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Abstract

Species of the genus Calanus dominate the zooplankton biomass in the North
Atlantic and Arctic Ocean where they play a key role both as grazers and as prey for
many commercially important species. Calanus species are frequently used as climate
indicators due to their distinct environmental preferences. The overall goal of this
thesis was to use currently existing molecular tools and to develop new ones in order
to address critical ecological and evolutionary questions related to the genus Calanus

in the North Atlantic and in the Arctic Ocean.

Species identification remains a challenge within the genus, especially between C.
finmarchicus and C. glacialis. We used a set of nuclear molecular markers to accurately
identify Calanus to species level to redefine their respective distributions. Molecular
species identification revealed much wider and overlapping distributions than
previously known for all four Calanus species inhabiting the North Atlantic and Arctic
regions, questioning both the validity of previous morphological ID and the presumed
ongoing range shifts forced by climate change. Furthermore, microsatellites data

suggested that C. glacialis is more resident in the fjords compared to C. finmarchicus.

An assessment of the commonly used morphological ID criteria was conducted with
the help of the molecular tools. None of the prosome length, the red pigmentation in
antennules and in genital somite, nor the shape of the gnathobase and the structure of
the fifth pair of swimming legs were 100% reliable for species identification. So far only
DNA can reliably discriminate between species, although some of the morphological
traits can be more useful in some regions than other. Misidentification is thus likely to

be widespread.

In two Nordland fjords, C. finmarchicus, C. glacialis, C. helgolandicus and C.
hyperboreus were co-occurring during winter-spring. Both C. finmarchicus and C.
glacialis adult females and males were present simultaneously in the fjords, potentially

allowing for hybridization. However, hybridization is not likely to occur as no hybrid



were found in the fjords and neither among >4400 individuals from the 83 distinct

locations sampled in the North Atlantic and the Arctic Ocean.

In zooplankton, global lack of genomic resources available has hampered the
development of population genomics approaches. Sequencing genomes, mitogenomes
and transcriptomes is now critical. Thus, the mitogenome of C. glacialis was sequenced
and annotated. Furthermore, using sequence capture enrichment, a set of ca. 100k
SNPs was developed for C. finmarchicus and C. glacialis. These resources will be crucial

to assess the connectivity between populations and species.

Oveerall, this thesis substantially advances our understanding of the Calanus species
complex and dynamics in the North Atlantic and Arctic Oceans. The inclusions of
molecular tools enabled us to fill important knowledge gaps regarding these key
species. The new genomic resources developed will open the way to many new
studies, to better understand the impact of climate change in Calanus at population,

species and ecosystem level.



1 Introduction

1.1 Sentinels of climate change

Zooplankton species are considered to be good indicators of climate change because
of their short life cycles, their sensitivity to temperature changes, their condition of
being free floating organisms drifting with currents, and the fact that they are very
scarcely exploited, which means that changes in their demography cannot be
associated with trends in exploitation (Hays et al., 2005, Richardson, 2008). Indeed,
zooplankton appears to be the fastest group of organisms to shift their distribution

ranges in response to climate variability (Poloczanska et al., 2016).

However, zooplankton represents a huge variety of species from different orders
and lineages, with ca. 6,000 species described within the holoplanktonic group alone
(Wiebe et al., 2010). Therefore, some species might be more appropriate than others
as climate indicators, depending on their specific role within the ecosystem and their
sensitivity to the environment. In the North Atlantic and Arctic Oceans, species of the

genus Calanus (Fig. 1) are extensively used as climate indicators.

Several elements make species of the copepod genus Calanus valid as climate
change indicators. First, they are among the most studied zooplankton organisms, with
ca. 100 scientific publications per year for the last 30 years (Web of Science). Second,
they are very abundant and widely distributed in the North Atlantic and the Arctic
Ocean, and they occupy key positions within their respective food webs. Third, their
distribution is closely related to different water masses, and the species are considered
as indicators of these respective water masses (Blachowiak-Samolyk, 2008, Bonnet and
Frid, 2004, Conover, 1988, Daase and Eiane, 2007, Falk-Petersen et al., 2007, Jaschnov,
1970). Fourth, they have a relatively short life cycle, and are thus sensitive to
unfavourable environmental conditions leading to lower reproduction success. For
example, Calanus spp. time their spawning to ensure their offsprings get the best
feeding and growth conditions. However, climatic changes affect the onset of the

spring bloom (Reid et al., 2001), and this can result in a mismatch between the young



copepods and their food (Cushing, 1990). Such phenomenon is not only impacting the
recruitment success of the Calanus species, but also cascades upwards in the food web
(Beaugrand and Kirby, 2010, Sgreide et al., 2010). Fifth, Calanus distributions are
directly affected by climate change (Reid et al., 2003). Therefore, there has been
considerable effort to document and model distributional changes of these species
(Beaugrand et al.,, 2002, Chust et al., 2013, Kjellerup et al., 2012, Reygondeau and
Beaugrand, 2011, Villarino et al., 2015).

Figure 1: Calanus glacialis adult female. Photograph: S. Kwasniewski (Ny Alesund, 2003).



1.2 Calanus in the North Atlantic and Arctic

Ecological and commercial importance

Species of the genus Calanus dominate the zooplankton biomass in the North
Atlantic and Arctic Ocean (Blaxter et al., 1998, Conover, 1988, Fleminger and
Hulsemann, 1977, Jaschnov, 1972, Kosobokova, 2012, Kosobokova et al., 2011, Sgreide
et al., 2008). They play a key role in marine pelagic food webs both as grazers and as
prey for many commercially important species (Beaugrand and Kirby, 2010, Falk-
Petersen et al., 2009, Jansen, 2016, Utne et al., 2012). Calanus spp. are able to store
large amount of energy-rich lipids, converted from their phytoplankton diet (as
reviewed in Lee et al., 2006), which makes them attractive food items for many
organisms such as fishes (Gislason and Astthorsson, 2002), marine birds (Steen et al.,
2007, Westawski et al., 1999), marine mammals (Michaud and Taggart, 2007) and
invertebrates (Falk-Petersen et al., 2002). Furthermore, by their ability to pack organic
material into large fast-sinking faecal pellets, they are key drivers of the vertical export
of material from the upper part of the water column to deeper layers (Riser et al.,

2008, Wilson et al., 2008).

Recently, there has been a growing interest towards Calanus exploitation. A
consensus has been obtained between Norwegian central authorities, funding bodies,
R&D institutions and industry that zooplankton such as Calanus both can and indeed

should be exploited. The company Calanus’ AS (http://www.calanus.no/), based in

Tromse (Norway), has started to harvest this relatively large copepod in the Norwegian
Sea following a quota limit suggested by the Institute of Marine Research (IMR,
Norway). Currently 165,000 tons are withdrawn from the sea each year, used to make
pills containing Calanus oil that represent a healthy source of omega 3 and helps to
reduce symptoms associated to obesity and insulin resistance problem for people with

diabetes type Il. Harvested copepods are also used in feeds for aquaculture.
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Figure 2: Life cycles of Calanus spp.. One-year life cycle (Top) is the most common for C.
finmarchicus and C. helgolandicus. 1-2 years life cycle (Middle) is commonly displayed by C.
glacialis. Multi-year life cycle (Bottom) is more common for C. hyperboreus. CI-CV: copepodite
stage Cl to CV; AF: adult female; IA: ice algae; PP: phytoplankton; Solid black arrows: seasonal

migration; hatched red and black arrows connect the cycle. lllustration: Malin Daase.



Calanus spp. life history

Four Calanus species occur in the North Atlantic and the Arctic Ocean: Calanus
helgolandicus, C. finmarchicus, C. glacialis and C. hyperboreus. They are
morphologically very similar (Fleminger and Hulsemann, 1977, Frost, 1974,) and follow
the same scheme of life development (Fig. 2). They are broadcast spawners and after
hatching, the offspring follows 6 naupliar and 5 copepodite stages of development,
before moulting to adulthood (=stage copepodite CVI). During their copepodite
development, Calanus undergoes a diapause (Conover, 1988, Hirche, 1983, Madsen et
al.,, 2001) usually in autumn-winter, when food is scarce. Depending on species and
region, they migrate down to deeper sea layers as Clll, CIV or CVs, reducing their

metabolic activity to a minimum (Hirche, 1997, Hirche, 1983) for 3 to 8 months.

The four species are predominantly herbivores (Falk-Petersen et al., 2009,
Paffenhofer, 1976), but are able to switch to preys, such as protozooplankton
(Levinsen et al., 2000) or even their own nauplii (Basedow and Tande, 2006, Bonnet et
al., 2004) in case of phytoplankton shortage. C. helgolandicus has even been shown to
feed on dead particles (Paffenhofer and Strickland, 1970). The success of Calanus spp.
can be explained by their ability to accumulate low-energy carbohydrates and proteins
produced by phytoplankton and ice algae, which they convert into high-energy wax
ester lipids (Falk-Petersen et al., 2009, Lee et al., 2006,). These lipids stores (Fig. 3) can

allow their survival during periods of poor feeding or starvation (Gatten et al., 2013).

Figure 3: Calanus sp. stage CV, with a clearly visible lipid sack filling up its entire body cavity.

Photograph: J. E. Sgreide (Rijpfjorden, Aug. 2007, deep waters).



Distinct ecological niches

Although the four Calanus species have similar life histories, they differ in their life
cycles (Fig. 4), on their preferred habitat, body size and lipid contents. Calanus are
present everywhere in the North Atlantic and Arctic Ocean, but each species seems to
have a distinct preferred habitat — a core distribution area with particularly high

abundances.

Calanus helgolandicus distribution allegedly extends from the Mediterranean Sea to
the North Sea (Barnard et al., 2004). The species is considered pseudo-oceanic
(Helaouét and Beaugrand, 2007) because its distribution is centred over areas
between 0 and 500 m depth, and thus very much influenced by bathymetry (Bonnet et
al.,, 2005). Temperature also strongly drives C. helgolandicus distribution, associated
with warm (9-20°C) temperate waters (Bonnet et al., 2005, Williams, 1985). C.
helgolandicus may have up to 2 generations per year (Fig. 4), and is mostly dependent
on the phytoplankton bloom as a resource to fuel its reproduction (income breeding
strategy) (Planque and Fromentin, 1996). However, in cases of food restriction,
reproduction can rely on lipid stores (capital breeding strategy), but egg production is

then much less successful (Rey-Rassat et al., 2002).

Calanus finmarchicus is an oceanic species with its core distribution area in the
Norwegian Sea and the Labrador Sea (Falk-Petersen et al., 2009), preferring colder
temperate (estimated 4-12°C) waters (Jaschnov, 1961, Rees, 1957). C. finmarchicus is
extensively used as an indicator of North Atlantic water masses (Helaouét and
Beaugrand, 2007, Jaschnov, 1970, Jaschnov, 1966, Kwasniewski et al., 2003). Its
ecological niche is well distinct from that of C. helgolandicus as C. finmarchicus seems
better adapted to more variable and unpredictable environments (Helaouét and
Beaugrand, 2007). However, recurrent records of its occurrence in the Arctic have so
far been attributed to advection (Broms et al., 2009), and the hypothesis of local Arctic
populations has been rejected as the environmental conditions are considered to be
suboptimal for its recruitment (Diel and Tande, 1992, Hirche and Kosobokova, 2007,

Melle and Skjoldal, 1998). The transport of individuals into the Barents Sea and the
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Arctic Ocean represents a great loss for the North Atlantic system, but an important
input of food for predators of the Arctic system (Hirche and Kosobokova, 2007). C.
finmarchicus is mainly known as an income breeder (Richardson et al., 1999) that uses
the phytoplankton bloom to fuel its maturation and spawning (Diel and Tande, 1992,
Hirche, 1990, Plourde et al., 2001, Tande, 1982). However, in the Norwegian Sea and in
the Barents Sea, spawning at lower rate before the bloom has also been reported
(Hirche et al.,, 2001, Melle and Skjoldal, 1998). C. finmarchicus reaches adulthood
within a year life cycle, and may have up to 2 generations per year (Broms and Melle,

2007, Matthews et al., 1978) in its southern distribution range (Fig. 4).

Calanus glacialis is regarded as an endemic Arctic species, with its main distribution
located north of the polar front (Conover, 1988, Jaschnov, 1970, Jaschnov, 1961). The
species is associated with shelves environments (Conover, 1988) and is present
everywhere along the coasts in the Arctic (i.e. circumpolar), and in the White Sea. C.
glacialis is sensitive to increases in sea temperatures and 5 to 6°C seems to be a
threshold temperature for its well-being (Carstensen and Weydmann, 2012). At lower
latitudes in the White Sea and Lurefjord (southern Norway) it migrates down to colder
layers as soon as surface temperature starts increasing every year (Niehoff and Hirche,
2005, Pertsova and Kosobokova, 2010). C. glacialis is considered as an indicator of
water masses of Arctic origins (Broms et al., 2009, Jaschnov, 1970, Kwasniewski et al.,
2003, Unstad and Tande, 1991). C. glacialis has a mixed capital and income breeding
strategy and 1 to 2 year life cycle. The mixed breeding strategy allows for more
flexibility, helping C. glacialis to cope with the highly variable and unpredictable
environmental conditions in the Arctic. When living in seasonal ice-covered shelf-seas,
C. glacialis can utilize the ice algae bloom to fuel gonad maturation and spawning,
allowing the offspring to benefit on the later occurring phytoplankton bloom (Daase et
al., 2013, Sgreide et al., 2010). In ice-free seas, where C. glacialis cannot benefit from a
bimodal algal spring bloom with ice algae preceding phytoplankton, the species relies
mainly on a capital breeding with fewer but more lipid-rich eggs to ensure recruitment

(Hatlebakk, 2014).



Calanus hyperboreus is defined as a sub-Arctic and Arctic oceanic species (Broms et
al., 2009, Conover, 1988) and is considered as an indicator of Arctic oceanic water
masses (Conover, 1988, Jaschnov, 1970) with its distribution centre in the Greenland
Sea (Hirche, 1991). Regular records in the northern Norwegian Sea have been
documented and attributed to individuals advected through Arctic intermediate
waters (Broms et al.,, 2009). Nonetheless, a local self-maintaining population of C.
hyperboreus has also been described in Vestfjord (Melle and Skjoldal, 1998). C.
hyperboreus is usually much bigger in size compared to all the other Calanus species,
and this can be explained by its extended life cycle, which can last for 4-5 years (Falk-
Petersen et al., 2009) (Fig. 4). Because of living in the central Arctic ocean, where
phytoplanktonic production is lower and highly unpredictable, the species is almost

exclusively a capital breeder (Conover and Siferd, 1993, Hirche and Niehoff, 1996).

