral view of right side of whole specimen. (E) Antenna 1, distal setation. (F) Antenna 2, distal
setation of endopod and exopod. (G) Mandible, right side, endopod and exopod. (H) Anlagen to caudal setae.

doi:10.1371/journal.pone.0141955.9g004
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Fig 5. Nauplius 2 of Thysanoessa raschii (Euphausiacea), scanning electron microscopy (SEM). (A) Ventral view of whole specimen. (B) Lateral view
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(G) Antenna 2 and mandible, right side. (H) Caudal setae, ventral view. (I) Caudal seta, left side, posterior view.

doi:10.1371/journal.pone.0141955.g005
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doi:10.1371/journal.pone.0141955.g006
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doi:10.1371/journal.pone.0141955.9g007
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doi:10.1371/journal.pone.0141955.9g008

The body of nauplius 2 is of approximately the same size as N1 but it has as more ellipsoidal
shape (Figs 3B and 5A). Ventrally between the mandibles a small, slit-like opening has
appeared, which is probably the incipient mouth opening (Fig 5C). The first antennae now
bear four setae/spines distally (Figs 5A, 5D and 9B). Two of these are retained from N1, the
spine from N1 has evolved into a true seta (colored red in Fig 9B), and a new spine has
appeared anteriorly (shaded green in Fig 9B). The stem of the second antenna is now more
clearly subdivided into a coxa and basis (Figs 5A, 5E and 9F). The endopod now bears four
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(A-D) Antenna 1. (E-H) Antenna 2. (I-L) Mandible. (M-P) Caudal region. * Indicates new structures or structures that are modified compared to the previous
larval stage.

doi:10.1371/journal.pone.0141955.g009
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Table 2. Setae and spines of nauplii 1-3 and metanauplius of Thysanoessa raschii (Malacostraca, Euphausiacea) with emphasis on structures
useful for identification of different stages. This table corresponds to the overview of structures in Fig 9.

Antenna 1

Antenna 2, endopod

Antenna 2, exopod

Mandible, endopod

Mandible, exopod

Caudal setae

Caudal spines (articulated

to hind body in metanauplius

and could therefore also be
termed ‘setae’)

Nauplius 1

Terminally: 1 long seta; 1
short spine. Sub-
terminally: 1 medium-long
seta (Fig 9A)

Terminally: 2 long setae; 1
small ‘hump’ (anlage of
seta). Sub-terminally: 1
medium-long seta (Fig 9E)
4 long setae arranged
‘step-like’ (Fig 9E)

Terminally: 2 long setae
Sub-terminally: 1 long seta
(Fig 9I)

3 long setae terminally
arranged weakly ‘step-like’
(Fig 9I)

Absent or with small setae
anlagen (Fig 9M)

Absent (Fig 9M)

Nauplius 2

Terminally: 1 long seta; 1
medium-long seta*; 1 short
spine*. Sub-terminally: 1
medium-long seta Fig 9B)
Terminally: 2 long setae; 1
intermediate seta*. Sub-
terminally: 1 medium-long
seta (Fig 9F)

4 long setae arranged ‘step-
like’; 1 intermediate seta
terminally* (Fig 9F)
Terminally: 2 long setae
Sub-terminally: 1 long seta
(Fig 9J)

3 long setae terminally (Fig
9J)

Long with setules along
distal half* (Fig 9N)

Each long caudal seta with 3

small associated spines*
(Fig 9N)

Nauplius 3

Terminally: 2 long setae*;
1 short spine. Sub-
terminally: 1 medium-long
seta (Fig 9C)

Terminally: 3 long setae*;
1 intermediate seta*. Sub-
terminally: 1 medium-long
seta (Fig 9G)

4 long setae arranged
‘step-like’; 1 intermediate
seta terminally (Fig 9G)

Terminally: 2 long setae
Sub-terminally: 1 long
seta (Fig 9K)

3 long setae terminally
(Fig 9K)

Long with setules along
distal half (Fig 90)

Each long caudal seta
with 2 large associated
spines* (Fig 90)

* Indicates new structures or structures that are modified compared to the previous larval stage

doi:10.1371/journal.pone.0141955.1002

Metanauplius

Terminally: 2 long setae; 1 short
spine; 1 medium-long and
slender seta*. Sub-terminally: 1
medium-long spine (Fig 9D)
Terminally: 3 long setae; 1
intermediate seta. Sub-
terminally: 1 medium-long seta
(Fig 9H)

5 long setae arranged ‘step-
like’* (Fig 9H)

Reduced to small, spinose
structure* (Fig 9L)

Reduced to small, slender,
‘articulated’ structure* (Fig 9L)

Long with setules along distal
half (Fig 9P)

Each long caudal seta with 2
large and 1 small associated
spines* (Fig 9P)

setae, in contrast to three in N1; the new seta (colored red in Fig 9F) is placed distally on the
limb and is shorter than the two other distal setae. The exopod now bears five setae, in contrast
to four in N1; the new seta is placed distally on the limb and is shorter than the four other setae
(colored blue in Fig 9F). The dorsal side of the exopod is now more clearly subdivided into a
row of 8-9 sclerites (Figs 5E and 9F). The mandibles of N2 are similar to those of N1 with
respect to seta number (three on each ramus) (Figs 5F and 9]). The exopod is oriented more
dorsally and bent away from the main axis of the limb, and the distal setation is arranged
slightly less step-like than in N1 being more concentrated terminally (Fig 9]). A pair of large
setulate caudal setae (Figs 5H, 5] and 9N, colored red in) has appeared on the body posteriorly
on each side accompanied by small spines, two on the outer side of each of the caudal setae,
one on the inner side (colored green in Fig 9N).
Nauplius 3 (Figs 3C, 6, 9C, 9G, 9K and 90). The mean length of nauplius 3 is 0.47 mm
with a large variation (0.44-0.50 mm); the mean width is 0.27 mm also with a large variation
(0.24-0.30) (Table 1, Fig 2).
The body of nauplius 3 is of approximately the same size as N1 and N2 but has an even
more ellipsoidal shape than N2 (Figs 3C and 6A). The first antenna has the same distal setation
as in N2 (Figs 6C, 6D and 9C). The second antenna endopod has four setae distally instead of
the three seen in N2. The newly added setae is smaller than the remaining three (shaded green

in Fig 9G) whereas one of the three setae seen already in N2 has grown considerably in size
(shaded red in Fig 9G). The setation and general morphology of the mandibles are the same as
in N2 (Figs 6F, 9] and 9K). Two of the spines flanking each caudal setae are considerably larger
than in N2, but the third, outer one is unchanged (Figs 6L, 9N and 90).
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Metanauplius (Figs 3D, 7, 8, 9D, 9H, 9L and 9P). The mean length of the metanauplius
is 0.50 mm with a large variation (0.40-0.66 mm); the mean width is 0.33 mm, also with a large
variation (0.23-0.49) (Table 1, Fig 2).