35
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Figure 4: Variability in life cycle duration depending on regions showing the flexibility of the
Calanus species. lllustration based on review of the followings: (Arnkvaern et al., 2005, Bonnet
et al.,, 2005, Broms and Melle, 2007, Falk-Petersen et al., 2009, Falk-Petersen et al., 1999,
Hirche, 1997, Jaschnov, 1970, Jaschnov, 1961, Jaschnov, 1939, Kamshilov, 1955, Kosobokova,

1999, Kosobokova et al., 1997, Matthews et al., 1978).
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Species and body size matter

These four Calanus species resemble each other both morphologically and in life
history, but with some distinct differences when it comes to life cycle duration,
reproduction strategy, size and environmental preferences. Longer life cycles result in
adult individuals growing bigger in size, compared to the individuals that reach
adulthood within a year. Thus, in zooplankton, size is a plastic trait that is mainly
controlled by developmental time, which depends on temperature and food
availability (Campbell et al., 2001, Huntley and Lopez, 1992). Indeed, developing
slower, on a 2 years time scale (e.g. C. glacialis) or more (C. hyperboreus), enables the
copepods to grow bigger and thus to accumulate more wax esters rich lipids (Falk-
Petersen et al., 2009). Calanus lipid mass has been shown to be directly related to its
body size (Vogedes et al.,, 2010). Calanus species complex has been described as a
good example of interspecific Bergman cline because each of the species are
significantly larger in the Arctic versus the more temperate waters (Leinaas et al.,
2016). This confirms that the environment drives differences in size between species,
with a bigger size being observed in unpredictable environments such as the Arctic
Ocean. Body size of Calanus matters a lot for the rest of the ecosystem because of the
food amount it represents. In Arctic, the little auk is performing a bi-modal foraging
strategy, feeding partly on C. glacialis, closer to the shore and easier to reach, and
partly on C. hyperboreus, further offshore (Steen et al., 2007). Despite the extra effort
required to reach C. hyperboreus, the bird preys on it because it represents a much

richer source of food per prey item (Steen et al., 2007).

Calanus body sizes are influenced by environmental conditions but not entirely
determined by them. The extent to which Calanus can adjust its development time
appears to be species specific (Fig. 4). For example, C. finmarchicus and C. glacialis
overlap in body sizes in regions where they both complete their life cycle in one year
(Gabrielsen et al., 2012); but in the Arctic Ocean where C. glacialis needs two years to
complete its life cycle, resulting in larger individuals, we do not find any C

finmarchicus as large as C. glacialis. C. finmarchicus is almost exclusively an income

11



breeder and thus is not flexible enough to adjust its life cycle to two years, probably
contributing to the absence of local recruitment in the Arctic (Hirche and Kosobokova,

2007, Kosobokova, 2012).

Furthermore, the concept of species within Calanus also matters for their
ecosystems. For instance, C. finmarchicus and C. helgolandicus have similar
developmental time duration and body size in the North Sea, but C. finmarchicus peaks
in abundance in spring, while C. helgolandicus reaches its abundance maximum later in
the summer. Juveniles of cods used to feed on abundant C. finmarchicus in spring to
ensure successful recruitment. In the mid-1980’s, when sea surface temperature
triggered the progressive substitution of C. finmarchicus by C. helgolandicus in the
North Sea, it resulted in the collapse of the cod population because of a mismatch

between cod juveniles and their preys (Beaugrand et al., 2003).

1.3 Species identification: challenges and advances

Identification of species within the zooplankton has always been challenging
because most of the taxa are very small and often lack well-expressed diagnostic
features, particularly for the congeneric species (Aarbakke et al., 2011, Bailey et al.,
2015, Frost, 1989, Frost, 1974, Jaschnov, 1957, Rees, 1949). As potential diagnostic
characteristics may take hours to examine, even for experienced taxonomists, variable
traits such as body size are thus often used for routine based identification. Larval
stages and young developmental stages of zooplankton organisms are usually not

identified at the species level (McManus and Katz, 2009) because of their small size.

Species of the genus Calanus are morphologically very similar (Fig. 5) and their
identification has always been a challenge (Conover, 1988, Fleminger and Hulsemann,
1977, Frost, 1974). Despite the extensive literature, a limited number of diagnostic
characters have been described. The most common method relies on the prosome
length, but as size varies geographically with temperature and food condition (Fig. 4),

it often leads to misidentification (Gabrielsen et al., 2012, Lindeque et al., 2006, Parent

12



et al., 2011). More complex characters have been described as species-specific for
Calanus (Beklemishev, 1959, Jaschnov, 1955) but are rarely used because of the
complexity of their examination, which requires both time and taxonomic skills.
Recently, the pigmentation of the antennules and genital somite has been proposed as
diagnostic character to differentiate between C. finmarchicus and C. glacialis (Nielsen
et al., 2014) (Fig. 5). However, this character has only been tested for adult females

from a single geographic location, and requires individuals to be alive.

Figure 5: Pigmentation of Calanus finmarchicus and C. glacialis.
Calanus finmarchicus with pale antennules and genital somite (top) and C. glacialis with red

antennules and genital somite (bottom). Photograph: S. Kwasniewski (Ny Alesund, 2003).

Therefore, in an effort to accurately distinguish these species, different molecular
tools have been developed (Lindeque et al., 1999, Parent et al., 2012, Provan et al.,
2009, Smolina et al., 2014). However, they still remain insufficiently used for species
identification. In the context of climate change, Calanus species are expected to shift
the distribution of their populations (Chust et al., 2013, Kjellerup et al.,, 2012,

Wassmann et al., 2015, Wassmann et al., 2011), as it has been documented in the
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1980’s in the North Sea (Beaugrand, 2004) with C. finmarchicus being replaced by C.
helgolandicus. It is expected that, via a process of “Atlantification” of the Arctic regions
(Falk-Petersen et al., 2007, Wassmann et al., 2006), conditions in Arctic will become
more and more favourable for C. finmarchicus to become the prevalent species there,
replacing C. glacialis (Reygondeau and Beaugrand, 2011, Slagstad et al., 2011). Thus,
areas where species co-occur are likely to increase in the future. In addition, it has
been proposed that species within the Calanus genus may hybridize (C. finmarchicus
and C. glacialis) (Parent et al.,, 2012). Therefore, in this context, correct species
identification of Calanus spp. is critical if we want to use their distribution changes to

detect impacts of climate change.

The development of molecular-based species identification methods to ensure
reliable species recognition is becoming more and more common, mostly due to the
availability of new powerful sequencing technologies with decreasing costs. For
example, barcoding approaches rely on the comparison of a single locus (e.g. 16S, 18S,
COl, 28S), present in every species but with species-specific variations (e.g. Bucklin et
al., 2011, Bucklin et al., 2010a, Bucklin et al., 2010b, Bucklin et al., 2007, Grant and
Linse, 2009, Strugnell and Lindgren, 2007, Trivedi et al., 2016).

The most important limitation of mtDNA barcodes is that they cannot be used to
track hybridization (because of uniparental inheritance). Furthermore, up-scaling the
number of individuals to analyse can be costly and time consuming. Thus, new nuclear
markers have been developed for Calanus species identification based on partial
transcriptome and genomes (Smolina et al., 2014). These markers offer an easier,

faster and cheaper alternative to common barcodes.

1.4 Population genomics of zooplankton

Despite being extremely well studied, some important knowledge gaps remain for

Calanus and other ecologically important zooplanktonic taxa. Indeed, little is known
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about the dynamics of populations of zooplankton species, in terms of gene flow and
connectivity. Such knowledge is, however, essential to understand the distribution of
the species, and to predict responses to climate change. In the case of Calanus spp.,
several studies have used molecular markers to try to define the pattern of genetic
structure between populations (Bucklin, 2000, Bucklin et al., 2000, Bucklin et al., 1996,
Kann and Wishner, 1996, Nelson et al., 2009, Provan et al., 2009, Unal and Bucklin,
2010, Weydmann et al., 2016, Yebra et al., 2011). However, these studies were based
on a limited number of molecular markers and individuals, and therefore contradictory
results were obtained depending on studies and type of markers used. The question of

whether Calanus species populations are genetically differentiated is thus still open.

With the recent rapid development of next-generation technologies of sequencing,
it is now possible to assess the genetic structure between populations using tens of
thousands of SNPs (Single Nucleotide Polymorphisms) distributed all over the genome
(Helyar et al., 2011, Reitzel et al., 2013). This is a complete change of scale compared
to previous studies using a limited number of molecular markers to compare
populations. Having enough markers that represent the diversity of a whole genome
will allow detecting more subtle structure. Furthermore, on-going developments in the
genomics field bring new tools to address many important ecological questions, and
increase our ability to predict community responses to climate change (Hofmann et al.,

2005).

However, next-generation sequencing technologies have remained scarcely used in
the zooplankton, mainly due to the global lack of prior genetic/genomic knowledge for
most of these organisms. In zooplankton, only very few species can be considered as
model species, with their genome fully sequenced and annotated (e.g. Denoeud et al.,
2010, Madoui et al., 2017, Moroz et al., 2014, Ryan et al., 2013). One of the main
challenges for many zooplankton species is their large genome sizes. For example,
Calanus genomes are particularly large in size, estimated to 6.5 Gb for the haploid
genome of C. finmarchicus, 10.5 Gb for C. helgolandicus, and 12.5 Gb for C. glacialis

and C. hyperboreus (McLaren et al., 1988). In comparison, the human genome is 2 Gb
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large. This large size may be explained by the presence of duplications within the
genome. For many studies such as investigating the population structure of a
particular non-model species with a large genome, sequencing of the complete
genome is often unnecessary and would increase the cost and the complexity of the
study (Narum et al., 2013). Different methods of genotyping-by-sequencing offer an
alternative allowing us to characterize thousands of molecular markers selected via

reduced-representation protocols (reviewed in Crawford and Oleksiak, 2016).

(For a review on the use of genomics in marine zooplankton organisms, see Annex 1)

16



2 Objectives

The overall goal of this thesis was to use currently existing molecular tools and to
develop new ones in order to address critical ecological and evolutionary questions
related to the key zooplankton genus Calanus in the North Atlantic and the Arctic

Ocean. This was accomplished through the following objectives:

1) Redefine the distributions of the four Calanus species in the North

Atlantic and Arctic Oceans using molecular tools (Paper I)

2) Evaluate the potential of morphological characters to distinguish

between Calanus species, using a molecular-based approach (Paper Il)

3) Study the potential of hybridization among the co-occurring Calanus

species (Papers I, lll)

4) Develop new genomic resources to address key ecological and

evolutionary questions in Calanus (Papers IV, V)
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3 Main results

Genetics redraws pelagic biogeography of Calanus

Objective 1: Contributions from Paper |

We used molecular markers to accurately identify Calanus to species level from
samples gathered from most of the North Atlantic and the Arctic oceans, to redraw the
actual distributions of the four species C. helgolandicus, C. finmarchicus, C. glacialis
and C. hyperboreus in this area. The species distributions found were more extended
and overlapping between species compared to what was described before. C
helgolandicus, the most temperate of the four species, was found as far North as 70°
North and large proportions of the Arctic C. hyperboreus were found as far south as
60°N (Oslo, Norway). The most striking finding, however, was the high proportions of
C. glacialis together with C. finmarchicus, in several fjords all along the Norwegian
coast (from 60°N). We performed a population structure study, based on 10
microsatellites markers, and detected genetic differentiation within C. glacialis fjords
populations, but not within C. finmarchicus populations. These results suggest that C.
glacialis is more a resident species of the fjords than C. finmarchicus. To understand
why C. glacialis fjord populations have not been detected before, we tested the
accuracy of the most common morphological method used to distinguish between C.
finmarchicus and C. glacialis, the prosome length. In Skjerstadfjord, our results showed
that prosome length overlapped completely between the two species, preventing C.

glacialis from being correctly identified.
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Can morphology reliably distinguish between the copepods Calanus
finmarchicus and C. glacialis, or is DNA the only way?

Objective 2: Contributions from Paper Il

We used a set of molecular markers developed for Calanus species identification to
evaluate the validity of different morphological characters described in literature as
species diagnostic between C. finmarchicus and C. glacialis. Prosome length, redness of
antennules and genital field, structures of gnathobase and fifth pair of swimming legs
were tested on sets of molecularly characterised individuals. We found a strong
variability of the different characters depending on regions, and noticed some areas
where they seemed more species diagnostic than in others (northernmost areas, and
areas of allopatry). This indicates that none of the morphological characters can be
used to identify species with 100% reliability. We provided some recommendations
about how carefully the morphological characters should be used, if used at all,
depending on regions. Numerous past studies may have overlooked one or the other
species, because of the use of morphological ID alone, and our current knowledge on

this genus may have been strongly impacted.

Potential for hybridization among Calanus species living in sympatry

Objective 3: Contributions from Papers | and Il

We used a set of nuclear molecular markers (InDels) developed to track the putative
hybridization between C. finmarchicus and C. glacialis. We followed the stage and
species composition of Calanus spp. in two boreal fjords along the Norwegian coast
during the reproductive period (winter-spring). Molecular identification confirmed the
co-occurrence of four Calanus species in these two fjords: C. helgolandicus, C.
finmarchicus, C. glacialis and C. hyperboreus, with C. helgolandicus being the less
abundant. In January, the co-occurrence of males and females of C. glacialis, C.

finmarchicus and C. hyperboreus suggested that all three species reproduce on site.
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Also, males and females of both C. finmarchicus and C. glacialis occurred
simultaneously in both fjords, potentially leading to hybridization. However, we did
not detect any hybrid amongst the 1,497 individuals genotyped (Paper Ill).
Furthermore, using the same molecular markers, we also did not find any hybrid
amongst 4,434 individuals from 83 locations across the North Atlantic and the Arctic

Oceans (Paper I).

Development of new genomic resources to address key ecological and
evolutionary questions in Calanus

Objective 4: Contributions from Papers IV and V

We followed three different approaches in order to develop genomic resources for
future evolutionary/population genomics investigations. First, we sequenced and
assembled the whole mitochondrial genome of C. glacialis using high-throughput
sequencing. We annotated the sequence and used it to reconstruct a phylogenetic tree
including the closest copepods species for which similar coding-gene regions were
available. This sequence represents the longest mitochondrial genome reported in

marine zooplankton so far, with 20,674 bp (Paper IV).

We then experimented with two methods of genome reduction, RAD-seq and
targeted resequencing (or sequence capture enrichment). Given the genome size, the
RAD-seq approach was only moderately successful (1,871 high quality SNPs with
sufficient coverage identified in C. finmarchicus). However, the targeted resequencing
approach allowed us to characterize 140,859 SNPs in C. finmarchicus and 115,928 SNPs
in C. glacialis, of high quality and sufficient coverage. This set of SNPs represents a
powerful tool to assess the genetic differentiation within populations but also to

investigate, at the genome level, the putative porosity of species boundaries.
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4 General Discussion

4.1 Misidentification of climate indicators, implications

The new distribution ranges of Calanus spp. uncovered by molecular analysis in the
North Atlantic and Arctic are divergent from the previously described distributions of
species, based on morphological identification (Paper 1). The divergence between the
morphological-based versus the molecular-based species distributions is at least partly
due to species misidentification (Papers | and Il; Gabrielsen et al., 2012). Indeed, we
showed that none of the morphological characters used to discriminate between C.
finmarchicus and C. glacialis were 100% reliable (Paper Il). It seems that in regions
where C. finmarchicus and C. glacialis coexist during their entire life cycle, it is harder
or even impossible to differentiate them using morphology. With the on-going climate
change, it is expected that Calanus species distributions will change and overlap even
more (Slagstad et al., 2011), and then we may not be able to detect these changes if
we keep using only morphology. An accurate understanding of Calanus species current
distribution is crucial to track the effects of climate change on ecosystems (Richardson,

2008).

Importantly, we cannot exclude that the extended ranges revealed by DNA could
result from on-going shifts that have remained cryptic due to the inaccuracy of
morphological ID tools. Considering the importance of Calanus range shifts for our
understanding of climate change impacts on pelagic ecosystems, our results question
the current predictions and models. It is therefore critical to tease apart the respective
effects of morphological misidentification from on-going range shifts and this will

require a thorough reassessment of historical distributions using molecular tools.
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4.2 Fjords functioning and species ecological niches

We reported high proportions of C. glacialis and C. hyperboreus in several
Norwegian fjords, co-occurring with C. finmarchicus (Paper 1). In Skjerstadfjord and
Mistfjord, four species co-occur, with C. finmarchicus, C. glacialis and C. hyperboreus
successively dominating the zooplankton in terms of abundance in Skjerstadfjord,
while C. glacialis was the dominating species in Mistfjord during the whole period
studied (Paper lll). The three most abundant Calanus species showed to have adult
females and males present at about the same time in both fjords (Paper IIl), which
potentially allow for hybridization. However, the temporal resolution of our sampling
may not have been fine enough to detect subtle differences in species-specific timing
of females and males. To study the gonad development and in more detail the actual
mating will significantly improve our biological understanding of why hybridization is
not likely to occur between sibling species living in sympatry. Until now, C.
finmarchicus has been considered as the main dominating species of the zooplankton
assemblage in Norwegian fjords, and it is assumed to be advected in and out of fjords
seasonally (Skreslet and Rgd, 1986). The study on population structure conducted in
Paper | suggests that this mechanism may not apply to C. glacialis, which questions our
understanding of fjords circulatory systems and advective forces. One possible
explanation is that C. glacialis is able to avoid the early summer flushing of fjords by
going in deeper cold-water layers, as described in the White Sea and the Lurefjord
(Niehoff and Hirche, 2005, Pertsova and Kosobokova, 2010) as a mechanism for the
species to survive warm surface temperatures. Such hypothesis would suggest that an
important component of the zooplankton community in fjords might have been

overlooked in previous studies where only C. finmarchicus was considered.

During our winter-spring investigation of Skjerstadfjord and Mistfjord in Nordland,
we found females and males of C. finmarchicus, C. glacialis and C. hyperboreus co-
occurring. Despite such extensive sympatry we did not detect any hybrid (Papers | and
). Hybridization cannot be totally ruled out though, but if it happens it is likely to be

very rare (or in the past).
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Even though the different Calanus species are all successfully sharing similar
habitats, such as the Norwegian fjords, it seems that each species occupies distinct
ecological niches, but these specific niches with their limits remain to be investigated.
We should therefore be careful about the growing development of fish farms at the
entrance of many fjords, and the increase in the harvesting of Calanus for commercial
purposes. These activities have started originally with the assumption that C
finmarchicus is the only species living in the fjords and that its populations are
renewed each year by an offshore stock of individuals. Now, knowing that isolated
populations of C. glacialis could also inhabit these fjords, | highly recommend re-
assessing the state of knowledge on the trophic relationships and roles of each

species, using molecular tools for species identification before further exploitation.

4.3 Calanus genus evolutionary history

The development of new genomic resources for Calanus such as a mitochondrial
genomes and SNPs are crucial to address key ecological and evolutionary questions.
The sequenced and annotated mitochondrial genome of C. glacialis (Paper V)
constitutes the third mitogenome publicly available for Calanus genus, along with C.
hyperboreus (Kim et al., 2013) and C. sinicus (Minxiao et al., 2011). Within the same
genus, these mitogenomes are quite different from each other, with large
rearrangements of the genes order (Fig. 6). In marine zooplankton, such variability is
common (Ki et al., 2010, Kohn et al., 2012, Marlétaz et al., 2017, Pett et al., 2011),
compared to terrestrial organisms, and may reflect a strong evolutionary potential of

marine zooplankton species.

However, the phylogenetic tree (16S) in paper | (Supp. 2) shows very low
intraspecific variation in C. glacialis. Indeed, despite the sequencing of 138 individuals
covering the North Atlantic and Arctic regions, we only found 4 haplotypes in C.

glacialis. The other Calanus species were much more variable (C. finmarchicus: 10

23



haplotypes / 91 individuals; C. helgolandicus: 8 haplotypes / 26 individuals; C.
hyperboreus: 14 haplotypes / 33 individuals). This low variability for C. glacialis is
surprising given the extended geographical range of the species, and the fact that we
detected some distinct differentiation between fjords populations (microsatellites)
(Paper ). As shown in Fig. 6, there is a strong inter-specific genetic variability within
Calanus, but a particularly low intra-specific variability for C. glacialis, questioning its
evolutionary history compared to its congeneric species. Interestingly, the other Arctic

species, C. hyperboreus appears to have the highest intra-specific diversity.

Calanus glacialis

Calanus sinicus

Calanus hyperboreus

Figure 6: Rearrangement of protein-coding genes order within mitochondrial genomes of
Calanus glacialis, C. sinicus and C. hyperboreus. Rectilinear shapes show genes for which the
order is conserved between the species; lines indicate genes with the same sequence but in

reverse order between the species.

The set of SNPs developed in Paper V will also contribute to further understanding
of Calanus evolutionary history. The method can be extended to all four species and
provide a genome wide picture of the evolutionary relationships within the genus,

including putative introgression.
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5 Conclusions and Perspectives

The present thesis illustrated the necessity to integrate molecular tools in classical
biological oceanography. In this thesis, | combined ecological and molecular
approaches to establish a new solid knowledge base for Calanus, which will open up
for a wide variety of innovative new important research on Calanus. The Calanus
complex has been widely studied, but knowledge gaps are still numerous. Species
distributions have been well documented, but molecular markers have shown the
weakness and bias of solely relying on morphology. Now that the species distributions
are more accurately described, many questions remain. What are the drivers of these
distributions? What makes the genus so successful in the North Atlantic? Genomics
will be key to answering such questions and bring new elements to understand the
Calanus complex in its whole. In this context, the sequencing of a genome of Calanus
would be an important starting point despite the challenges of working with such large

genomes.

The molecular method that we have developed (Papers | and Il) is fast, easy to use
and cheap. It does not require previous knowledge of genetics, or costly equipment.
Moreover, our method only uses the antennules of the specimens. It is thus essential
that such molecular method should be part of the routine species identification.
Furthermore, in order to evaluate the response of Calanus spp. to climate change, it is
critical to start looking at historical collections. The main challenge is that most
historical samples have been preserved almost exclusively in formalin, and almost not
in ethanol. However, the molecular identification of Calanus species from formalin-
preserved samples has been tested and is possible (I. Smolina, personal

communication) but remains to be carried-on on a large scale.

In Norwegian fjords, given the co-occurrence of the four Calanus species, we now
need to better understand their place and role in the fjords ecosystem. Following their
phenology throughout the year would be a good starting point to identify the different

species life histories and niches.
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The contrasted evolutionary histories among the Calanus species suggested by the
16S diversity should be investigated further. Newly developed mitogenome of C.
glacialis (Paper 1V) and available mitogenome of C. hyperboreus should be used to
resolve and compare the phylogeography of the two species. Additional sequencing of
C. helgolandicus and C. finmarchicus mitogenomes will allow us to investigate the
history of the Calanus genus in the North Atlantic and Arctic, which will significantly

improve our understanding of Calanus species specific distribution patterns.

The set of SNPs obtained from the DNA capture-enrichment based method (Paper V)
may be used to look for introgression and porosity of species boundaries, examine and
finally answer the questions on the population genetic structure of C. finmarchicus and

C. glacialis.

More generally, we really need to reinforce the cooperation between ecology and
genomics, in order to address the questions that cannot be answered by one discipline
alone. Regarding species identification, we have to make this “successful marriage” of
morphological and molecular methods as stressed in (McManus and Katz, 2009).
Further, time is overdue to systematically collect zooplankton samples in ethanol and
to generate “genomic friendly” time series. In a few years, such collection will be

invaluable to evaluate the effects of anthropogenic changes on marine ecosystems.
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Abstract

Planktonic copepods of the genus Calanus play a central role in North Atlantic/Arctic
marine food webs. Here, using molecular markers, we redrew the distributional ranges
of Calanus species inhabiting the North Atlantic and Arctic Oceans and revealed much
wider and overlapping distributions than previously described. The Arctic shelf species,
C. glacialis, dominated the zooplankton assemblage of many Norwegian fjords, where
only C. finmarchicus has been reported previously. In these fjords, high occurrences of
the Arctic species C. hyperboreus were also found. Molecular markers revealed that
the most common method of species identification, prosome length, cannot reliably
discriminate the species in Norwegian fjords. Differences in degree of genetic
differentiation among fjord populations of the two species suggested that C. glacialis is
a more permanent resident of the fjords than C. finmarchicus. We found no evidence
of hybridisation between the species. Our results indicate a critical need for the wider
use of molecular markers to reliably identify and discriminate these morphologically-
similar copepod species, which serve as important indicators of climate responses.



1.Introduction

Copepods of the genus Calanus are central in North Atlantic and Arctic pelagic food
webs. Rich in lipids, they form a key link between primary producers and secondary
consumers and predators. Four species of the genus Calanus occur throughout the
North Atlantic and Arctic Oceans (Fig.1): C. helgolandicus (Chel), C. hyperboreus (Chyp),
C. finmarchicus (Cfin) and C. glacialis (Cgla); and there has been considerable effort to
document and model their distributional changes (Beaugrand et al., 2002, Villarino et
al., 2015). Importantly, abundances and dynamics of fish stocks are strongly associated
with Calanus species composition and abundances (Beaugrand and Kirby, 2010), and
climate-driven changes in their biogeographical distributions (i.e., range shifts) can
lead to ecosystem regime shifts and potential collapse of fish stocks such as cod
(Beaugrand et al., 2003). However, distinguishing Calanus species is challenging, due to
their morphological similarity and lack of diagnostic characters. The usual method of
species identification is body (prosome) length, although this approach has been
questioned (Gabrielsen et al., 2012). Misidentification may thus occur, impacting the
reliability of our current knowledge of species distributions, and preventing accurate
assessment of species geographic range shifts in response to climate change.

Here we re-examine the distributional ranges of four co-occurring Calanus species in
the North Atlantic and Arctic Oceans, using six molecular markers designed to ensure
reliable species identification.

2.Material and Methods
Sample collection

Zooplankton samples were collected from 83 locations in the North Atlantic and
Arctic Oceans (Supplementaryl) by vertical nets tows with 150-200pum mesh sizes and
preserved in 70-80% ethanol. A Folsom plankton splitter was used to make subsamples
containing up to 150 Calanus individuals from developmental stage CIV to CVI
(Supplementary1). No morphological identification was performed for any individuals.

Molecular species identification

DNA was extracted from the excised antennae of each specimen, using the HotSHOT
protocol (Montero-Pau et al., 2008) and molecular species identification of 4,434
individuals was achieved using six nuclear markers type InDels (Insertion or Deletion
motifs) (Smolina et al., 2014) scored on a 3500xL Genetic Analyzer (Applied
Biosystems). These bi-parentally inherited markers are easy to use and can potentially
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detect hybridization (Nielsen et al., 2014). Their reliability was confirmed by the
traditional, but more cost and labor intensive mitochondrial 16S rDNA sequencing
(mtDNA) (Lindeque et al., 2006, Lindeque et al., 1999) of 159 individuals from 53
locations (Supplementary2-3), following Smolina et al. (2014). In addition, 129
individuals from Saltfjord/Skjerstadfjord were measured (prosome length) and
sequenced for the 16S (Table 1; Supplementary4-5). Identification of specimens from
InDels and 16S rDNA sequences was congruent for all 677 individuals investigated (288
in present study — Supplementary2-3-4; and 389 in Nielsen et al., 2014). InDel markers
were also used to test for the presence of hybrids between Cfin and Cgla (Nielsen et
al., 2014) (Supplementaryb).

Population differentiation

Population genetic analysis was carried out to distinguish between fjord resident
and drifting species (Bucklin et al., 2000) (Supplementary7). Focusing on Cfin and Cgla
populations, genetic differentiation was measured using the global index of population
differentiation, Fst (Weir and Cockerham, 1984), based on 10 microsatellite DNA
markers (Parent et al., 2012, Provan et al., 2009) assayed for 24 individuals per species
from 3 locations: Isfjord, Saltfjord and Lurefjord.

3.Results and Discussion

Identification of Calanus species using molecular markers revealed much wider
distributional ranges than previously reported (Figs.1&2, Supplementaryl). The
distribution of Chel was known to extend from the Mediterranean Sea to the North
Sea (58°N — Fig.1) (Barnard et al., 2004). Here, we identified Chel in several Norwegian
fiords and in the Norwegian Sea as far north as 70° N (Fig.2). Specimens found in
Myken stations (66°N) and near Tromsg (70°N) could result from transport in ocean
frontal jet currents running from the North Sea along the Norwegian coast. However,
the high prevalence (85%) of the species recorded in the relatively isolated Sognefjord
(61°N) may represent a locally-established population. It remains to be tested whether
Chel has always been present in these fjords but never identified, or whether our
findings represent evidence of a recent biogeographical range shift.

Previous reports of the Arctic Chyp (Conover, 1988) occurring in the northern
Norwegian Sea (Fig.1) have been attributed to transport of individuals by Arctic
intermediate waters (Broms et al., 2009). Here, we detected the species in large
proportions along the Norwegian coast, everywhere north of 58°N (Fig.2,



Supplementaryl). Whether the southern presence of Chyp results from advection from
Arctic stocks or from self-reproducing populations remains to be investigated.

Calanus finmarchicus is currently considered to be an indicator species of North
Atlantic water masses (Conover, 1988), and our results largely support this view (Fig.2).
The genetically confirmed species range extends as far north as 87°N and as far east in
the Arctic as the eastern boarder of the Laptev Sea (78°N, 113°E — Fig.2), regions of the
Arctic Ocean affected by Atlantic inflow. It was proposed that Cfin may thrive in these
Northern regions and replace Cgla in response to Arctic warming (Wassmann et al.,
2015), however, at present the individuals recorded at these most northerly
locations were likely transported from southern populations (Wassmann et al., 2015).

Calanus glacialis is regarded as a true Arctic shelf species, which serves as a
circumpolar indicator of these waters (Conover, 1988) (Fig.1). We rarely observed it
offshore in Atlantic waters, but documented the species occurrence in many
Norwegian fjords, as far south as 60°N (Fig.2), where it usually co-occurred with Cfin in
fjords with deep basins separated from shelf waters by shallower sills
(Supplementaryl). In several fjords, Cgla dominated over other Calanus species; we
recorded a positive gradient of relative abundance of Cgla from the mouth to the
innermost areas of some fjords (e.g. Ranfjord, Supplementary1).

In the fjords, prosome length of Cgla and Cfin overlapped completely (Table 1;
Supplementary5), which explains why Cgla’s large occurrence has not been reported
previously. Furthermore, a recent study has concluded that morphological characters
cannot reliably distinguish between Cfin and Cgla throughout their range (Choquet et
al., unpubl.).

Some zooplankton species are long-term residents of Norwegian fjords, while
others are replaced periodically with basin water exchanges (Lindahl and Hernroth,
1988). Resident species are expected to show greater genetic differentiation
among fjord populations than drifting species (Bucklin et al., 2000). Our analysis
found no significant genetic differentiation among fjord populations of Cfin
(Fs1=0.004"%), but Cgla populations did differ significantly (Fsr=0.03°), suggesting lower
rates of exchange (i.e., gene flow) for Cgla than for Cfin. These results support previous
descriptions of Cfin as a drifting species (Bucklin et al., 2000) that is advected into and
out of fjords seasonally (Skreslet and Rgd, 1986). Less gene flow — together with the
absence of offshore populations — suggests that Cgla populations are resident (Bucklin
et al., 2000). In both the White Sea (Pertsova and Kosobokova, 2010) and Lurefjord
(Niehoff and Hirche, 2005), Cgla is known to migrate in early summer from warm
surface layers to colder deep water. This may explain the species ability to maintain
local populations and avoid transport out of fjords.