The metanauplius is morphologically very different from the previous stages and is there-
fore described in more detail. On average, the metanauplius is not much larger than N3, but
there is a much larger size variation, both in length and width, among the examined specimens.
A carapace fold (or naupliar shield) is present and is most pronounced anteriorly and posteri-
orly (Figs 7A, 8A, 8B and 8E). The anterior part of the fold extends approximately from the
mandible and further anteriorly where it overhangs the proximal parts of the first and second
antennae. At the rim of the anterior and posterior parts of the carapace fold are rows of small
setae mostly arranged in an alternating pattern ‘small’, large’, ‘small’, and so forth (pattern not
shown on Figs). The posterior part of the carapace fold is wider than the anterior part and
forms the widest point of the larva (Figs 3D and 7A). Posteriorly, the fold overhangs a small
part of the ‘hind body’ and seems to be attached to the main body in the region of the anlage of
maxilla 2 and/or thoracopod 1. At the rim of the posterior part of the fold are rows of small
setae of slightly varying size; approximately 11-12 on each side. A pair of small filaments is
present frontally under the anterior carapace fold between the first antennae (Figs 7B and 8E).
A large U-shaped labrum is present being separated from a more anterior hypostome area by a
suture (Fig 7L).

The first antennae are subdivided into a short proximal segment and a larger distal segment,
which again is subdivided in 2-3 weakly defined portions (not examined further) (Figs 7A, 7C,
8A and 9D). The distal setation of the first antennae is almost like that of N3, except for the
presence of an additional intermediate length seta and a small spine (Figs 7C, 7D and 9D). The
second antennae differ from those of N3 in several aspects; the protopod is more clearly subdi-
vided into a coxa and basis (Figs 7A, 7G and 9H) and the distal seta on the endopod, which
appeared in N3, has become significantly longer (colored green in Fig 9H). Furthermore, the
exopod still bears five setae distally but they appear more slender and more placed more dis-
tally on the ramus (Figs 7G, 8A and 9H) compared to N3 (Fig 9G). The weak subdivision of
the exopod into dorsal sclerites seen in N2 and N3 is now lost and the ramus is smooth and
undivided except in the distal region where it is subdivided into 3-4 segments corresponding
to the setal arrangement. The endopod is unsegmented.

The mandible has undergone significant modification. It consists only of a large, swollen,
blade-like structure, which is the coxa or a fusion product of the coxa and basis (see below),
which medially extends into a lobe which will become the future gnathal edge (Figs 7L, 71, 8C
and 9L). At the ventro-lateral edge of the coxa (possibly combined with basis) is a small rudi-
ment which certainly is the remains of the mandibular palp (endopod and exopod and possibly
basis) (Figs 7I-7K, 8C and 9L). The rudiment is in two parts, median and lateral. The median
part terminates in three spines, a large central one with a smaller one on each side; due to the
median position of this part of the rudiment, it most likely corresponds to the endopod. The
three spines are possibly the rudiments of the three long terminal setae of the mandibular
endopod in the previous naupliar sequence. The lateral part is a small, ‘segmented’, tubular
structure, which, due to its position, probably is the rudiment of the mandibular exopod from
the naupliar sequence. If this interpretation is correct, it follows that the basipod has either
been reduced or has fused with the coxa.

Posterior to the mandibles is a pair of undifferentiated paragnath buds (Figs 7L, 8C and
8D). Buds of three pairs of post-mandibular limbs are present: maxillae 1 and 2, and thoraco-
pod 1 (Figs 7A, 7L, 8A, 8C and 8D). The first maxillae are limbs buds that are placed very
closely together, with the median sides of the future limbs facing each other. An exopod anlage
with two primordial spines is present laterally. Anlagen to what will become setae of the coxa,
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basis, and endopod are present medially, but the precise identity of these structures cannot be
identified at present. The limb buds of the second maxillae are largely identical to those of the
first maxillae, with the differences that the exopod anlagen consists of one spine only and the
median side of the bud has fewer setae anlagen. The limb buds of thoracopods 1 each consists
of a ventrally directed and well-defined endopod and exopod anlagen. The endopods are very
close to each other. The endopod bears 2-3 setae anlagen, the exopod about four. The body ter-
minates in a small, tubular ‘hind body” which ends in a pair of short, dorso-ventrally flattened
lobes each carrying five setae/spines (Figs 7L, 7M, 8A, 8B and 9P): one long setulate seta; two
medium-long setae, one on each side of the long setae; and two small spines more medially.
Ventrally at the ‘hind body’ is a slit-like anal opening (Fig 7N).

Discussion
Number of naupliar stages in broadcast-spawning euphausiaceans

The general aspects of the life cycle and development of euphausiaceans are relatively well-
known (e.g., [36, 37]), but some details are still unclear, such as the precise number of stages in
the early (naupliar) phase of the development of certain species. Because euphausiid species,
such as the Antarctic krill Euphausia superba and the Northern krill Meganyctiphanes norve-
gica are of high ecological importance and link various trophic levels, this uncertainty regard-
ing early development is unfortunate. Of the known 86 species of Euphausiacea, 61 are
broadcast-spawners, shedding their eggs directly into the water, whereas 25 are sac-spawners,
protecting the embryos in a membranous ovigerous sac attached to the last pair of thoracic legs
[28, 38, 39]. Here we have studied the early (naupliar and metanaupliar) development of Thy-
sanoessa raschii, sometimes termed Arctic krill, a broadcast-spawning euphausiid commonly
found in various parts of the North Atlantic [29, 40-42].

We recognize three nauplius stages (N1-N3) and one metanauplius stage (MN) of Thysa-
noessa raschii, which is in contrast the two nauplius stages previously identified for this species
[43], and also in contrast to most other broadcast-spawning euphausiaceans (see Table 3, Fig
10). With regard to the three naupliar stages of T. raschii, the most significant changes take
place between nauplius 1 and 2, while the changes between nauplius 2 and 3 are more subtle
(Table 2, Fig 9). Among the changes between nauplius 1 and 2 are: (1) a general change in
body shape from more rounded plumb-shaped to more elongate (Fig 3A and 3B); (2) first
antennae with one more spine and longer terminal seta (asterisks on Fig 9B); (3) second anten-
nae with one additional seta terminally of both rami (asterisks on Fig 9F); and, most signifi-
cantly, a pair of long caudal setae with small anlagen of flanking spines (asterisks on Fig 9N).
The morphological changes between nauplius 2 and 3 are much smaller but involve at least
two aspects: (1) the appearance an additional seta at the tip of the antennal endopod (asterisk
on Fig 9G); and (2) larger size of the caudal spines flanking the large setae (asterisk on Fig 90).
Assuming that the identified nauplius stages actually belong to the same species (Thysanoessa
raschii, see Materials and Methods), we consider that the three nauplius stages represent three
different instars separated by molts. Certainly the large changes between N1 and N2 can only
be explained by a molt, and probably a molt between N2 and N3 is necessary to explain the
increased size of the caudal spines and the additional seta of the antennal endopod seen in N3.
However, in principle, the occurrence of molting between stages (which then are ‘instars’) can
only be identified with certainty by detailed studies of live material, ideally by following isolated
individuals through their development, e.g., by examining the exuvia left behind. The original
work on the development of T. raschii was indeed partly based on cultured material [43], so it
is not easy to understand why a different number of nauplius stages was then recognized. Since
the morphological differences between nauplius 2 and 3 found by us are really small and only

PLOS ONE | DOI:10.1371/journal.pone.0141955 December 18,2015 16/29



el e
@ : PLOS ‘ ONE Naupliar and Metanaupliar Development of Euphausiacea

Table 3. Summary of naupliar and metanaupliar development in broadcast-spawning species of euphausiaceans. Only information from papers pro-
viding original contributions has been included. Some of the species included in the table are illustrated in Fig 10.