Hybridisation between Cfin and Cgla has been suggested in the Northwest
Atlantic (Parent et al., 2012). Notably, no first-generation hybrids were found in our



survey of 4,434 individuals from samples collected throughout the Northeast Atlantic
and Arctic Oceans (Supplementary6). Based on the nature of the molecular characters
(InDels) used for species identification and careful ground-truthing of our molecular
results, we conclude that hybridisation between the species, if it occurs at all, is rare or
episodic.

Conclusion

Marine zooplankton have been regarded as sentinels of climate change (Hays et al.,
2005), due to their short life histories and rapid responses to environmental variation.
Development and use of molecular characters that can ensure accurate and reliable
identification and discrimination of key indicator species, such as Calanus, is critically
needed. Only then can these species be used to document past, present and future
patterns of biogeographical distributions, and detect and track responses of pelagic
communities to climate change.
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Tables

Tablel: Comparison of Calanus finmarchicus (Cfin) and C. glacialis (Cgla) identification

methods in Saltenfjord/Skjerstadfjord.

Prosome Length Range (um)

Saltenfjord / InDel Species 16S rDNA Markers

Skjerstadfjord ID Species ID congruence N Stage CV N Stage CVI female
Cfin 89 89 100% 26 1976.64-2717.76 14  2406.89 —2747.02
Cgla 40 40 100% 20 2119.40-2623.33 69  2150.68 —3030.50
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Figures Legends

Fig.1: Calanus species distributional ranges in the North Atlantic and Arctic Oceans
based on morphological identification.

For each panel, dark-shaded colour represents core area for each species, where
reproduction is known to occur; light-shaded colour represents the total described
distributional area (c.f. Supplementary8).

Fig.2: Calanus species distributional ranges in the North Atlantic and Arctic Oceans
based on molecular species identifications. Pie charts represent relative frequencies of C.
glacialis (blue), C. finmarchicus (red), C. hyperboreus (green) and C. helgolandicus (yellow)
in each sample. * Indicates non-quantitative species records.
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Electronic Supplementary Material

SUPPLEMENTARY 1

Sampling information and molecular-based Calanus species composition within samples. N individuals per sample were
genotyped with nuclear InDel markers. Proportions of C. glacialis (Cgla), C. finmarchicus (Cfin), C. hyperboreus (Chyp) and C.
helgolandicus (Chel) are reported. In the Laptev Sea and the Nansen Basin, only species presence (x) or absence (-) is reported.

Locations GPS Date Depth N %Cgla %Cfin %Chyp %Chel Collector
North Pole 89°43N 14°11E 4/9/2012 100-0 m 48 98% 0% 2% 0% J. Sareide
Nansen Basin 87°N 55°47 E 10/4/2016 4400-0 m 94 X X - - K. Kosobokova
Ice West Svalbard 81°22N 4°27E 10/1/2012 200-0 m 48 25% 71% 4% 0% |. Smolina
Ice North Svalbard 80°58 N 14°41E 1/15/2016 200-0 m 44 9% 91% 0% 0% M. Choquet
West Greenland 1 78°42 N 70°43 W 9/6/2013 100-0 m 48 40% 0% 60% 0% J. Sareide
Laptev Sea 78°30N 113°01 E 9/6/2013 100-0 m 91 X X X - E. Abramova
Isfiord 78°19N 15°09E 6/5/2016 20-0m 138 64% 35% 1% 0% M. Hatlebakk
West Greenland 2 77°51N 71°49 W 9/9/2013 95-0 m 48 6% 0% 94% 0% J. Sareide
Van Mijenfjord 77°46 N 15°02 E 6/3/2016 20-0m 91 86% 13% 1% 0% M. Hatlebakk
Chukchi Sea 76°24N 162°14 W 7/27/2016 300-0 m 60 45% 0% 55% 0% A. Bucklin
West Greenland 3 76°23 N 84°30 W 9/15/2013 100-0 m 48 38% 0% 63% 0% J. Sareide
Bjerngya 1 74°50 N 18°51E 08/08/2012 50-0 m 48 67% 33% 0% 0% |. Smolina
Bjerngya 2 74°30N 9°01E 8/9/2013 200-0 m 47 0% 100% 0% 0% |. Smolina
Fuglgya-Bjgrngya 72°59 N 19°27E 8/7/2013 100-0 m 47 0% 100% 0% 0% |. Smolina
Porsangerfjord 1 70°43N 25°44E 8/21/2013 150-0 m 46 0% 100% 0% 0% F. Norrbin
Porsangerfjord 2 70°40 N 25°39E 6/3/2016 120-0 m 48 0% 100% 0% 0% C. Svensen
Off-Tromsg 70°34 N 19°14E 1/8/2016 300-0 m 79 6% 79% 0% 15% M. Choquet
Lopphavet 70°25N 21°50 E 6/2/2016 200-0 m 48 8% 92% 0% 0% F. Norrbin
@sterbotn 70°06 N 25°09 E 8/25/2013 100-0 m 39 8% 90% 2% 0% F. Norrbin
Gimsgy 1 69°57 N 9°35E 8/5/2013 200-0 m 47 0% 100% 0% 0% |. Smolina
Balsfjord 1 69°21 N 19°13 E 5/31/2016 170-0 m 39 90% 8% 2% 0% C. Svensen
Balsfjord 2 69°21 N 19°13 E 5/3/2016 170-0 m 46 28% 52% 20% 0% C. Svensen
Gimspy 2 69°2N 12°17E 8/5/2012 200-0 m 46 0% 100% 0% 0% |. Smolina
North Iceland 68°48 N 18°23 W 5/12/2013 200-0 m 48 0% 6% 94% 0% |. Smolina
Tysfjord 68°07 N 16°11E 4/9/2016 200-0 m 37 5% 60% 35% 0% F. Norrbin
Vestfjord 1 68°06 N 14°28 E 5/30/2016 270-0 m 49 12% 76% 10% 2% M. Krogstad
Vestfjord 2 68°05N 14°58 E 4/10/2016 200-0 m 43 12% 21% 67% 0% F. Norrbin
Vestfjord 3 68°02 N 14°27E 6/20/2016 290-0 m 48 8% 90% 2% 0% M. Krogstad
Sgrfoldfjord 1 67°35N 14°50 E 4/20/2016 510-0 m 43 51% 42% 7% 0% M. Krogstad
Serfoldfjord 2 67°34 N 15°11E 4/20/2016 460-0 m 48 67% 29% 4% 0% M. Krogstad
Sgrfoldfjord 3 67°30N 15°28 E 4/20/2016 480-0 m 55 76% 24% 0% 0% M. Krogstad
Mistfjord 1 67°27 N 14°51E 10/29/2013 290-0 m 40 25% 70% 5% 0% M. Krogstad
Mistfjord 2 67°27 N 14°50 E 2/17/2016 285-0 m 82 45% 42% 13% 0% M. Krogstad
Saltfjord 1 67°16 N 14°38E 2/15/2016 375-0m 98 42% 40% 18% 0% M. Krogstad
Saltfjord 2 67°16 N 14°38E 7/6/2016 360-0 m 93 30% 69% 1% 0% M. Krogstad
Skjerstadfjord 1 67°15N 14°50 E 7/12/2016 500-0 m 89 33% 50% 17% 0% M. Krogstad
Skjerstadfjord 2 67°11N 15°26 E 2/26/2016 385-0 m 151 61% 13% 26% 0% M. Krogstad
Myken 1 67°03N 13°31E 8/3/2016 200-0 m 48 2% 96% 2% 0% M. Krogstad
Myken 2 66°48 N 12°32E 8/3/2016 210-0 m 45 0% 100% 0% 0% M. Krogstad
Myken 3 66°46 N 12°30 E 8/3/2016 95-0 m 12 0% 100% 0% 0% M. Krogstad
Myken 4 66°46 N 12°28 E 8/3/2016 28-0m 11 0% 73% 0% 27% M. Krogstad
Myken 5 66°46 N 12°23 E 8/3/2016 140-0 m 12 0% 100% 0% 0% M. Krogstad
Myken 6 66°45N 12°28 E 8/3/2016 95-0 m 12 0% 100% 0% 0% M. Krogstad
North Atlantic 1 66°43 N 7°46 W 5/8/2013 1000-0 m 46 7% 80% 13% 0% |. Smolina
White Sea 66°33 N 33°43E 8/22/2016 100-0 m 115 100% 0% 0% 0% K. Kosobokova
Ranfjord 1 66°17 N 14°00 E 6/14/2016 410-0m 47 98% 2% 0% 0% M. Krogstad
Ranfjord 2 66°14 N 13°24E 6/14/2016 275-0 m 46 63% 37% 0% 0% M. Krogstad
Ranfjord 3 66°12N 12°49E 6/14/2016 215-0 m 45 13% 87% 0% 0% M. Krogstad
North Atlantic 2 65°03 N 00°51 W 5/5/2013 1000-0 m 48 4% 88% 8% 0% |. Smolina
South Iceland 63°49 N 24°18 W 5/14/2013 200-0 m 48 0% 100% 0% 0% |. Smolina
Steinkjer 6349N 1118E 611412016  50-0m 45 0% 9% 0% 2% G, Hoarau &
North Atlantic 3 63°45N 02°16 E 5/4/2013 200-0 m 47 0% 100% 0% 0% |. Smolina
Trondheimsfjord 63°29N 10°14 E 8/22/2016 450-0 m 48 4% 96% 0% 0% @. Leiknes
North Atlantic 4 62°50 N 28°17 W 5/15/2013 1000-0 m 40 0% 95% 5% 0% |. Smolina
North Atlantic 5 62°50 N 02°31 W 4/13/2012 150-0 m 48 2% 98% 0% 0% S. Basedow
Svingy 62°37 N 05°20E 01/08/12 127-0m 51 0% 86% 0% 14% |. Smolina
Labrador 1 62°13N 57°21 W 5/26/2013 1000-0 m 95 3% 86% 1% 0% |. Smolina
North Atlantic 6 61°30 N 10°59 W 4/10/2012 50-0 m 48 0% 100% 0% 0% S. Basedow
Sognefjord 61°11 N 06°35E 6/22/2016 200-0 m 41 0% 15% 0% 85% T. Dale
Lurefjord 1 60°43 N 05°04 E 6/22/2016 230-0 m 48 81% 19% 0% 0% M. Choquet
Lurefjord 2 60°41 N 05°09E 6/22/2016 340-0 m 92 88% 12% 0% 0% M. Choquet
Lurefjord 3 60°37 N 05°11E 6/22/2016 160-0 m 49 90% 8% 0% 2% M. Choquet
Christianssund 60°36 N 38°20 W 6/1/2013 1000-0 m 45 0% 93% 7% 0% |. Smolina
Osterfjord 60°34 N 05°24 E 6/23/2016 550-0 m 47 4% 83% 4% 9% M. Choquet
Serfjord 1 60°31 N 05°21E 6/23/2016 487-0m 48 0% 94% 6% 0% M. Choquet
Serfjord 2 60°28 N 05°40 E 6/23/2016 360-0 m 43 0% 81% 0% 19% M. Choquet
Serfjord 3 60°26 N 05°30 E 6/23/2016 225-0 m 48 0% 79% 0% 21% M. Choquet
North Sea 60°20 N 01°00 E 4/2/2012 50-0 m 45 0% 76% 0% 24% S. Basedow
Raunefjord 60°17 N 05°08 E 6/4/2016 180-0 m 45 0% 98% 2% 0% W. Melle
Korsfjord 60°11 N 05°12E 6/6/2016 200-0 m 48 0% 94% 0% 6% W. Melle
Hardangerfjord 59°58 N 05°41E 8/30/2016 106-0 m 46 0% 48% 0% 52% A. Mailli
Labrador 2 59°47 N 52°16 W 5/28/2013 1000-0 m 47 0% 91% 9% 0% |. Smolina
Oslofjord 59°12N 10°38E 4/16/2016 350-0 m 51 0% 63% 31% 6% T. Falkenhaug
Lenefjord 58°5N 07°9E 7/18/2016 220-0 m 45 0% 56% 1% 33% K. Eiane
Risgrfjord 58°44N 09°15E 4/15/2016 160-0 m 47 0% 87% 0% 13% T. Falkenhaug
Grgnsfjord 58°2N 07°2E 7/18/2016 190-0 m 48 0% 75% 8% 17% K. Eiane
Loch Etive 56°27 N 05°11 W 9/19/2016 130-5m 47 0% 100% 0% 0% K. Last
Off-Ainort 56°51 N 05°53 W 7/31/2008 20-0m 48 0% 4% 0% 96% S. Wells
Quebec 1 50°26 N 50°42 W 5/11/2014 200-0 m 47 0% 77% 23% 0% A. Bucklin
Quebec 2 45°05 N 53°44 W 5/15/2014 200-0 m 47 4% 70% 26% 0% A. Bucklin
US Portland 42°59 N 68°52 W 8/22/2012 200-0 m 47 0% 100% 0% 0% A. Bucklin
US New-York 40°19 N 69°50 W 8/14/2012 200-0 m 45 0% 100% 0% 0% A. Bucklin
US Philadelphia 39°58 N 72°46 W 8/8/2012 200-0 m 51 0% 100% 0% 0% A. Bucklin
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SUPPLEMENTARY 2

Phylogenetic relationships among 16S rDNA individual sequences of Calanus finmarchicus, C.
glacialis, C. hyperboreus and C. helgolandicus
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SUPPLEMENTARY 3
Test of congruence of Calanus species identification between 6 nuclear InDel markers and
mitochondrial 16S rDNA, for individuals from the North Atlantic and Arctic Oceans. 4 species
identified are C. finmarchicus (Cfin), C. glacialis (Cgla), C. hyperboreus (Chyp) and C.
helgolandicus (Chelg).

. . L GenBank Accession Number  Congruence of
Sampling location Individual name InDels Sp ID 16SSp ID

sequences 16S rDNA markers
Balsfjord 2 Bal117 Cfin Cfin MF959726 yes
Balsfjord 2 Bal130 Cfin Cfin MF959726 yes
Bjgrngya 1 BjO51 Cgla Cgla MF959707 yes
Bjgrngya 1 Bj054 Cfin Cfin MF959726 yes
Bjgrngya 1 BjO65 Cgla Cgla MF959707 yes
Bjgrngya 1 Bj078 Cfin Cfin MF959726 yes
Bjgrngya 2 409-34 Cfin Cfin MF959726 yes
Bjgrngya 2 409-47 Cfin Cfin MF959709 yes
Christianssund 187-26 Cfin Cfin MF959726 yes
Chuckchi Sea Chuckl Chyp Chyp MF959727 yes
Chuckchi Sea Chuck2 Chyp Chyp MF972920 yes
Grgnsfjord Grol5 Chyp Chyp MF972920 yes
Grgnsfjord Gro21 Cfin Cfin MF959726 yes
Grgnsfjord Gro23 Cfin Cfin MF959726 yes
Grgnsfjord Gro24 Cfin Cfin MF959702 yes
Grgnsfjord Gro27 Chel Chel MF959717 yes
Grgnsfjord Gro29 Chel Chel MF959717 yes
Grgnsfjord Gro3 Chyp Chyp MF959730 yes
Grgnsfjord Gro30 Chyp Chyp MF959730 yes
Grgnsfjord Gro31 Chel Chel MF959717 yes
Grgnsfjord Gro46 Chyp Chyp MF959718 yes
Isfjord 1s100 Cgla Cgla MF959707 yes
Isfjord Is144 Cgla Cgla MF959707 yes
Isfjord Is176 Cgla Cgla MF959707 yes
Isfjord Is216 Cgla Cgla MF959707 yes
Isfjord 1s220 Cfin Cfin MF959712 yes
Korsfjord Bergen103 Cfin Cfin MF959726 yes
Korsfjord Bergenl104 Chel Chel MF959717 yes
Korsfjord Bergenlll Cfin Cfin MF959726 yes
Korsfjord Bergen123 Cfin Cfin MF959726 yes
Korsfjord Bergenl44 Cfin Cfin MF959726 yes
Labrador 1 176-80 Cfin Cfin MF959726 yes
Labrador 1 176-84 Chyp Chyp MF959725 yes
Labrador 1 176-91 Cgla Cgla MF959707 yes
Laptev Sea Laptl Chyp Chyp MF959723 yes
Laptev Sea Laptl7 Chyp Chyp MF959705 yes
Laptev Sea Lapt18 Cgla Cgla MF959707 yes
Laptev Sea Lapt27 Cfin Cfin MF959726 yes
Lenefjord Lenel Chyp Chyp MF959730 yes
Lenefjord Lenell Cfin Cfin MF959729 yes
Lenefjord Lene21 Chel Chel MF959719 yes
Lenefjord Lene22 Chyp Chyp MF959713 yes
Lenefjord Lene23 Chyp Chyp MF959715 yes
Lenefjord Lene43 Chel Chel MF959717 yes
Lenefjord Lene45 Chyp Chyp MF959730 yes
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Lurefjord 1 Lure25 Cgla Cgla MF959707 yes
Lurefjord 1 Lure29 Cgla Cgla MF959707 yes
Lurefjord 1 Lure33 Cgla Cgla MF959707 yes
Lurefjord 1 Lure50 Cgla Cgla MF959707 yes
Lurefjord 2 Lure86 Cgla Cgla MF959707 yes
Lurefjord 3 Lurel42 Chel Chel MF972922 yes
Lurefjord 3 Lurel44 Cgla Cgla MF959707 yes
Lurefjord 3 Lure149 Cgla Cgla MF959707 yes
Mistfjord 2 Mist11 Cfin Cfin MF959726 yes
Mistfjord 2 Mist12 Cgla Cgla MF959707 yes
Mistfjord 2 Mist16 Cgla Cgla MF959707 yes
Mistfjord 2 Mist18 Cgla Cgla MF959728 yes
Mistfjord 2 Mist19 Chyp Chyp MF972920 yes
Mistfjord 2 Mist21 Cgla Cgla MF959707 yes
Mistfjord 2 Mist22 Cgla Cgla MF959707 yes
Mistfjord 2 Mist31 Chyp Chyp MF959730 yes
Mistfjord 2 Mist36 Chyp Chyp MF959708 yes
Mistfjord 2 Mist39 Chyp Chyp MF959730 yes
Mistfjord 2 Mist44 Cgla Cgla MF959707 yes
Mistfjord 2 Mist45 Cgla Cgla MF959707 yes
Mistfjord 2 Mist47 Cgla Cgla MF959707 yes
Mistfjord 2 Mist48 Cgla Cgla MF959707 yes
Mistfjord 2 Mist5 Cgla Cgla MF959707 yes
Mistfjord 2 Mist50 Cfin Cfin MF959726 yes
Mistfjord 2 Mist52 Chyp Chyp MF959730 yes
Mistfjord 2 Mist88 Cgla Cgla MF959707 yes
Myken 1 Myken22 Cgla Cgla MF959707 yes
Myken 1 Myken3 Cfin Cfin MF959721 yes
Myken 1 Myken30 Cfin Cfin MF959726 yes
Myken 1 Myken47 Chyp Chyp MF972920 yes
Myken 2 Myken80 Cfin Cfin MF959726 yes
Myken 3 Myken99 Cfin Cfin MF959711 yes
Myken 4 Myken114 Cfin Cfin MF959726 yes
Myken 6 Myken130 Chel Chel MF959717 yes
Myken 6 Myken137 Chel Chel MF959717 yes
Myken 6 Myken138 Chel Chel MF959717 yes
North Atlantic 1 160-17 Cgla Cgla MF959707 yes
North Atlantic 1 160-2 Chyp Chyp MF972920 yes
North Atlantic 2 155-29 Cgla Cgla MF959707 yes
North Atlantic 3 153-15 Cfin Cfin MF959726 yes
North Atlantic 3 153-45 Cfin Cfin MF959726 yes
North Atlantic 4 168-20 Cfin Cfin MF959726 yes
North Iceland 165-29 Cfin Cfin MF959726 yes
North Sea 491-39 Chel Chel MF959717 yes
Off-Tromsg Tromso004 Cfin Cfin MF959726 yes
Off-Tromsg Tromso035 Cfin Cfin MF959726 yes
Off-Tromsg Tromso20 Chel Chel MF959717 yes
Off-Tromsg Tromso91 Chel Chel MF959724 yes
Oslofjord Oslo14 Chyp Chyp MF959730 yes
Oslofjord Oslo15 Chyp Chyp MF959730 yes
Oslofjord Oslol6 Chyp Chyp MF959716 yes
Oslofjord Oslol7 Chyp Chyp MF959730 yes
Oslofjord Oslo24 Cfin Cfin MF959726 yes
Oslofjord Oslo27 Chel Chel MF959717 yes
Oslofjord Oslo42 Chel Chel MF959717 yes
Oslofjord Oslo49 Cfin Cfin MF959726 yes
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sequences 16S rDNA markers
@sterbotn Por68 Cfin Cfin MF959726 yes
@sterbotn Por83 Cgla Cgla MF959707 yes
Osterfjord Ostl7 Chel Chel MF972922 yes
Osterfjord Ost23 Cfin Cfin MF959726 yes
Porsangerfjord 1 Por46 Cfin Cfin MF959726 yes
Ranfjord 1 Ran6 Cgla Cgla MF959707 yes
Ranfjord 1 Ran7 Cgla Cgla MF959706 yes
Ranfjord 3 Ran119 Cfin Cfin MF959726 yes
Ranfjord 3 Ran124 Cfin Cfin MF959726 yes
Ranfjord 3 Ran128 Cfin Cfin MF959726 yes
Ranfjord 3 Ran60 Cfin Cfin MF959726 yes
Raunefjord Bergenl9 Cfin Cfin MF959726 yes
Raunefjord Bergen7 Cfin Cfin MF959726 yes
Risgrfjord Ris15 Chel Chel MF959720 yes
Risgrfjord Ris13 Chel Chel MF959717 yes
Saltfjord 1 150216-095 Cgla Cgla MF959707 yes
Saltfjord 1 150216-105 Cgla Cgla MF959707 yes
Saltfjord 1 150216-31 Chyp Chyp MF959730 yes
Saltfjord 2 Salt25 Cgla Cgla MF959707 yes
Saltfjord 2 Salt53 Cfin Cfin MF959726 yes
Skjerstadfjord 1 Skjoo6 Chyp Chyp MF959730 yes
Skjerstadfjord 1 Skj24 Chyp Chyp MF959710 yes
Skjerstadfjord 1 Skja1 Cfin Cfin MF959729 yes
Skjerstadfjord 1 Skja4 Cgla Cgla MF959707 yes
Skjerstadfjord 1 Skj46 Cgla Cgla MF959707 yes
Sgrfjord 1 Sorfjord14 Cfin Cfin MF959726 yes
Segrfjord 2 Sorfjord105 Cfin Cfin MF959726 yes
Segrfjord 2 Sorfjord112 Chel Chel MF959717 yes
Segrfjord 2 Sorfjord27 Chel Chel MF972922 yes
Sgrfjord 2 Sorfjord42 Chel Chel MF959717 yes
Segrfjord 3 Sorfjord128 Cfin Cfin MF959726 yes
Sgrfoldfjord 1 Sorfolda61 Cgla Cgla MF959707 yes
Serfoldfjord 1 Sorfolda63 Cgla Cgla MF959707 yes
Sgrfoldfjord 1 Sorfolda64 Cgla Cgla MF959707 yes
Sgrfoldfjord 1 Sorfolda87 Cfin Cfin MF959702 yes
S¢rfoldfjord 2 Sorfoldal08 Chyp Chyp MF972920 yes
Sgrfoldfjord 2 Sorfoldal43 Chyp Chyp MF959730 yes
Sgrfoldfjord 3 Sorfoldal58 Chyp Chyp MF959730 yes
Sgrfoldfjord 3 Sorfoldal87 Cgla Cgla MF959707 yes
Steinkjer Steinl18 Chel Chel MF959717 yes
Steinkjer Stein19 Cfin Cfin MF959729 yes
Steinkjer Stein20 Cfin Cfin MF959729 yes
Svingy Sv017 Chel Chel MF972921 yes
Svingy Sv077 Chel Chel MF959720 yes
Svingy Sv70 Chel Chel MF959717 yes
Svingy Sv83 Chel Chel MF959722 yes
Tronsdheimsfjord Tdh26 Cfin Cfin MF959726 yes
Tysfjord Tys20 Chyp Chyp MF959730 yes
Tysfjord Tys4 Chyp Chyp MF959710 yes
Van Mijenfjord VM66 Chyp Chyp MF959714 yes
Vestfjord 1 Lof29 Cgla Cgla MF959707 yes
Vestfjord 2 Vest10 Cgla Cgla MF959707 yes
Vestfjord 2 Vest22 Cgla Cgla MF959707 yes
Vestfjord 2 Vest29 Cgla Cgla MF959707 yes
Vestfjord 3 Vest63 Cgla Cgla MF959707 yes
Vestfjord 3 Vest92 Cgla Cgla MF959707 yes
White Sea WS2 Cgla Cgla MF959707 yes
White Sea WS34 Cgla Cgla MF959707 yes
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SUPPLEMENTARY 4

Test of congruence of Calanus species identification between 6 nuclear InDel markers and

mitochondrial 16S

Saltenfjord/Skjerstadfjord

rDNA for

Calanus finmarchicus (Cfin) and C. glacialis (Cgla) in
measurements and

accompanied with

developmental stage information.

prosome length

GenBank Accession Number

Congruence of

Prosome Length

Developmental

Sampling location Individual name InDelsSpID  16S Sp ID sequences 165 rDNA markers (um) Stage
Saltfjord 1 15-02-16-009 Cgla Cgla MF959707 yes 2303,17 cv
Saltfjord 1 15-02-16-011 Cgla Cgla MF959707 yes 2362,44 cv
Saltfjord 1 15-02-16-012 Cgla Cgla MF959706 yes 2132,79 cv
Saltfjord 1 15-02-16-013 Cfin Cfin MF959729 yes 2403,55 cv
Saltfjord 1 15-02-16-015 Cgla Cgla MF959706 yes 2383,01 cv
Saltfjord 1 15-02-16-016 Cfin Cfin MF959726 yes 2379,29 cv
Saltfjord 1 15-02-16-018 Cgla Cgla MF959706 yes 2502,75 cv
Saltfjord 1 15-02-16-019 Cfin Cfin MF959726 yes 2413,01 cv
Saltfjord 1 15-02-16-020 Cfin Cfin MF959726 yes 2482,57 cv
Saltfjord 1 15-02-16-021 Cfin Cfin MF959703 yes 2644,03 Female
Saltfjord 1 15-02-16-024 Cfin cfin MF959729 yes 2316,18 (oY
Saltfjord 1 15-02-16-025 Cfin Cfin MF959726 yes 2282,84 cv
Saltfjord 1 15-02-16-026 Cgla Cgla MF959707 yes 2405,64 cv
Saltfjord 1 15-02-16-028 Cfin Cfin MF959726 yes 2717,74 Female
Saltfjord 1 15-02-16-030 Cgla Cgla MF959707 yes 2609,69 cv
Saltfjord 1 15-02-16-032 Cgla Cgla MF959707 yes 2607,77 cv
Saltfjord 1 15-02-16-033 Cgla Cgla MF959707 yes 2226,31 cv
Saltfjord 1 15-02-16-034 Cfin Cfin MF959726 yes 2426,94 cv
Saltfjord 1 15-02-16-035 Cfin Cfin MF959726 yes 2669,51 cv
Saltfjord 1 15-02-16-036 Cgla Cgla MF959707 yes 2309,67 cv
Saltfjord 1 15-02-16-037 Cfin Cfin MF959726 yes 2236,15 cv
Saltfjord 1 15-02-16-039 Cfin Cfin MF959726 yes 2521,78 Female
Saltfjord 1 15-02-16-040 Cfin Cfin MF959726 yes 2328,63 cv
Saltfjord 1 15-02-16-042 Cfin Cfin MF959726 yes 2265,14 cv
Saltfjord 1 15-02-16-043 Cfin Cfin MF959726 yes 2186,02 cv
Saltfjord 1 15-02-16-044 Cfin Cfin MF959726 yes 2339,14 cv
Saltfjord 1 15-02-16-045 Cfin cfin MF959726 yes 2266,17 cv
Saltfjord 1 15-02-16-046 Cfin Cfin MF959726 yes 2333,27 cv
Saltfjord 1 15-02-16-047 Cfin Cfin MF959726 yes 2301,69 cv
Saltfjord 1 15-02-16-048 Cgla Cgla MF959707 yes 2224,37 cv
Saltfjord 1 15-02-16-049 Cgla Cgla MF959706 yes 2359,86 cv
Saltfjord 1 15-02-16-050 Cgla Cgla MF959706 yes 2119,4 cv
Saltfjord 1 15-02-16-051 Cfin Cfin MF959726 yes 2691,54 cv
Saltfjord 1 15-02-16-052 Cgla Cgla MF959706 yes 2348,86 cv
Saltfjord 1 15-02-16-053 Cfin Cfin MF959726 yes 2320,71 cv
Saltfjord 1 15-02-16-054 Cfin Cfin MF959726 yes 2747,02 Female
Saltfjord 1 15-02-16-056 Cfin Cfin MF959726 yes 2555,2 Female
Saltfjord 1 15-02-16-058 Cgla Cgla MF959707 yes 2583,62 cv
Saltfjord 1 15-02-16-059 Cfin Cfin MF959726 yes 2367,53 cv
Saltfjord 1 15-02-16-061 Cfin Cfin MF959726 yes 2416,58 Female
Saltfjord 1 15-02-16-062 Cfin Cfin MF959726 yes 2725,01 Female
Saltfjord 1 15-02-16-064 Cfin Cfin MF959726 yes 2717,76 cv
Saltfjord 1 15-02-16-066 Cfin Cfin MF959726 yes 2031,03 cv
Saltfjord 1 15-02-16-067 Cgla Cgla MF959707 yes 2519,75 cv
Saltfjord 1 15-02-16-068 Cgla Cgla MF959706 yes 2219,32 Ccv

Skjerstadfjord 2~ 26-02-16-002 Cgla Cgla MF959707 yes 2819,62 Female
Skjerstadfjord 2 26-02-16-003 Cgla Cgla MF959707 yes 2866,97 Female
Skjerstadfjord 2 26-02-16-004 Cfin Cfin MF959726 yes 2487,92 cv