Species N1 N2 N3 MN Comparison with T. raschii with respect to key characters (caudal spination and Literature
antennal setation) source
Thysanoessa raschii X X X X This study
Thysanoessa raschii X X X ‘Nauplius 2’ in [43] is, based on caudal spination, most similar to nauplius 3 of this [43]
study. Antennal setation was not studied.
Thysanoessa inermis X X X Naupliar stages were not studied in detail regarding caudal spination and antennal [44]
setation.
Meganyctiphanes X X X X Three naupliiis depicted in [45]: 1) A ‘recently hatched nauplius’, a ‘more advanced [45]
norvegica nauplius’; and a ‘last naupliar stage’. The text of [45] is not conclusive on this matter.

Based on the degree of development of the caudal setae and spines, the ‘more
advanced’ Nauplius in [45] is equivalent to nauplius and the ‘last naupliar stage’ to
nauplius 3 of T. raschii.

Meganyctiphanes X X X Naupliar stages were not studied in detail regarding caudal spination and antennal [46]
norvegica setation. Based on live material it was stated that the first nauplius becomes the

second nauplius and the second nauplius was said to change into the metanauplius.
Meganyctiphanes X X X  Two different forms of nauplius 2 were reported, one with two caudal setae, each with  [49]
norvegica two small caudal spines associated, and another in which these spines are larger.
Euphausia superba X X X Nauplius 2 in [47] is not precisely equivalent to either N2 or N3 of T. raschii. The [47, 52]

caudal setae each have only one smaller associated spine (laterally), in contrast to
2-3in T. raschii, and the setation of various appendages is in part different. The
setation of the antennal endopod (3 long setae and a short) is similar to that of N2 of
T. raschii. The exopod with its 6 setae has no equivalent in T. raschii. Note that the
endopod and the exopod of A2 were reversed in [47].

Euphausia superba X X  Based on live material, the first molt was found to be between the ‘nauplius stage’ and  [53]
the metanauplius.

Euphausia gibboides X X X Nauplius 2 is closest to nauplius 2 of T. raschii in having small outer spines of the [50])
caudal region and the antennal endopods with 3 terminal and 1 subterminal setae.

Euphausia nana X X X Nauplius 2 is closest to nauplius 2 of T. raschii in having small outer spines of the [51]
caudal region and the antennal endopods with 3 terminal and 1 subterminal setae.

Euphausia pacifica X X X Nauplius 2 is closest to nauplius 2 of T. raschii in having small outer spines of the [48]

caudal region and the antennal endopods with 3 terminal and 1 subterminal setae.
doi:10.1371/journal.pone.0141955.t003

concerns the caudal spination and one additional antennal endopod setae, on which was pro-
vided no details in [43], it is possible that one stage (N2) was not recognized in that work.

Most studies of euphausiid development state that the early development of broadcast-
spawning species consists of two naupliar stages, one without caudal setae, and one with caudal
setae. However, the present work suggests that it is more complicated. With one exception
[45], the present study is the first report of three naupliar stages for any species of Euphausia-
cea. All other studies, including, as mentioned, the previous treatment of T. raschii [43], have
identified only two naupliar stages (Table 3, Fig 10). Without detailed re-examination of the
naupliar development of these other species, with particular attention to caudal spination and
setal pattern of various limbs, which have proven crucial for stage identification in T. raschii, it
is not possible to conclude with certainty whether a nauplius stage has been missed for some of
these other species, as may have been the case in the previous treatment of T. raschii [43]. In
the following, we discuss the number of naupliar stages in those species of the Euphausiacea
for which most details are known.

In a work on the development of Thysanoessa inermis, two naupliar stages were depicted
and described very briefly (Fig 10D-10F) [44]. No attention was paid to the detailed morphol-
ogy of the caudal spines and the setation of the antennal endopod, which have proved relevant
for distinguishing between N2 and N3 of T. raschii. Therefore, there is a possibility that a stage
was overlooked for T. inermis. Meganyctiphanes norvegica is the only other euphausiid in
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Fig 10. Overview of naupliar and metanaupliar stages of some of the species of Euphausiacea studied in most detail. (A-C) Two nauplii and one
metanauplius of Thysanoessa raschii (from [43]). (D-F) Two nauplii and one metanauplius of Thysanoessa inermis (from [44]). (G-J) Three nauplii and one
metanauplius of Meganyctiphanes norvegica (from [45]). (K-M) Two nauplii and one metanauplius of Meganyctiphanes norvegica (from [46]). (N-P) Two
nauplii and one metanauplius of Euphausia superba (from [47]). (Q-S) Two nauplii and one metanauplius of Euphausia pacifica (from [48]).

doi:10.1371/journal.pone.0141955.9010
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which three naupliar stages have been described [45]; however, conflicting evidence exists. The
development of M. norvegica was later re-studied [46], apparently on the basis of live material,
and it was specifically stated that the second nauplius followed from the first nauplius and that
the metanauplius followed from the second nauplius, thus yielding one fewer naupliar stage
than had been found previously [45] (Fig 10K-10M). Caudal spines and antennal setation were
not reported in detail in either of the two works. More information on the same species was
later added [49]. Among other, two different forms of N2 were found, which differed from
each other with respect to the size of the spines associated with the long caudal setae. The more
developed one of these ‘N2’ (the one with long caudal spines) may be equivalent to N3 of T.
raschii as recognized here, but the confirmation of this will require a restudy. In all cases when
the development of Euphasia has been examined, two naupliar stages have been recognized
[48, 50-52] (e.g., for E. superba and E. pacifica in Fig 10N-10S). In most such cases, the setation
patterns of the naupliar appendages have been examined in detail. This is in contrast to most
of the species mentioned above. It thus seems plausible that only two naupliar instars are pres-
ent in species of Euphasia. With respect to the characters that have proved important for dis-
tinguishing between N2 and N3 of T. raschii (size of caudal spines and setation of the antennal
endopod), N2 of the various species of Euphasia looks most like N2 of T. raschii.

A general question concerns whether the ‘stages’ recognized here for the naupliar develop-
ment of T. raschii corresponds to instars separated by molts. The approach used, which is a
widespread method, has been to examine the morphology of a large number of individuals and
to consider whether the changes in morphology between stages are too large to be explained by
a molt. Certainly the multiple differences between N1 and N2 in Thysanoessa raschii are too
large to have occurred without a molt, but what about the more minute changes between N2
and N3? However, while the growth of the cuticular caudal spines (see Fig 9N and 90) might
be explainable as simple cuticular expansion, even though we lack evidence that such can hap-
pen, the addition of an extra seta (see Fig 9F and 9G) is difficult to explain this way. We there-
fore consider that the three naupliar stages of T. raschii recognized here correspond to three
separate instars. A similar question was considered earlier by other researchers for Euphausia
superba, with a completely different conclusion [53]. According to that study, all the naupliar
developmental stages from hatching to the metanauplius occurred without molting, which, if
true, means that all the naupliar stages for Euphasia superba belongs to one very ‘inclusive’
instar, and that all the observed morphological changes, including the appearance of long cau-
dal setae, would have occurred by cuticular expansion. In this regard, [53] is in conflict with all
other thorough studies on the development of euphausiaceans, whereby always at least two
naupliar stages have been identified and in some cases specifically stated to be separated by a
molt (e.g., [46]). However, [53] is not easy to dismiss, since the methodology seems properly
set up to detect the presence/absence of molting in E. superba, for example by basing the work
on cultures of live material. The whole issue is of wider importance and needs general atten-
tion. Intermolt cuticular modifications as a part of the molting cycle are well-known for arthro-
pods [54], but in our view it is doubtful that intermolt additions of external surface structures,
such as the caudal spines and limb setation as described here for T. raschii, can take place.