Skjerstadfjord 2~ 26-02-16-008 Cgla Cgla MF959707 yes 2662,64 Female
Skjerstadfjord 2 26-02-16-010 Cgla Cgla MF959707 yes 2745,27 Female
Skjerstadfjord 2 26-02-16-011 Cgla Cgla MF959707 yes 2682,25 Female
Skjerstadfjord 2 26-02-16-012 Cgla Cgla MF959707 yes 2770,09 Female
Skjerstadfjord 2 26-02-16-014 Cgla Cgla MF959707 yes 2772,95 Female
Skjerstadfjord 2 26-02-16-015 Cgla Cgla MF959707 yes 2738,5 Female
Skjerstadfjord 2 26-02-16-016 Cgla Cgla MF959707 yes 2150,68 Female
Skjerstadfjord 2~ 26-02-16-017 Cgla Cgla MF959707 yes 2958,1 Female
Skjerstadfjord 2 26-02-16-018 Cgla Cgla MF959707 yes 2819,35 Female
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Skjerstadfjord 2 26-02-16-019 Cgla Cgla MF959707 yes 2550,68 cv
Skjerstadfjord 2 26-02-16-022 Cgla Cgla MF959707 yes 2868,47 Female
Skjerstadfjord 2 26-02-16-023 Cgla Cgla MF959707 yes 2968,3 Female
Skjerstadfjord 2 26-02-16-026 Cgla Cgla MF959707 yes 2767,48 Female
Skjerstadfjord 2 26-02-16-027 Cgla Cgla MF959707 yes 2736,55 Female
Skjerstadfjord 2 26-02-16-028 Cgla Cgla MF959707 yes 2937,8 Female
Skjerstadfjord 2~ 26-02-16-030 Cgla Cgla MF959707 yes 2683,26 Female
Skjerstadfjord 2 26-02-16-031 Cgla Cgla MF959707 yes 2812,78 Female
Skjerstadfjord 2 26-02-16-032 Cgla Cgla MF959707 yes 2854,29 Female
Skjerstadfjord 2 26-02-16-033 Cgla Cgla MF959707 yes 2748,12 Female
Skjerstadfjord 2 26-02-16-036 Cgla Cgla MF959707 yes 2790,18 Female
Skjerstadfjord 2 26-02-16-037 Cgla Cgla MF959707 yes 2805,97 Female
Skjerstadfjord 2 26-02-16-039 Cgla Cgla MF959707 yes 2727,74 Female
Skjerstadfjord 2 26-02-16-044 Cgla Cgla MF959707 yes 2722,62 Female
Skjerstadfjord 2 26-02-16-045 Cgla Cgla MF959707 yes 2219,54 cv
Skjerstadfjord 2 26-02-16-046 Cgla Cgla MF959707 yes 2529,42 Female
Skjerstadfjord 2 26-02-16-047 Cgla Cgla MF959707 yes 2754,26 Female
Skjerstadfjord 2 26-02-16-048 Cgla Cgla MF959707 yes 2931,09 Female
Skjerstadfjord 2 26-02-16-049 Cgla Cgla MF959707 yes 2712,63 Female
Skjerstadfjord 2 26-02-16-050 Cgla Cgla MF959707 yes 2861,56 Female
Skjerstadfjord 2 26-02-16-051 Cgla Cgla MF959707 yes 2709,82 Female
Skjerstadfjord 2~ 26-02-16-052 Cgla Cgla MF959707 yes 2900,9 Female
Skjerstadfjord 2 26-02-16-054 Cgla Cgla MF959707 yes 2834,98 Female
Skjerstadfjord 2 26-02-16-055 Cgla Cgla MF959707 yes 2848,86 Female
Skjerstadfjord 2 26-02-16-056 Cgla Cgla MF959707 yes 2935,77 Female
Skjerstadfjord 2 26-02-16-057 Cgla Cgla MF959707 yes 2775,33 Female
Skjerstadfjord 2 26-02-16-060 Cgla Cgla MF959707 yes 2830 Female
Skjerstadfjord 2 26-02-16-065 Cgla Cgla MF959707 yes 2707,59 Female
Skjerstadfjord 2 26-02-16-066 Cgla Cgla MF959707 yes 2777,23 Female
Skjerstadfjord 2 26-02-16-067 Cfin Cfin MF959704 yes 2738,81 Female
Skjerstadfjord 2 26-02-16-069 Cgla Cgla MF959707 yes 2935,35 Female
Skjerstadfjord 2 26-02-16-070 Cgla Cgla MF959707 yes 2884,35 Female
Skjerstadfjord 2 26-02-16-071 Cgla Cgla MF959707 yes 2852,28 Female
Skjerstadfjord 2 26-02-16-072 Cgla Cgla MF959707 yes 2560,02 Female
Skjerstadfjord 2 26-02-16-074 Cfin Cfin MF959726 yes 2623,18 Female
Skjerstadfjord 2 26-02-16-075 Cfin Cfin MF959726 yes 2440,78 cv
Skjerstadfjord 2 26-02-16-076 Cfin Cfin MF959726 yes 2686,92 Female
Skjerstadfjord 2 26-02-16-078 Cgla Cgla MF959707 yes 2909,09 Female
Skjerstadfjord 2 26-02-16-079 Cfin Cfin MF959726 yes 2446,4 cv
Skjerstadfjord 2 26-02-16-080 Cgla Cgla MF959707 yes 2845,11 Female
Skjerstadfjord 2 26-02-16-081 Cgla Cgla MF959707 yes 2771,56 Female
Skjerstadfjord 2 26-02-16-083 Cgla Cgla MF959707 yes 2916,63 Female
Skjerstadfjord 2 26-02-16-085 Cfin Cfin MF959726 yes 2548,65 cv
Skjerstadfjord 2~ 26-02-16-087 Cgla Cgla MF959707 yes 2946,72 Female
Skjerstadfjord 2 26-02-16-089 Cgla Cgla MF959706 yes 2817,67 Female
Skjerstadfjord 2 26-02-16-090 Cgla Cgla MF959706 yes 2893,8 Female
Skjerstadfjord 2 26-02-16-091 Cgla Cgla MF959707 yes 2850,28 Female
Skjerstadfjord 2 26-02-16-092 Cgla Cgla MF959707 yes 2871,76 Female
Skjerstadfjord 2 26-02-16-093 Cgla Cgla MF959707 yes 2747 Female
Skjerstadfjord 2 26-02-16-094 Cgla Cgla MF959707 yes 2811,26 Female
Skjerstadfjord 2 26-02-16-095 Cgla Cgla MF959707 yes 2700,08 Female
Skjerstadfjord 2 26-02-16-096 Cgla Cgla MF959707 yes 2596,9 Female
Skjerstadfjord 2 26-02-16-098 Cgla Cgla MF959707 yes 2859,26 Female
Skjerstadfjord 2 26-02-16-132 Cgla Cgla MF959707 yes 2886,28 Female
Skjerstadfjord 2 26-02-16-134 Cgla Cgla MF959707 yes 2837,12 Female
Skjerstadfjord 2 26-02-16-135 Cfin Cfin MF959726 yes 2694,29 Female
Skjerstadfjord 2 26-02-16-138 Cgla Cgla MF959707 yes 2750,05 Female
Skjerstadfjord 2 26-02-16-139 Cfin Cfin MF959702 yes 2416,67 Female
Skjerstadfjord 2 26-02-16-140 Cgla Cgla MF959707 yes 2623,33 cv
Skjerstadfjord 2 26-02-16-141 Cfin cfin MF959726 yes 1976,64 cv
Skjerstadfjord 2 26-02-16-142 Cgla Cgla MF959707 yes 3030,50 Female
Skjerstadfjord 2 26-02-16-144 Cgla Cgla MF959707 yes 2652,26 Female
Skjerstadfjord 2 26-02-16-145 Cgla Cgla MF959707 yes 2964,65 Female
Skjerstadfjord 2 26-02-16-146 Cgla Cgla MF959707 yes 2521,83 Female
Skjerstadfjord 2 26-02-16-147 Cgla Cgla MF959707 yes 2669,51 Female
Skjerstadfjord 2 26-02-16-149 Cfin Cfin MF959726 yes 2620,01 Female
Skjerstadfjord 2 26-02-16-150 Cfin Cfin MF959726 yes 2406,89 Female
Skjerstadfjord 2 26-02-16-152 Cgla Cgla MF959707 yes 2823 Female
Skjerstadfjord 2 26-02-16-153 Cgla Cgla MF959707 yes 2782,33 Female
Skjerstadfjord 2 26-02-16-154 Cgla Cgla MF959707 yes 2621,5 Female
Skjerstadfjord 2 26-02-16-156 Cgla Cgla MF959707 yes 2965,81 Female
Skjerstadfjord 2 26-02-16-157 Cgla Cgla MF959707 yes 2933,8 Female
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SUPPLEMENTARY 5
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Frequency distributions of prosome length for Calanus glacialis and C. finmarchicus at
developmental stage (a) CV and (b) adult female in the region of Saltenfjord / Skjerstadfjord.
In total, prosome length of 171 Calanus individuals was measured.
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SUPPLEMENTARY 6

Genotype admixture analysis
based on nuclear InDels shows no
hybrids between Calanus
finmarchicus and C. glacialis

Bar chart representing genotype
admixture analysis results based
on nuclear InDel genotypes data,
performed using STRUCTURE (v.
2.3.4) (Pritchard et al., 2000), after
Nielsen et al. (2014).

a. Results from the first set of
InDels used (c.f.
Supplementary7),

b. Results from the second
set of InDels.

Each individual is represented by a
bar filled with one or two distinct
colours that identify an individual
probability to belong to two
clusters (here, green for C.
finmarchicus and red for C.
glacialis). In case of F1 hybrids
between C. finmarchicus and C.
glacialis, a bar will be nearly
equally filled with both colours
(which never happened).
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SUPPLEMENTARY 7

Supplementary Protocols

7

** DNA extraction:

We extracted DNA from the antennules of each specimen, using the quick and cheap
method of HotSHOT DNA extraction (Montero-Pau et al., 2008):

1- Individuals were soaked separately in sterile water to rinse the ethanol;

2- One by one, under a stereomicroscope, the 2 antennules were removed from
the rest of the body and placed in 50 pL of a Lysis Buffer (See HotSHOT protocol
for details about composition of buffers and Montero-Pau et al., 2008) in a 96-
well plate;

3- The plate was incubed in a thermocycler, 30 minutes at 95°C;

4- The plate was subsequently cooled in the fridge (4°C) for 5-10 minutes;

5- Finally, 50 pL of Neutralizing Solution was added (See HotSHOT protocol for
details about composition of buffers (Montero-Pau et al., 2008)).

o
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Molecular species identification:

We amplified a set of 6 nuclear molecular markers, type InDel (polymorphism
consists of Insertion or Deletion of nucleotides): G_150, T 461, T 1338, T_1966,
T 3133 and T_4700 (Smolina et al., 2014) in a single multiplexed Polymerase Chain
Reaction (PCR), and genotyped them following the protocol described by Smolina et al.
(2014). Four distinct patterns of genotypes were distinguished and assigned to the four
different species of Calanus based on species-specific alleles defined in Smolina et al.
(2014). This method is fast and inexpensive. A total of 96 individuals can be reliably
identified within 5 hours, with 100% reliable results for ca. 2 euros/sample. At one
point in our study, we had to re-order a new stock of InDel primers from a new
provider, and thus had to change the type of fluorescent dye labelling of the forward
primers (from 6-FAM, VIC and NED (Life Technologies) to FAM, YAKYE and ATTO550
(Eurofins Genomics)). This resulted in a slight shift of the length of the alleles in the
genotyping, thus this second set of data was treated separately. To confirm the species
identification, and in order to validate our nuclear markers, we sequenced a portion of
the mitochondrial 16S rDNA (ca. 360bp) (Sanger and Coulson, 1975) for 159 individuals
from 53 locations selected to represent the full range of sampling, and for 129
individuals from the region of Saltenfjord / Skjerstadfjord, following the same protocol
described in Smolina et al. (2014). The obtained sequences were then aligned together
with one reference 16S sequence for each species from GenBank’: HQ266740 for C.
glacialis, AF295334 for C. finmarchicus, KF956849 for C. helgolandicus, and JX678968
for C. hyperboreus. This alignment was used to reconstruct a PhyML tree (GTR model)
using Geneious version 9.1 (http://www.geneious.com) (Kearse et al., 2012). The
resulting tree displayed four clearly distinct groups of sequences corresponding to the
four species (see Supplementary2). In all individuals, this approach resulted in the
same species identification as the InDel genotyping (Supplementary3-4).
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%+ Microsatellite analysis:

To characterize connectivity among newly described population of C. glacialis in
Norwegian fjords and other regions and compare it to C. finmarchicus we performed
analysis of population genetic differentiation using sample from 3 locations: Isfjord,
Saltfjord and Lurefjord (c.f. Supplementaryl). DNA from the antennas of 24 identified
(InDels method — see above) individuals per species and per location was used to
amplify 10 microsatellites markers (Parent et al., 2012, Provan et al., 2009) by PCR.
Nine microsatellite markers were multiplexed into 3 PCR reactions (EL696609,
EL585922, and EL773519; FK868270, FG632811, and FK670364; EH666870, EH666474,
and EL773359) and one marker, FK867682, was amplified separately. PCR reactions
were carried out in a final volume of 5 pL, using 2.5 pL of Accu-Start Tough Mix"
(Quanta Biosciences), 0.1 pL of each primer at 10 uM, and completing with DNA from
HotSHOT extraction. Reactions were run on a Veriti’ 96-well fast thermal cycler
(Applied Biosystems). Amplification reactions consisted of Multiplex 1 and FK867682
for 3 min at 95°C; with 35 cycles of: 95°C (30 sec), 55°C (60 sec), and 72°C (60 sec); with
one final extension cycle at 72°C for 5 min. Multiplex 2 was amplified by a first cycle at
95°C (3 min), followed by 35 cycles of: 95°C (30 sec), 53°C (60 sec), and 72°C (60 sec);
and one final cycle at 72°C (5 min) for extension. Multiplex 3 was run as 95°C (3 min),
and then 10 cycles of: 95°C (1 min), touch-down from 68°C (1 min) to 58°C (1 min), and
72°C (1 min); followed by 25 cycles of: 95°C (1 min), 58°C (1 min), and 72°C (1 min);
and a final extension cycle at 72°C (5 min). Microsatellite loci were analysed on a
3500XL Genetic Analyzer (Life Technologies) in three multiplex and one singleplex
following Nielsen et al. (2014).

We used Genetix (v. 4.05.2) (Belkhir et al., 1996) to estimate the global Fsr, index of
population differentiation after Weir & Cockerham (1984).

SUPPLEMENTARY 8

Sources of literature used for tracing the morphologically based distribution ranges of
Calanus species

The map showing the distribution ranges of Calanus species in the North Atlantic and Arctic
Ocean, as defined from morphological identification of species, presented as Figure 1 of the
paper, was mainly based on three different sources: Conover, 1988, Barnard et al., 2004 for
the southern borders of species distributions, and Jaschnov, 1970 for the northern borders.
However, the map was completed in regard to other sources of the existing literature, and
therefore the following were used as a complementary support: Wassmann et al., 2015; Melle
et al., 2014; Estrada et al., 2012; Bonnet et al., 2005.
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Abstract

Copepods of the genus Calanus play a key role in marine food webs as consumers of
primary producers and as prey for many commercially important marine species.
Within the genus, C. glacialis and C. finmarchicus are considered indicator species for
Arctic and Atlantic waters, respectively, and changes in their distributions are
frequently used as a tool to track climate change effects in the marine ecosystems of
the northern hemisphere. Despite the extensive literature available, discrimination
between these two species remains challenging. Using genetically identified
individuals, we simultaneously checked the morphological characters in use for C.
glacialis and C. finmarchicus identification to compare the results of molecular and
morphological identification. We studied the prosome length (1); the antennules and
the genital somite pigmentation (2); the morphology of the fifth pair of swimming legs
and of the mandible (3). Our results show that none of these morphological criteria
can reliably distinguish between C. glacialis and C. finmarchicus. This has severe
implications for our current understanding of plankton ecology as a large part of our
knowledge of Calanus may be biased due to species misidentification and may
subsequently require reinvestigation with the systematic use of molecular tools.