The nauplius stage in malacostracan evolution

The presence of a naupliar phase of the development in most euphausiaceans is important in a
broader evolutionary context because it is widely accepted that a naupliar phase was part of the
earliest development of Crustacea (= Pancrustacea or Tetraconata) [5, 6, 26, 55, 56]. This idea
is built primarily on two types of argument: (1) the taxonomically widespread occurrence of
nauplii in many very different crustacean taxa (e.g., branchiopods, cirripedes, and copepods, as
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well as certain malacostracans), and (2) the fundamental similarity between the nauplii of these
taxa (e.g., with only three pairs of appendages: first antenna, second antennae, and mandibles).
For a long time it was accepted that the occurrence of a naupliar phase in the early develop-
ment of two malacostracan taxa, euphausiaceans and dendrobranchiate shrimps, reflects the
ancestral condition for Malacostraca (e.g., [23-25]) from which other types of development in
Malacostraca had been derived. This idea was challenged by [26] who found evidence that the
free-living nauplius larvae of malacostracans having evolved secondarily from ontogenies with-
out a free-living nauplius (see details below), an idea that had been discussed earlier [27] and
was later explored further [57, 58]

Here, we re-address this question based on the new data obtained for Thysanoessa raschii
(Euphausiacea) with a comparison to the early (naupliar) development of dendrobranchiate
decapods and some non-malacostracan crustaceans.

The arguments in [26] for secondary evolution of free-living nauplii within Malacostraca
were a combination of parsimony and morphology. As remarked in [26], despite the uncertain
malacostracan phylogeny, there is consensus that both euphausiaceans and dendrobranchiate
decapods should be placed within the Malacostraca, perhaps even as sister taxa (e.g., [59]),
with several other malacostracan taxa having branched off earlier than these two. Depending
on the precise branching pattern within the Malacostraca, this would require an independent
loss of the free-living nauplius a number of times [26]. The other main argument in [26] was a
striking similarity in the morphology of certain early developing stages (‘egg-nauplii’) in those
Malacostraca that lack free-living nauplii. Many taxa (e.g., Leptostraca, Stomatopoda, Thermo-
sbaenacea, and some peracarids) share a particular resemblance in the post-naupliar body
region, including the presence of a growth zone with a fixed number of ectoteloblasts (19) and
a ventrally flexed caudal papilla. If these similarities are homologous, they can be argued to
have been present in the ground pattern of the Malacostraca [26]. However, if these similarities
are considered independently, the support for ‘egg-nauplii’ ancestrally in Malacostraca weak-
ens. Concerning the fixed number of ectoteloblasts (19) and mesoteloblasts (8), then such a
pattern is also found in free-living nauplii of Euphausiacea [26] and therefore not relevant for
the question of whether ‘egg-nauplii’ or free-living nauplii where present ancestrally in Mala-
costraca. Concerning the ventrally flexed caudal papilla this type of embryonic flexing seems to
be an obvious way to accommodate to the limited space available for growth within an egg-
shell, and is therefore prone to convergence; ventral flexing is seen also in the non-related
Cephalocarida [17, 60]. It must be admitted that evolutionary questions such as whether free
nauplii were present or not ancestrally in early development in Malacostraca, are very difficult
to answer with certainty. The most compelling evidence would be fossil malacostracan nauplii
belonging to early off-splits of malacostracans, e.g., Phyllocarida. Ancient fossil nauplii from
the Cambrian and the Devonian have been found for a number of non-malacostracan taxa,
including cirripedes and branchiopods, and for some taxa of uncertain affinity [1, 19, 20, 61-
63], but none of them have been assigned to Malacostraca. So the question will have to be
addressed by more circumstantial arguments based on (1) parsimony (e.g., [26]), (2) morpho-
logical analysis of development within Malacostraca (e.g., [26, 57]), and (3) morphological
comparison with taxa outside the Malacostraca (outgroup comparison).

(1) and (2) were explored in [26] (addressed above), so here we examine the third type of
argument (outgroup comparison), by means of a comparison with the early naupliar develop-
ment of some non-malacostracan crustaceans. If detailed similarities can be established
between, on one side, the naupliar phase of euphausiaceans (krill) and dendrobranchiate
shrimps and, on the other side, the naupliar phase of non-malacostracans, including some of
the amazingly preserved and important ‘Orsten’ taxa (e.g., Rehbachiella kinnekullensis), then
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this will be an argument in favour of the primitive status of the free-living larvae within the
Malacostraca.

Indeed there are numerous both general and detailed similarities between the development

of non-malacostracan taxa such as branchiopods (incl. Rehbachiella) and euphausiaceans and
dendrobranchiate shrimps.

1)

2)

3).

4).

5).

6).

7).

These similarities include:

. An overall similarity between the nauplii of all taxa regarding the number and general
morphology of the naupliar appendages: uniramous first antennae, biramous second
antennae, biramous mandibles (except branchiopods) (see general morphology of nauplii
of some taxa in Fig 11).

Detailed similarities:

. In the earliest stages of Thysanoessa raschii (Euphausiacea) the cuticle of some of the nau-
pliar limbs are not arranged clearly into well-defined segments, but rather into a loosely
defined pattern of sclerites. This is especially characteristic for the first antennae (e.g., Figs
5D, 6C, 9A-9C), but also other naupliar appendages. This is not unique for euphausiid
larvae but is also seen in dendrobranchiate decapods (see Fig 12) and many non-malacos-
tracan taxa such as branchiopods [64], and ‘Orsten’ crustaceans such as Rehbachiella kin-
nekullensis [20].

The dorsal side of the antennal exopod of Thysanoessa raschii of the early naupliar stages
is arranged into a row of cuticular ‘half rings’; approximately seven in nauplius 2, which is
the stage where the ‘half rings’ are most pronounced (Fig 5E). These ‘half rings’ could be
rudiments of an earlier more pronounced segmentation. A variation over this type of
antennal exopodal morphology is common for Crustacea, also for the mandibular exopod,
and seen in many taxa (e.g., branchiopods, mystacocarids, cephalocarids, ‘Orsten’ crusta-
ceans [20, 64-67], and dendrobranchiate decapods (Fig 12), where rows of complete ring-
lets are seen, each of which correspond to one seta

The setation of the naupliar limbs are in general arranged the same way in Thysanoessa
raschii and non-malacostracan nauplii: Antenna 1 with setae concentrated at the tip;
endopods of antenna 2 and mandible with setae mostly at the tip, exopods with row of
setae (one for each ‘ringlet’) along inner margin.

The caudal spination/setation in Thysanoessa raschii and in other euphausiaceans starts
in nauplius 2 with a pair of long setulated setae, which in the following stages become
flanked by small spines that develops into distinct setae in the metanauplius. The caudal
setation/spination basically starts in the same way in dendrobranchiate decapods and in
non-malacostracan taxa such as the Anostraca, Copepoda, and Rehbachiella kinnekullen-
sis (e.g., see some taxa in Fig 11). The further development of the caudal setation/spination
is very different in various taxa, but this is beyond the scope to explore here.

The naupliar shield in the metanauplius of Thysanoessa raschii (Fig 8A and 8B) and other
euphausiaceans is a posterior extension of the head region (see above), not fundamentally
different from what is seen in dendrobranchiate decapods and in many non-malacostra-
can crustaceans (see [68]).

The metanauplius of Thysanoessa raschii has a pair of frontal filaments (Figs 7B and 8E)
very similar to those seen in the larvae of some non-malacostracans, such as those of
Lynceus (Branchiopoda) and other branchiopods, which, at least in branchiopods, are

PLOS ONE | DOI:10.1371/journal.pone.0141955

December 18,2015 21/29



Naupliar and Metanaupliar Development of Euphausiacea

Rehbachiella
innekullensis

' Antenna 1

Non-Malacostraca
_ early development

Bran inecta
_occidentalis
(Branchiopoda) -

) %{7
el
/ i /%;\%%

T

Dorso-caudal ~_
spine - - ‘

Antenna 1

| N

o
fﬁf’éf‘”Amen\na 2

Metapenaeopsis
dalei
(Dendrobranchiata)

Antenna 1

Meganyctiphanes
norvegica
(Euphausiacea)

Dorso-caudal
spine

Fig 11. Early (= naupliar type) development of two malacostracan taxa and two non-malacostracan. (A-D) Four naupliar stages of the Cambrian
‘Orsten’ crustacean Rehbachiella kinnekullensis (from [20]). (E-H) Four naupliar type stages of Branchinecta occidentalis (Anostraca) (from [75]). (I-L) Four

(out of six) naupliar stages of Metapenaeopsis dalei (Dendrobranchiata Decapoda) (from [73]).

doi:10.1371/journal.pone.0141955.g011
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Fig 12. Evolution of naupliar development mapped on a simplified phylogeny of the Malacostraca based on several papers providing partly
conflicting phylogenetic results [76, 77]. The figure summarizes the idea supported in this paper, that the naupliar type of development seen in two
malacostracan taxa, Euphausiacea and dendrobranchiate decapods (A and B), in essence is primitive for malacostracans and retained, but modified, from
earlier in evolution (red line). C-H show other examples of the variation in developmental type in Malacostraca, both of taxa with free-living larvae and direct
developers. (C) Early embryonic-like stage of Nebalia longicornis (Leptostraca) (from [78]). (D) Antizoea larva (Stomatopoda). (E) Zoea larva (Brachyura). (F)
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Late development stage of Tulumella unidens (Thermosbaenacea) (from [14]). (G) Praunus inermis (Mysida) (from [79]). (H) Idotea baltica (Isopoda)
(material collected in Denmark by JO). (I) Three examples of non-malacostracan taxa with free living nauplii early in their development (Branchiopoda,
Copepoda, and the Cambrian Rehbachiella).

doi:10.1371/journal.pone.0141955.9012

external extensions of an internal ‘frontal filament organ’ [9, 15, 69]. Resembling struc-
tures, sometimes termed ‘Organs of Bellonci’, are present in other crustaceans such as bar-
nacle nauplii and larval and adult Remipedia (see [21, 70] and summary in [9]).

8). No dorso-caudal spine has been found in any of the examined early stages of Thysanoessa
raschii, but a rudiment is present in nauplius 1 of Metapenaeopsis dalei (see Fig 11I) repre-
senting Dendrobranchiata, the other malacostracan group with free-living nauplii. A
‘dorso-caudal spine’, a characteristic spine-like protrusion dorsally at the hind body during
early development in many non-malacostracans such as mystacocarids, cirripedes, and in
‘Orsten’ larvae such as Rehbachiella kinnekullensis and Bredocaris admirabilis (e.g., [19, 20,
71,72]), and its presence in Metapenaeopsis dalei (Dendrobranchiata) can be explained as
a plesiomorphy (rudiment), and its absence in Euphausiacea as secondary loss.

9). A general similarity between euphausiaceans and dendrobranchiates on one hand and
many non-malacostracans on the other, is seen in the gradual development of the naupliar
part of their ontogeny (later part of development not treated here). The six nauplii known
for Metapenaeopsis dalei (Dendrobranchiata) develops gradually from stage to stage with
respect to limb addition/setation and caudal setae/spine addition [73]. Structures related
to feeding (labrum, mandible) is clearly delayed, but this is also seen in some non-mala-
costracans such as branchiopods (e.g., [74]), though to a lesser degree, but not fundamen-
tally different. The naupliar phase in Euphausiacea, as exemplified in this study of
Thysanoessa raschii, is less gradual than that of dendrobranchiates and involves only three
naupliar stages followed by a distinct jump in morphology between the naupliar phase
and the metanauplius. However, the development of setation and segmentation of the
naupliar appendages is still essentially gradual, as is the development of caudal setae/
spines; a clear delay is seen in the development of structures relating to feeding as in den-
drobranchiates. Hence, with respect to gradualness, the naupliar development of both
Euphausiacea and Dendrobranchiata falls within the range of those non-malacostracans
which start with a naupliar sequence (except for the delayed feeding structures) (see sum-
mary in [6]).

All these similarities between nauplii of euphausiaceans, dendrobranchiates and non-mala-
costracan nauplii are simplest to explain as homologous, which leads to suggesting that free-liv-
ing nauplii within the Malacostraca have been retained from earlier in evolution, although
modified in various ways; for example to a lecitotrophich lifestyle to a degree not seen in the
development of non-malacostracan crustaceans, with the exception of the cave dwelling Remi-
pedia, which seems to undergo an even more extended lecitotrophich development [21, 22].

If free-living nauplii in Euphausiacea and Dendrobranchata Decapoda indeed have been
retained from earlier in evolution, as argued here, then it is true that such larvae must be con-
sidered lost a number of times within Malacostracan depending on the favored phylogeny. But
when looking in detail at the various types of ‘direct development’ within various taxa, some of
which have an ‘egg nauplius’ (see summary in [26]), then it is clear that ‘direct development’ of
Malacostraca is an assemblage of very different developmental types, and furthermore, involves
many different types of brooding by the mother animal. This is not the place to summarize all
the developmental modes in detail, but a brief comparison shows that the gross morphology of
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embryos of, for example, Nebalia (Leptostraca), Tulumella (Thermosbaenacea), and Idotea
(Isopoda) is rather different (see Fig 12). These differences do not add support to the notion of
a common origin of direct development in these taxa.

Furthermore, brooding in these three malacostracan taxa are facilitated by very different
parts of the body of the mother animal. In the case of leptostracans, brooding takes place ven-
trally between the mother’s thoracopods, which form a large basket holding the developing
embryos, while brooding in thermosbaenaceans takes place dorsally under an enlarged part of
the carapace, and that of isopods take place ventrally in a marsupium formed, probably, by
modified thoracopodal epipods. A further example is in Pleocyemata (Stenopodidea, Caridea,
and Reptantia), where developing embryos are kept attached to pleopods under the pleon of
the female. It is, therefore, plausible that direct development has evolved in various malacostra-
can taxa independently, and this notion supported, in our view, by the fact that the brooding is
facilitated by so many different parts of the mother body in different taxa. However, many
details needs to be elucidated, and all evolutionary conclusions also depends on the phylogeny
of the Malacostraca, concerning which there is still uncertainty (e.g., [59, 76]).