Introduction

Copepods of the genus Calanus are the dominant component of the zooplankton in
the North Atlantic and the Arctic (Conover, 1988, Fleminger and Hulsemann, 1977,
Jaschnov, 1972, Kosobokova, 2012, Kosobokova et al., 2011) and are by far the most
studied zooplankton species, with ca. 100 scientific publications per year for the last 30
years (Web of Science). They play a key role in marine food webs as consumers of
primary producers and microzooplankton and as prey for many commercially and non-
commercially important species (Beaugrand et al., 2003, Falk-Petersen et al., 2009,
Gislason and Astthorsson, 2002, Michaud and Taggart, 2007, Skjoldal, 2004, Steen et
al., 2007, Varpe et al., 2005). Furthermore, they are key drivers of the vertical export of
material from the upper part of the water column due to the ability of packing organic
material into large fast-sinking fecal pellets (Wilson et al., 2008). In marine food webs,
Calanus spp. are essential agents of matter and energy transfer between phyto- and
microzooplankton and higher trophic levels.

In the North Atlantic and Arctic regions, the Arctic species C. glacialis and the
smaller north Atlantic C. finmarchicus account for most of the zooplankton biomass
(Blachowiak-Samolyk, 2008, Fleminger and Hulsemann, 1977, Hassel, 1986,
Kosobokova, 2012, Kosobokova and Hirche, 2009, Sgreide et al., 2008). The spatial
distribution of these two copepods is linked to the distribution of Arctic and Atlantic
waters, respectively, and they are thus considered indicator species for these water
masses (Beaugrand, 2007, Blachowiak-Samolyk, 2008, Bonnet and Frid, 2004, Daase
and Eiane, 2007, Helaouét and Broms et al., 2009, Jaschnov, 1970, Jaschnov, 1966,
Unstad and Tande, 1991). Recently, C. glacialis and C. finmarchicus have been
regarded as beacons of climate change (Hays et al., 2005, Wassmann et al., 2015), as
changes in their distribution are interpreted as changes in Atlantic water circulation
and potential “Atlantification” of the Arctic (Falk-Petersen et al., 2007, Wassmann et
al., 2006).

The ecological importance of C. finmarchicus and C. glacialis is unquestionable, but
distinguishing between them in regions of co-occurrence has always been challenging
(Hirche et al., 1994, Unstad and Tande, 1991). Three main morphological characters
have been used, 1) prosome length; 2) redness of antennules and genital somite (the
two spermathecae); 3) structure of the fifth pair of swimming legs and the coxal endid
of the mandible (in adults).

Because of convenience, the prosome length measurements (1) have been and
remain the most commonly used method to separate the two species (see for
example: Arnkveern et al., 2005, Forest et al., 2011, Hirche and Kosobokova, 2011,
Kosobokova, 2012, Kwasniewski et al., 2003, Unstad and Tande, 1991) although
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several recent studies have demonstrated a size-overlap in specific regions (Gabrielsen
et al., 2012, Lindeque et al., 2006, Parent et al., 2011).

Another trait that has been recently suggested to distinguish between C.
finmarchicus and C. glacialis is the presence or absence of red pigmentation on their
antennules and, in the case of adult females, on their genital somite (originally genital
field) (2) (Nielsen et al., 2014). Examination of this character requires that individuals
are alive, so the samples have to be sorted directly after collection, which is also a
challenge.

The classical, but most complex and time-consuming approach to identify C.
finmarchicus and C. glacialis is to examine their morphological characters (3) that have
been suggested as diagnostic of the two species. Most common is the examination of
the structure of the fifth pair of swimming legs in adult females and males (Jaschnov,
1955), and the morphology of the coxal endid of the mandible (gnathobase)
(Beklemishev, 1959). Examination of both characters requires performing a fastidious
and specific preparation on each specimen, and is therefore seldom applied during
routine zooplankton samples analyses.

Although several diagnostic molecular markers have been developed for Calanus,
from mtDNA RFLP (Lindeque et al., 1999) to nuclear InDels (Smolina et al., 2014), their
use in the zooplankton research community has so far remained limited. A recent
reappraisal of Calanus spp. distribution in the North Atlantic/Arctic Oceans relying on
large scale sampling and molecular identification has suggested that misidentification
is widespread and has led to erroneous conclusions regarding Calanus biogeography
(M. Choquet et al. submitted).

Species misidentification may be less problematic in studies focusing on describing
zooplankton assemblages based on higher taxonomic categories (e.g. ABmus et al.,
2009) or in trait-based studies, which aim at investigating ecological functions of
assemblages (e.g. Brun et al., 2016). A correct species identification is however crucial
for understanding species-specific life history strategies, species-specific productivity
estimates and for studying distribution patterns, particularly if species are considered
indicative for specific water masses and if changes in their distribution are assumed to
have far reaching ecosystem impacts.

Both species differ in life strategies such as energy requirements for reproduction
and growth, timing of reproduction, composition of overwintering populations and
seasonal vertical migration patterns. These differences reflect adaptations to the
environmental conditions in their main areas of distribution (Falk-Petersen et al.,
2009), with C. glacialis having adapted more flexible life history strategy to deal with
the constrains of seasonally ice-covered seas (Daase et al., 2013) and low temperature



leading to a larger body size and longer life span compared to C. finmarchicus. It is
crucial to correctly identify them to understand their life history adaptations fully, how
they have evolved differently in each species and how climate change will be affecting
each species’ productivity, population success, distribution and role in the food web.
Using prosome length to discriminate between species has shown to underestimate
smaller sized C. glacialis (Gabrielsen et al., 2012), which may bias species-specific
biomass estimates and our understanding of energy allocations in that species.

In the present study, we use molecular tools to assess the reliability of the
morphological characters used to discriminate between C. finmarchicus and C. glacialis
across a large part of their distributional range.

Material and procedures

Samples collection and pre-sorting

Zooplankton were sampled in fjords along the Norwegian coast, in the White Sea, in
Svalbard waters and in the Nansen Basin (Table 1) by vertically towed plankton nets
(WP-2 / Juday types) with mesh sizes between 150 and 200 um. The whole water
column was sampled for most of the locations, except for the White Sea (100 — 0 m)
and the Svalbard fjords (20 — 0 m). The sampling locations were selected to represent a
latitudinal gradient from the southernmost (Lurefjord) to the northernmost (Nansen
Basin) areas of co-occurring of C. finmarchicus and C. glacialis. The White Sea, where
only C. glacialis occurrence was reported historically (Jaschnov, 1966, Jaschnov, 1955)
and recently confirmed genetically (M. Choquet et al. submitted), and the region of
Raunefjord / Korsfjord where only C. finmarchicus occurrence was reported, were also
sampled in order to have more elements of comparison. Directly after sampling, a
Folsom plankton splitter was used to randomly subsample ~100 to 200 live individuals
of the older (>CIV) copepodite stages. Prosome length measurements and examination
of the redness of antennules and genital somite (for details see below) were carried
out right after sampling, on the subsampled individuals kept alive in seawater. These
live individuals were subsequently preserved individually in 70-80 % undenatured
ethanol for Ilater molecular-based species identification and morphological
examinations.

Prosome length measurements

We subsampled up to 200 live individuals of late copepodite stages IV, V and CVI
female (CIV, CV and CVIF) of Calanus per sample from each of the 9 locations (pooled
into 6 geographically distant regions - 895 specimens in total) (Table 1). For the



sampling locations where it was possible, photographs of individuals were taken with a
camera attached to a stereomicroscope. The prosome length of each specimen was
measured from the tip of the cephalosome to the distal lateral end of the last thoracic
somite (Fig. 1) either using the ruler in the eye-piece of a stereomicroscope to measure
directly (resolution 1 um), or by using cellSens Standard software (version 1.8.1 —
Olympus corporation© 2009-2013) to analyse the photograph taken (resolution 0.01
um). All the 895 individuals were identified with molecular markers (See section below
“Molecular species identification”). Correlation between latitude and body size
(prosome length) was tested independently for C. finmarchicus and C. glacialis, and
separately for each developmental stage (CIV, CV, and CVI female) with use of
Pearson’s correlation (in Microsoft” Excel’ version 14.7.3).

Redness assessment

We evaluated the potential of red pigmentation (“redness”) on antennules and
genital somite to separate live Calanus finmarchicus and C. glacialis, as suggested in
(Nielsen et al., 2014). A total of 903 Calanus individuals of developmental stage CIV to
CVI (adult female and male) from 6 distant populations in the North Atlantic and Arctic
Oceans were investigated in regard to their antennule redness (Table 1). Additionally,
pigmentation of the two spermathecae on the ventral surface of the genital somite
(the first urosome somite) in adult females was examined for 168 individuals from the
same populations. All the individuals examined for their redness were subsequently
identified with molecular markers (see section below “Molecular species
identification”).

The degree of antennules red pigmentation (“redness”) was very heterogeneous
among the studied individuals. We distinguished 4 different categories of individuals:
antennules with more than 90% of redness; from 50 to 90% of redness; from 10 to
50% of redness; and less than 10% of redness. The percentage of redness used to
distinguish different categories is based on the subjective evaluation of how much of
the surface of antennules is red, and how dense this pigmentation is (see Fig. 2 for
examples of each category). This choice is justified by our search for a parameter that
could be easily and quickly used for routine species identification especially in the field.

Statistical differences in antennule redness between the two species C. finmarchicus
and C. glacialis, among the different developmental stages, and among the locations
sampled were tested using the Kruskal-Wallis H test.

To evaluate the pigmentation of the genital somite, we considered only 2 categories:
red or pale (Fig. 3). Individuals with any redness on one or two of the spermathecae
were assigned to “red”; the individuals for which no redness at all on the genital
somite was noticeable were reported as “pale”.



Molecular species identification

Each Calanus individual used for this study was genetically identified (913 individuals
in total — Table 1). Molecular species identification followed the procedure described
in M. Choquet et al. (submitted). In brief, DNA was extracted from animal’s antennules
using the HotSHOT DNA extraction method (Montero-Pau et al., 2008) and 6 nuclear
molecular markers (Smolina et al., 2014) type InDels (Insertion or Deletion motifs)
were amplified by Polymerase Chain Reaction (PCR). PCR amplicons were sized using a
3500xL Genetic Analyzer (Applied Biosystems, USA), generating a species specific
profile (Smolina et al., 2014). Together, these 6 markers allow the reliable
identification of Calanus species in the North Atlantic and Arctic Oceans (Nielsen et al.,
2014, Smolina et al., 2014). This method allows to genotype each individual for species
identification without using or destroying the animal’s body. Once the antennules are
removed, the rest of the body is intact and can still be examined for morphology.

5™ pair of legs and gnathobase morphology examination

Seventy-one individuals from 5 different locations (Table 1) were examined (49
individuals of developmental stage CV and 22 individuals of CVI adult females), by
following a specific procedure. M. Choquet selected the individuals among the
genetically identified specimens preserved in ethanol, in order to have both species
represented. The 71 selected ones were sent to S. Kwasniewski for dissection (see
procedure below), without giving any information about the molecular results of
species ID for these particular individuals. After dissection, photographs of the
dissected body parts were taken for each individual by S. Kwasniewski, and shared
with K. Kosobokova. Examination of the fifth thoracic leg (swimming leg P5 — Fig. 4 a-b
& Fig. 5 a-b) and the coxal endid of the mandible (gnathobase — Fig. 4 c-d & Fig. 5 c-d)
were carried out by both S. Kwasniewski and K. Kosobokova independently, based on
the photographs only. Their species identification decisions, based on the pictures
analysis, were then sent back to M. Choquet to compare with molecular results. We
decided to follow this approach in order to avoid any bias in the expert interpretation
of the pictures due to the prior knowledge of molecular ID.

For the examination of the P5 morphology, descriptions of the leg structure
provided in Jaschnov (1955); Frost (1974); and Jaschnov, (1955), Frost, (1974), Brodskii
et al., (1983) were used. The P5 in Calanus consists of a remnant of precoxa, well
developed coxa (basipod 1) and basis (basipod 2), from which two 3-segmented rami
(exopod and endopod) grow out (Huys and Boxshall, 1991). Investigation focused on
the lamellar structure with denticulated edge, the denticulated lamella, extending
longitudinally on the medial margin of the coxa of P5 from the intercoxal plate to near
the distal medial corner, little folding on the posterior surface of the basipod segment.
According to the references, in C. finmarchicus the denticulated lamella is straight,
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missing clearly expressed incurvation characteristic for C. glacialis (See Fig. 4 a-b). In C.
glacialis, the denticulated lamella is concaved and has a well-expressed curvature
(deflection) (Frost, 1974, Jaschnov, 1955) (See Fig. 5 a-b).

For examination of the gnathobase, descriptions provided in (Beklemishev, 1959,
Vyshkvartzeva, 1976, Vyshkvartzeva, 1972) were used. The gnathobase is the coxal
endite (a medially directed process on the protopodal segment of the appendage),
bearing the toothed cutting edge distally (Huys and Boxshall, 1991). The cutting
(masticatory) edge of the gnathobase bears several groups of teeth varying in form
and structure. Some of these teeth (at least in sexually developed stages) are covered
with silicate crowns. In adult females of C. glacialis and C. finmarchicus the complete
arrangement of gnathobase cutting edge includes ventral (V1 — V;), central (C; — Cy)
and distal (D; — Ds3) teeth plus flexible setae with one or two rows of spines. Between
groups of V and C teeth there is a diastema (a gap between the teeth). Tooth V, does
not have a crown and teeth of group D are often equipped on their lateral surfaces
with small denticles. According to Beklemishev (1959) and Vyshkvartzeva (1976, 1972),
species-specific differences in the form and arrangement of the teeth concern teeth V;
and V,. In C. glacialis adult females, the crown of the tooth V; is not very high,
compressed in the anterior-posterior direction, and has 2-3 peaks. The tooth V,, which
does not have a crown, is well-developed and placed on wide cuticular platform. Its
size is close to the size of V; and it approximately equals to the diameter of its base
(Fig. 5 c-d). In C. finmarchicus adult females, the tooth V, is smaller than V; and its
height is larger than the diameter of its base, but its form and size varies (Fig. 4 c-d). In
comparison with C. glacialis, the tooth V, in C. finmarchicus presents as not completely
formed.

The examination of the two structures was done after dissection and slides
preparation. Each individual from the study collection was first immersed for 10 min in
a drop of glycerol: ethanol 1:1 mixture placed on a microscope slide with cavity. In 10
min each individual was photographed using Olympus SC50 CMOS Color Camera,
mounted with a photo adapter U-TV0.5xc-3 on Olympus SZX12 Research
Stereomicroscope, equipped with AXH1x and DFPL2x-3 objectives. The acquisition of
the digital pictures was made with Olympus cellSense Imaging Software v.1.12. The
pictures of the body habitus of each individual were made at 10x total magnification,
one picture with use of AXH1x objective and one with use of DFPL2x-3 objective. Then
the two structures under consideration were dissected from the body. The P5 was cut
off the thoracic somite and placed in a drop of the same glycerol: ethanol 1:1 mixture,
on a regular microscope slide, anterior side upward.