Returning to the question of the evolutionary status of the free-living nauplii of euphausia-
ceans and dendrobranchiates, a number of ‘embryonic’ characters were mentioned in [26] for
the larvae of both taxa in support of their secondary origin within Malacostraca. Most of these
relate to the non-feeding status of the larvae (fully formed gut absent, body with yolk cells,
labrum absent, setae only at tips of limbs, mandibular gnathobase and antennal masticatory
spines absent), and may as well be explained as adaptations to lecitothrophy, not necessarily
indicating an embryonic origin. Early nauplii of other crustaceans such as some branchiopods,
copepods, and cirripedes also go through a lecitothrophic phase during which they in some
cases are expanded by yolk and their naupliar feeding appendages are inactive [74, 80-83]. Fur-
thermore, in support of an eventual embryonic origin, it has been mentioned that the limbs are
‘not articulated’ [26]. However, as noted above, the indistinct and somewhat disorganized
arrangement of the cuticle of the naupliar appendages is not confined to euphausiid and den-
drobranchiate nauplii but is found in the early larvae of many other taxa as well. Most recently
euphausiaceans and dendrobranchiates have been suggested to be sister taxa based on sequence
similarities of the mitochondrial genome [59], which, if true, would leave the Decapoda para-
phyletic. Such a putative sister-group relationship is interesting in the light of the shared nau-
pliar type of development between these two malacostracan taxa, but does not challenge the
above arguments in favour of an ancestral status of naupliar development for Malacostraca.

Acknowledgments

Torkel Gissel Nielsen (DTU Aqua) is thanked for donating the samples used in the work to the
Natural History Museum of Denmark. Russell Hopcroft (University of Alaska Fairbanks) is
thanked for permission to use his photo of an adult Thysanoessa raschii in Fig 1. The field work
of the project BOFYGO was funded by a grant from the Danish Centre for Marine Research,
DCH to Torkel Gissel Nielsen. The research leading to these results has received funding from
the European Union Seventh Framework Programme project EURO-BASIN (ENV.2010.2.2.1-
1) under grant agreement n° 264933 and the Greenland Climate Research Centre (project 6505).
Light microscopy equipment used in the project was supported by a Carlsberg grant to JO.

Author Contributions

Analyzed the data: JO HA MDA. Wrote the paper: JO HA MDA. Collected and/or sorted the
marine plankton samples: HA MDA. Microscopic analysis and preparation of illustrations: HA
JO.

PLOS ONE | DOI:10.1371/journal.pone.0141955 December 18,2015 25/29



@’PLOS ‘ ONE

Naupliar and Metanaupliar Development of Euphausiacea

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Zhang X-g, Siveter DJ, Waloszek D, Maas A. An epipode-bearing crown-group crustacean from the
Lower Cambrian. Nature. 2007; 449:595-8. PMID: 17914395

Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, et al. Phylogenomics resolves the timing
and pattern of insect evolution. Science 2014; 346:763-7. doi: 10.1126/science.1257570 PMID:
25378627

Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, Wetzer R, et al. Arthropod relationships revealed by
phylogenomic analysis of nuclear protein-coding sequences. 2010; 463:1079-84.

Ferrari FD. The last nauplius. 2013; 86(5):632-8.

Walossek D, Mdller KJ. Upper Cambrian stem-lineage crustaceans and their bearing upon the mono-
phyletic origin of Crustacea and the position of Agnostus. Lethaia. 1990; 23(4):409-27.

Martin JW, Olesen J, Heeg JT. The crustacean nauplius. In: Martin JW, Olesen J, Hgeg JT, editors.
Atlas of crustacean larvae. Baltimore: Johns Hopkins University Press; 2014. p. 8-16.

Martin JW, Olesen J, Haeg JT. Atlas of crustacean larvae. Baltimore: Johns Hopkins University Press;
2014.370p.

Ferrari FD, Fornshell J, Vagelli AA, Ivanenko VN, Dahms H-U. Early post-embryonic development of
marine Chelicerates and crustaceans with a nauplius. 2011; 84(7):869-93.

Fritsch M, Kaji T, Olesen J, Richter S. The development of the nervous system in Laevicaudata (Crusta-
cea, Branchiopoda): insights into the evolution and homologies of branchiopod limbs and 'frontal
organs'. Zoomorphology. 2013; 132(2):163-81.

Glenner H, Heeg JT, Grygier MJ, Fuijita Y. Induced metamorphosis in crustacean y-larvae: Towards a
solution to a 100-year-old riddle. BMC Biol. 2008; 6(21):1-6.

Haug C, Haug JT. Defensive enrolment in mantis shrimp larvae (Malacostraca: Stomatopoda). Contrib
Zool. 2014; 83(3):185-94.

Haug JT, Olesen J, Maas A, Waloszek D. External morphology and post-embryonic development of
Derocheilocaris remanei (Mystacocarida) revisited, with a comparison to the Cambrian taxon Skara. J
Crustacean Biol. 2011; 32(4):668-92.

Mgller OS, Olesen J, Avenant-Oldewage A, Thomsen PF, Glenner H. First maxillae suction discs in
Branchiura (Crustacea): Development and evolution in light of the first molecular phylogeny of Bran-
chiura, Pentastomida, and other "Maxillopoda". Arthropod Struct Dev. 2008; 37(4):333—46. doi: 10.
1016/j.asd.2007.12.002 PMID: 18394959

Olesen J, Boesgaard T, lliffe TM. The unique dorsal brood pouch of Thermosbaenacea (Crustacea,
Malacostraca) and description of a late embryonic stage of Tulumella unidens from the Yucatan Penin-
sula (Mexico), with a discussion of mouth part homologies to other Malacostraca. PLOS ONE. 2015:1—
26.

Olesen J, Fritsch M, Grygier MJ. Larval development of Japanese "conchostracans": Part 3, larval
development of Lynceus biformis (Crustacea, Branchiopoda, Laevicaudata) based on scanning elec-
tron microscopy and fluorescence microscopy. J Morphol. 2013; 274(2):229—42. doi: 10.1002/jmor.
20101 PMID: 23225221

Scholtz G, Wolff C. Arthropod embryology: cleavage and germ band development. In: Minelli A, Box-
shall GA, Fusco G, editors. Arthropod Biology and Evolution Molecules, Development, Morphology.
Berlin, Heidelberg: Springer-Verlag 2013. p. 63-89.

Stegner MEJ, Richter S. Development of the nervous system in Cephalocarida (Crustacea): early neu-
ronal differentiation and successive patterning. Zoomorphology. 2015.

Haug JT, Maas A, Waloszek D. tHenningsmoenicaris scutula, 1Sandtorpia vestrogothiensis gen. et
sp. nov. and heterochronic events in early crustacean evolution. T Roy Soc Edin-Earth. 2009; 100
(3):311-50.

Miller KJ, Walossek D. External morphology and larval development of the Upper Cambrian maxillo-
pod Bredocaris admirabilis. Fossils Strata. 1988; 23:1-70.

Walossek D. The Upper Cambrian Rehbachiella and the phylogeny of Branchiopoda and Crustacea.
Fossils Strata. 1993; 32:1-202.

Koenemann S, Olesen J, Alwes F, lliffe TM, Hoenemann M, Ungerer P, et al. The post-embryonic
development of Remipedia (Crustacea)—additional results and new insights. Dev Genes Evol. 2009;
219:131-45. doi: 10.1007/s00427-009-0273-0 PMID: 19184096

Olesen J, Martinsen SV, lliffe TM, Koenemann S. Chapter 15. Remipedia. In: Martin JW, Olesen J, Hgeg
JT, editors. Atlas of crustacean larvae. Baltimore: Johns Hopkins University Press; 2014. p. 84-9.

Anderson DT. Embryology and phylogeny of annelids and arthropods. Oxford: Pergamon Press;
1973.1-495 p.

PLOS ONE | DOI:10.1371/journal.pone.0141955 December 18,2015 26/29


http://www.ncbi.nlm.nih.gov/pubmed/17914395
http://dx.doi.org/10.1126/science.1257570
http://www.ncbi.nlm.nih.gov/pubmed/25378627
http://dx.doi.org/10.1016/j.asd.2007.12.002
http://dx.doi.org/10.1016/j.asd.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18394959
http://dx.doi.org/10.1002/jmor.20101
http://dx.doi.org/10.1002/jmor.20101
http://www.ncbi.nlm.nih.gov/pubmed/23225221
http://dx.doi.org/10.1007/s00427-009-0273-0
http://www.ncbi.nlm.nih.gov/pubmed/19184096

@’PLOS ‘ ONE

Naupliar and Metanaupliar Development of Euphausiacea

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.

39.
40.
41.
42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gruner HE. Arthropoda (ohne Insecta). Lehrbuch der speziellen Zoologie (Begriindet von Alfred Kaest-
ner). Jena, Stuttgart and New York: Gustav Fischer Verlag; 1993.

Gurney R. The larvae of the decapod Crustacea. London: The Ray Society; 1942. 306 p.

Scholtz G. Evolution of the nauplius stage in malacostracan crustaceans. J Zool Syst Evol Res. 2000;
38:175-87.

Strathmann RR, Ernisse DJ. What molecular phylogenies tell us about the evolution of larval forms. Am
Zool. 1993; 34:502—-12.

Martin JW, Gémez-Gutiérrez J. Chapter 43. Euphausiacea. In: Martin JW, Olesen J, Hgeg JT, editors.
Atlas of crustacean larvae. Baltimore: Johns Hopkins University Press; 2014. p. 220-5.

Agersted MD, Nielsen TG. Krill diversity and population structure along the sub-Arctic Godthabsfjord,
SW Greenland. J Plankton Res. 2014; 36(3):800-15.

Riisgaard K, Swalethorp R, Kjellerup S, Juul-Pedersen T, Nielsen T. Trophic role and top-down control
of a subarctic protozooplankton community. Mar Ecol-Prog Ser. 2014; 500:67-82.

Swalethorp R, Malanski E, Agersted M, Nielsen T, Munk P. Structuring of zooplankton and fish larvae
assemblages in a freshwater-influenced Greenlandic fjord: influence from hydrography and prey avail-
ability. J Plankton Res. 2014.

Teglhus F, Agersted M, Akther H, Nielsen T. Distribution and succession of krill larvae in the sub-Arctic
Godthabsfjord, SW Greenland. Submitted.

Maas A, Waloszek D, Milller KJ. Morphology, ontogeny and phylogeny of the Phosphatocopina (Crus-
tacea) from the Upper Cambrian "Orsten” of Sweden. 2003; 49:1-238.

Olesen J, Richter S, Scholtz G. On the ontogeny of Leptodora kindtii (Crustacea, Branchiopoda, Clado-
cera), with notes on the phylogeny of the Cladocera. J Morphol. 2003; 256:235-59. PMID: 12655608

Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting Vienna, Austria 2013. Available from: http://www.r-project.org/.

Mauchline J. The biology of mysids and euphausiids. Adv Mar Biol. 1980; 18:1-681.
Tarling GT. The biology of nothern krill. Adv Mar Biol. 2010;57.

Gomez-Gutiérrez J. Hatching mechanism and delayed hatching of the eggs of three broadcast spawn-
ing euphausiid species under laboratory conditions. J Plankton Res. 2002; 24(12):1265-76.

Mauchline J. Euphausiacea. Larvae. J Cons Int Explor Mer, Zooplankton Sheet 135/137. 1971:1-16.
Einarsson H. Euphausiacea |. Northern Atlantic Species. Dana-Rep. 1945; 27:1—190.
Mauchline J, Fisher LR. The Biology of Euphausiids. Adv Mar Biol. 1969; 7:1-54.

Siegel V, Nicol S. Population parameters. Krill: Biology, Ecology and Fisheries Fish and Aquatic
Resources Series. 6: Blackwell Science Ltd; 2000. p. 103—49.

Macdonald R. The life history of Thysanoessa raschii. J Mar Biol Assoc UK. 1928; 15(1):57-79.

Lebour MV. The Euphausiidee in the neighbourhood of Plymouth Ill. Thysanoessa inermis. J Mar Biol
Assoc UK. 1926; 14(1):1-21.

Sars GO. On the propagation and early development of Euphausiidee. Arch Math Naturvid. 1898; 20
(11):1-41.

Lebour MV. The Euphausiidee in the neighbourhood of Plymouth and their importance as herring food.
J Mar Biol Assoc UK. 1924; 13(2):402—31.

Fraser FC. On the development and distribution of the young stages of krill (Euphausia superba). Dis-
cov rep. 1936; 14:1-192.

Suh H-L, Soh HY, Hong SY. Larval development of the euphausiid Euphausia pacifica in the Yellow
Sea. Mar Biol. 1993; 115:625-33.

Macdonald R. Irregular development in the larval history of Meganyctiphanes noruegica. J Mar Biol
Assoc UK. 1927; 14(3):785-94.

Knight MD. The larval development of Pacific Euphausia gibboides (Euphausiacea). Fish B-NOAA.
1975; 73(1):145-68.

Hirota Y, Nemoto T, Marumo R. Larval development of Euphausia nana (Crustaeea: Euphausiacea).
Mar Biol. 1984; 81:311-22.

Jia Z, Virtue P, Swadling KM, Kawaguchi S. A photographic documentation of the development of Ant-
arctic krill (Euphausia superba) from egg to early juvenile. Polar Biol. 2014; 37:165-79.

Marschall H-P, Hirsche H-J. Development of eggs and nauplii of Euphausia superba. Polar Biol. 1984;
2:245-50.

Nijhout HF. Insect hormones. Princeton: Princeton University Press; 1994.

PLOS ONE | DOI:10.1371/journal.pone.0141955 December 18,2015 27/29


http://www.ncbi.nlm.nih.gov/pubmed/12655608
http://www.r-project.org/

@’PLOS ‘ ONE

Naupliar and Metanaupliar Development of Euphausiacea

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

Dahms H-U. Phylogenetic implications of the Crustacean nauplius. Hydrobiologia. 2000; 417:91-9.

Walossek D, Miller KJ. Cambrian 'Orsten'-type arthropods and the phylogeny of Crustacea. In: Fortey
RA, Thomas RH, editors. Arthropod Relationships Systematics Association Special Volume Series 55.
London: Chapman and Hall; 1998. p. 139-53.

Jirikowski GJ, Richter S, Wolff C. Myogenesis of Malacostraca—the “egg-nauplius” concept revisited.
Front Zool. 2013; 10(76):1-27.

Kiernan DA, Hertzler PL. Muscle development in dendrobranchiate shrimp, with comparison with Arte-
mia. Evol Dev. 2006; 8(6):537—49. PMID: 17073937

Shen X, Tian M, Chu K. Phylomitogenomics of Malacostraca (Arthropoda: Crustacea). Acta Oceanol
Sin. 2015; 34(2):84-92.

Olesen J, Martinsen SV, Hampson G, Addis A, Carcupino M. Chapter 16. Cephalocarida. In: Martin
JW, Olesen J, Hoeg JT, editors. Atlas of crustacean larvae. Baltimore: Johns Hopkins University
Press; 2014. p. 90-6.

Haug C, Haug JT, Fayers SR, Trewin NH, Castallani C, Waloszek D, et al. Exceptionally preserved
nauplius larvae from the Devonian Windyfield chert, Rhynie, Aberdeenshire, Scotland. Palaeontol Elec-
tron. 2012; 15(2):1-42.

Scourfield DJ. Two new and nearly complete specimens of young stages of the Devonian fossil crusta-
cean Lepidocaris rhyniensis. Zool J Linn Soc-Lond. 1940; 152:290-8.

Zhang X-g, Maas A, Haug JT, Siveter DJ, Waloszek D. A eucrustacean metanauplius from the Lower
Cambrian. Curr Biol. 2010; 20:1075-9. doi: 10.1016/j.cub.2010.04.026 PMID: 20493703

Mgller O, Olesen J, Hgeg J. On the larval development of Eubranchipus grubii (Crustacea, Branchio-
poda, Anostraca), with notes on the basal phylogeny of the Branchiopoda. Zoomorphology. 2004; 123
(2):107-23.

Maruzzo D, Minelli A, Fusco G. Segmental mismatch in crustacean appendages: The naupliar antennal
exopod of Artemia (Crustacea, Branchiopoda, Anostraca). Arthropod Struct Dev. 2009; 38:163-72. doi:
10.1016/j.asd.2008.09.001 PMID: 18983941

Olesen J. External morphology and larval development of Derocheilocaris remanei Delamare-Debout-
teville & Chappuis, 1951 (Crustacea, Mystacocarida), with a comparison of crustacean segmentation
and tagmosis patterns. Biol Skr Dan Vid Sel. 2001; 53:1-59.

Olesen J, Haug JT, Maas A, Waloszek D. External morphology of Lightiella monniotae (Crustacea,
Cephalocarida) in the light of Cambrian ‘Orsten’ crustaceans. Arthropod Struct Dev. 2011; 40:449-78.
doi: 10.1016/j.asd.2011.04.002 PMID: 21925069

Olesen J. The crustacean carapace—morphology, function, development, and phylogenetic history. In:
Thiel M, Watling L, editors. Functional Morphology and Diversity of Crustaceans: Oxford University
Press; 2013. p. 103-39.

Olesen J. Larval development of Lynceus brachyurus (Crustacea, Branchiopoda, Laevicaudata): Rede-
scription of unusual crustacean nauplii, with special attention to the molt between last nauplius and first
juvenile. J Morphol. 2005; 264(2):131-48. PMID: 15549720

Semmler H, Heeg JT, Scholtz G, Wanninger A. Three-dimensional reconstruction of the naupliar mus-
culature and a scanning electron microscopy atlas of nauplius development of Balanus improvisus
(Crustacea: Cirripedia: Thoracica). Arthropod Struct Dev. 2009; 38:135-45. doi: 10.1016/j.asd.2008.
09.003 PMID: 18984064

Olesen J, Haug JT. Chapter 26. Mystacocarida. In: Martin JW, Olesen J, Haeg JT, editors. Atlas of
crustacean larvae. Baltimore: Johns Hopkins University Press; 2014. p. 138—43.

Chan BKK, Hgeg JT, Kado R. Chapter 22. Thoracica. In: Martin JW, Olesen J, Hgeg JT, editors. Atlas
of crustacean larvae. Baltimore: Johns Hopkins University Press; 2014. p. 116-21.

Chio JH, Hong SY. Larval development of the kishi velvet shrimp, Metapenaeopsis dalei (Rathbun)
(Decapoda: Penaeidae), reared in the laboratory. Fish B-NOAA. 2001; 99:275-91.

Olesen J, Grygier MJ. Larval development of Japanese 'conchostracans': part 2, larval development of
Caenestheriella gifuensis (Crustacea, Branchiopoda, Spinicaudata, Cyzicidae), with notes on homolo-
gies and evolution of certain naupliar appendages within the Branchiopoda. Arthropod Struct Dev.
2004; 33:453-69. PMID: 18089051

Heath H. The external development of certain phyllopods. J Morphol. 1924; 38(4):453—-83.

Jenner RA, Dhubhghaill CN, Ferla MP, Wills MA. Eumalacostracan phylogeny and total evidence: limi-
tations of the usual suspects. BMC Dev Biol. 2009; 9:21

Richter S, Scholtz G. Phylogenetic analysis of the Malacostraca (Crustacea). J Zool Syst Evol Res.
2001; 39(3):113-36.

PLOS ONE | DOI:10.1371/journal.pone.0141955 December 18,2015 28/29


http://www.ncbi.nlm.nih.gov/pubmed/17073937
http://dx.doi.org/10.1016/j.cub.2010.04.026
http://www.ncbi.nlm.nih.gov/pubmed/20493703
http://dx.doi.org/10.1016/j.asd.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18983941
http://dx.doi.org/10.1016/j.asd.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21925069
http://www.ncbi.nlm.nih.gov/pubmed/15549720
http://dx.doi.org/10.1016/j.asd.2008.09.003
http://dx.doi.org/10.1016/j.asd.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18984064
http://www.ncbi.nlm.nih.gov/pubmed/18089051

@’PLOS ‘ ONE

Naupliar and Metanaupliar Development of Euphausiacea

78.

79.

80.

81.

82.

83.

Olesen J, Walossek D. Limb ontogeny and trunk segmentation in Nebalia species (Crustacea, Mala-
costraca, Leptostraca). Zoomorphology. 2000; 120(1):47-64.

San Vicente C, Guerao G, Olesen J. Chapter 38. Lophogastrida and Mysida. In: Martin JW, Olesen J,
Heeg JT, editors. Atlas of crustacean larvae. Baltimore: Johns Hopkins University Press; 2014. p.
199-205.

Anderson DT. Larval development and segment formation in the branchiopod crustaceans Limnadia
stanleyana King (Conchostraca) and Artemia salina (L.) (Anostraca). Aust J Zool. 1967; 15:47-91.

Collis S, Walker G. The morphology of the nauplius stages of Sacculina carcini (Crustacea: Cirripedia:
Rhizocephala). Acta Zool-Stockholm. 1994; 75(4):297-303.

Dahms H-U. First record of a lecithotrophic nauplius among Harpacticoida (Crustacea, Copepoda) col-
lected from the Weddell Sea (Antarctica). Polar Biol. 1989; 10:221—4.

Olesen J, Grygier M. Larval development of Japanese ‘conchostracans': part 1, larval development of
Eulimnadia braueriana (Crustacea, Branchiopoda, Spinicaudata, Limnadiidae) compared to that of
other limnadiids. Acta Zool-Stockholm. 2003; 84(1):41-61.

PLOS ONE | DOI:10.1371/journal.pone.0141955 December 18,2015 29/29