The mandibles were also dissected one by one from the cephalosome. After removal
of the mandible, the gnathobase was dissected from the appendage, and mounted in



another drop of glycerol: ethanol 1:1 mixture, anterior side upward. The same
procedure was repeated for the second mandible, and finally the pair of gnathobases
belonging to one individual was covered with a glass coverslip. The dissection of the
appendages and preparation of the microscope slides was done with use of Olympus
SZX12 stereomicroscope, at magnifications ranging from 7x to 90x. In the following
step, the investigated structures were photographed using Olympus SC30 CMOS Color
Camera, mounted with a photo adapter U-TV1x-2 on Olympus BX51 system
microscope, equipped with PlanN 4x and UPlanFLN 10x objectives. The acquisition of
the digital pictures was made with use of Olympus cellB Imaging Software v.3.3.

Assessment

Prosome length measurements

Based on prosome length measurements of 895 genetically-identified individuals
from six regions, we confirm that this character shows a global overlap of size between
C. finmarchicus and C. glacialis regardless of developmental stage (Fig. 6). Size
frequency distributions, however, differed among different regions. In the Norwegian
fiords (Saltenfjord / Skjerstadfjord; Lurefjord), C. glacialis showed a complete size
overlap with C. finmarchicus, but these C. glacialis were significantly smaller (t-test, p <
0.01) than the C. glacialis captured in the White Sea and the high Arctic. Noteworthy,
our data showed positive correlations between latitude and body size for both C.
glacialis and C. finmarchicus (Table 2).

Thus, the prosome length cannot reliably discriminate between C. finmarchicus and
C. glacialis in any of the investigated regions, and even less in the Norwegian fjords.
However, in the Nansen Basin and Svalbard waters, the majority of the length values
for C. finmarchicus and C. glacialis follow a dichotomy. Prosome length could therefore
be used in those particular areas to approximate the overall C. glacialis and C.
finmarchicus composition. It has to be kept in mind, however, the inaccuracy of the
method leading to underestimation of C. glacialis (especially small-sized individuals),
and over-estimation of C. finmarchicus numbers (Gabrielsen et al., 2012).

Redness assessment

We tested if redness can be used to reliably separate between live C. finmarchicus
and C. glacialis, at different developmental stages and across different regions of co-
occurrence. According to Nielsen et al. (2014), the genital somite (originally genital
field) and the antennules of C. glacialis adult females had red pigmentation, while the
pigmentation of female C. finmarchicus were mostly pale. However, the study focused



only on adult females from a limited geographic location (Greenland) (Nielsen et al.,
2014).

In our study, red pigmentation of antennules was variable (Fig. 7-8, Supplementary
2a-b), with significant differences in redness between the two species, among
developmental stages, and locations sampled (Supplementary 1). Antennules redness
was assessed for 903 individuals, from copepodite stage CIV to adult females and
males, at six different locations (Table 3a-3f & Fig. 7). Molecular identification of these
903 individuals was performed consecutively.

At the northernmost location, the Nansen Basin (Table 3a), all genetically identified
C. glacialis had >10% redness on their antennules, and they were all adult females.
Stages CV and adult females of genetically identified C. finmarchicus individuals
collected in the same place were mainly pale except for 3 females with a slight redness
(10 to 50%).

In Svalbard, the majority of C. glacialis identified genetically, including stages CIV, CV
and adult females, had also >10% redness (except 1 CV and 1 adult female with <10% —
Table 3b). C. finmarchicus individuals, including stages CIV, CV and CVI, tended to be
paler compared to C. glacialis in Svalbard, but some C. finmarchicus, especially
females, had >10% redness. One male was detected there, identified as C.
finmarchicus with pale antennules.

Only C. glacialis was detected in the White Sea sample (stages CIV, CV and adult
females - Table 3c). Individuals from stage CIV exhibited almost none, or very little
(less than 50%) redness, but a stronger red pigmentation was observed for the older
stages CV and adult females.

In the boreal fjords Saltenfjord and Skjerstadfjord (Table 3d), C. glacialis individuals
(stages CIV to CVI) most often (88%) had red pigments. All males, 4% of the females
and 20% of the CV C. glacialis were pale. The majority of C. finmarchicus individuals
were pale in these two fjords, independently of the developmental stage, however,
with 3 exceptions (1 CIV and 2 adult females). Interestingly, males of both species were
totally pale.

In Lurefjord (southern Norway — Table 3e), the majority (73%) of C. glacialis had red
pigmentation, with 25% pale CV and 100% pale females. In comparison, the majority
(84%) of C. finmarchicus (CVs) were pale there.

In the open southern fjords Raunefjord and Korsfjord (Table 3f), we only identified C.
finmarchicus among the older stages (CIV and CV) in our samples and 56% of these
were pale and another 16% had 10-50% redness.
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Despite identifying significant differences (Kruskal-Wallis H test) in the redness of
antennules between species, among stages for each species, and among locations for
each species for every set of variables compared (Supplementary 1), the general trend
was that the majority of individuals of C. finmarchicus tends to have pale antennas
whereas the majority of C. glacialis tends to have red ones (Fig. 7 & 8). In both species,
there were exceptions, especially for C. glacialis in the White Sea and C. finmarchicus
in Raunefjord / Korsfjord (Supplementary 2a). The tendencies in pigmentation were
similar for the different developmental stages (Supplementary 2b) except that males
of both species were pale without exception (albeit only a few males were
investigated) and C. glacialis CIV in general being less pigmented than C. glacialis CV
and adult females. Antennules redness thus appears not to be a reliable diagnostic
feature and is clearly not a species-specific trait. It was never 100% diagnostic for any
of the 6 regions investigated. Assessment of pigmentation might be useful to get an
overall impression of the species composition in the Arctic Ocean and in isolated
fiords, taking into account the error threshold (region dependent), and the fact that
investigations have to be done on live organisms.

Regarding the redness of the genital somite of Calanus females, all the C.
finmarchicus examined had pale spermathecae, although we only found females of
this species in Svalbard and Saltenfjord / Skjerstadfjord (Table 4). Most of the C.
glacialis examined (from 4 regions) had red genital somite, but also a few individuals
had pale genital somite in each region. Our results indicate that redness of genital
somite is also not 100% diagnostic for species identification. However, the character
seems to be useful to get a global idea of species composition of a zooplankton
sample, but using it may result in an underestimation of C. glacialis number of
individuals.

5™ pair of legs and gnathobase morphology examination

The curvature of the inner denticulated margin of P5 swimming legs and the shape
of the mandibular cutting blade are morphological characters that have been
described early in the literature as species-specific (Beklemishev, 1959, Brodskii et al.,
1983, Frost, 1974, Jaschnov, 1955, Vyshkvartzeva, 1976). However, due to the
arduousness of their examination, they remain rarely used to identify Calanus species.

Only 23 individuals out of the 71 examined exhibited the species-specific features
typical for the species they belong to (verified by genetics), according to the literature
(Supplementary 3). For the other individuals, the morphological characteristics
examined were different from that of the species according to the literature (Fig. 9 &
10). Furthermore, no geographic coherence was found in the deviations of the
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characteristics (Supplementary 3). This resulted in an error rate of 30% and 31% in the
identification decisions made by the experts in Calanus morphology, after comparing
their decision with results of genetic identification. Identification decisions of both
experts matched only 36 times, and of these only 32 individuals (45% of the total)
were confirmed to be correct by genetic identification. More specifically, experts’
decision and genetics matched at 51% for the individuals at stage CV, while experts’
decision and genetics only matched at 32% for the adult females individuals. It has to
be kept in mind that the morphological features described in literature to discriminate
between Calanus species are typically described and can be applied directly for
identification of adult females (or males) only, while we tested them on both adult
females and CVs. They may not work for distinguishing copepodids at pre-adult CV
stage, as some morphological structures are still not fully developed or expressed.
However, the misidentification of 68% of adult females and disagreement between
two experts is striking. In a few cases, the characteristics observed in genetically
identified species had appearance theoretically typical of the opposite species. Part of
the problem may result from the fact that the characteristics are at the moment
predominantly of a descriptive type and they have been portrayed based on “typical”
individuals from only a few sites over the species distribution range.

To conclude, the morphological characters involving the 5™ pair of legs and the
gnathobase were not consistent enough to be used for species identification.
Therefore, we cannot recommend using these characteristics to reliably identify C.
finmarchicus and C. glacialis without additional investigations.

Discussion

Characters variability

The smaller size of C. glacialis in the Norwegian fjord populations, compared to high
Arctic populations, largely explains why the species wide boreal occurrence (M.
Choquet et al. submitted) has not been detected before. For instance, occurrence of C.
glacialis in the southern Lurefjord was not detected before molecular markers were
applied (Bucklin et al., 2000). In the context of climate change and ocean warming, it is
to be expected that more and more C. glacialis individuals will be able to complete
their life-cycle within a year, and then have a body size comparable to that of C.
finmarchicus. The decrease in body size with decreasing latitude is likely a direct effect
of temperature (Atkinson and Sibly, 1997), but variation in the duration of the
productive season and predation pressure by visual predators (Brooks and Dodson,
1965) may also play an important role. Copepods are ectothermic, they primarily rely
on external sources to regulate their body heat. The temperature-size-rule (TSR) refers
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to the widely observed phenomenon that ectotherms reared at lower temperatures
usually grow more slowly, but become larger as adults compared to individuals reared
at higher temperatures (Atkinson and Sibly, 1997, Atkinson, 1994). Calanoid copepods
appear especially sensitive to temperature by having a four-fold greater reduction in
adult body mass per degree Celsius compared to Cyclopoid copepods (Horne et al.,
2016). Increasing latitude and mean temperature are strongly correlated (Sunday et
al., 2011), and distinguishing separate effects may not be straight forward. However,
oxygen demand and supply has been suggested as a driver of both processes (Horne et
al., 2015), as the metabolic demand increases with increasing temperature, while the
oxygen availability in the water decreases (Verberk et al., 2011). In addition, on-going
climate change that is impacting the temperature of Calanus habitat brings another
unpredictable variable affecting body size of Calanus species. Predation by visual
predators, such as fish, may also induce a change in body-size composition in
zooplankton communities. In the classical study by (Brooks and Dodson, 1965) , the
zooplankton community shifted from dominance of large- to dominance of small
species in a freshwater lake after a fish-predator was introduced. According to optimal
foraging theory, predators should target larger sized prey when handling time is a
restriction. Both modelling studies and field investigation confirm that lesser sandeel
(Ammodytes marinus) in the North Sea actively target large copepods, such as C.
finmarchicus, over smaller copepod taxa when these are available (van Deurs et al.,
2015, van Deurs et al., 2014). On a longer time-scale, adaptive responses to predation
pressure on the larger species may result in a dominance of species with shorter life-
spans and smaller body-size (Berge et al., 2012, Stearns, 1992). However, to the best of
our knowledge there are no studies showing that predation may cause intraspecific
changes in body size within populations of Calanus spp..

It has been proposed that the pigment involved in redness of Calanoid copepods is
astaxanthin, a form of keto-carotenoid (Mojib et al., 2014). This pigment has a role in
the protection against UVR irradiance, and usually appears red in copepods. Copepods
can adjust their level of astaxanthin pigment quickly, even within a season, depending
on the prevailing threat, UVR or predators (Hansson, 2000). Given such variability it is
thus not surprising that redness cannot be used reliably as a species diagnostic tool.
Examination of more samples for each developmental stage, from different depths,
and seasonal observations may help to better understand the reasons for variability of
red pigmentation in Calanus and its relation to environmental parameters.

Biological implications

Copepod species of the genus Calanus are the most studied amongst the
zooplankton. They are often used as biological indicators of water masses and to
follow the effects of climate change on the marine ecosystems. However, in the
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majority of past studies, species identification has been based on morphometric and
morphological characteristics. We found that none of the morphometric and
morphological characteristics used in literature allow for unequivocal identification
and separation of species. Therefore, it is likely that our knowledge of Calanus
geographical distribution is plagued by species misidentification. Indeed, a large part of
the distribution range of C. glacialis has only been recently identified along the
Norwegian coast (M. Choquet et al. submitted), questioning the necessity of direct
connection of its populations to Arctic waters. In other words, life cycles, phenology
and exact role of each species within fjord ecosystems, potential for
adaptability/resilience to climate variability, as well as response to environmental
variations and population dynamics are not fully understood. Predictions on climate
change effects and ecological models based on the present view of Calanus
distribution and stocks dynamics are likely to be at least partially erroneous, especially
in the areas of sympatry.

Comments and recommendations

None of the morphological characters described in literature and re-assessed in the
present study can reliably identify Calanus finmarchicus and C. glacialis with 100%
confidence. There are some global trends that can bring information about the species
composition though, but certainly not equally everywhere. Prosome length may be
useful to approximate the species composition in the Nansen Basin and in Svalbard
waters, and likely in the Arctic Ocean. However, it is critical to keep in mind the
underestimation of C. glacialis. In fjords along the Norwegian coast, prosome length is
clearly not usable, as the size range of both species overlaps completely. Regarding the
redness of antennules / genital somite of Calanus, it seems to be a useful indicator of
species in the Arctic and in relatively closed fjords (with a sill - e.g. Saltenfjord,
Skjerstadfjord, Lurefjord), but not in open fjords (without sill — e.g. Raunefjord,
Korsfjord). Again, by using this character it is critical to keep in mind the variable error
rates associated (Fig. 7). We recommend not using the curvature of the inner
denticulated margin of the P5 swimming legs and the shape of the mandibular cutting
blade to discriminate between species, until the variability of these characters in all
parts of the species distribution range is thoroughly investigated simultaneously with
molecular identification.

The use of molecular tools is thus the only reliable method for discriminating
between the two species. It is likely that the problems of identification encountered
with Calanus also exist in other taxa in pelagic zooplankton (e.g. Aarbakke et al., 2011).
Therefore, it is critical to start using molecular tools routinely for reliable species
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identification, especially for ecologically important organisms such as Calanus.
Equipment, time, competences needed and cost related to molecular identification of
Calanus are today a much lesser issue than it used to be. Indeed, as described in
(Smolina et al., 2014), the set of InDels markers that we used in the present study can
be ran on agarose gels and therefore used in a low-cost setting on board a research
vessel. We also simplified the method of DNA extraction, which now consists in only
removing the antennules of each individuals and incubating them 30 minutes in a
buffer at no costs. With these simplifications, genotyping 96 individuals of Calanus can
be done in 5 hours for less than 2 USD per individual.
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Figures legends

Figure 1: Calanus finmarchicus, structure of the body.

Figure 2: Categories of red pigmentation of antennules in Calanus. Two photos are
shown as examples for each of the four categories defined as follows: less than 10% of
red pigmentation; between 10 and 50% pigmentation; between 50 and 90% of
pigmentation; and more than 90% pigmentation.

Figure 3: Pigmentation of genital somite in Calanus. Pigmentation is defined as red
(left photo) or pale (right photo).

Figure 4: Morphology of the fifth thoracic leg and the gnathobase of an adult female
Calanus finmarchicus (genetically confirmed) exhibiting the species-specific traits as
described in literature. Specimen collected from Van Mijenfjord (ID: VM41). a & b.
Anterior view of the fifth thoracic leg (P5) with denticulated lamellae on the medial
margin of the coxa, showing typical “straight form”. Abbreviations used: coxa (c); basis
(b); - exopods 1 to 3 (ex1-ex3); - endopods 1 to 3 (enl-en3). ¢ & d. Anterior view of
mandible gnathobases, with a typical small second ventral tooth on the cutting edge.
Abbreviations: left mandible gnathobase (gnth le); right mandible gnathobase (gnth ri);
first ventral tooth (V1); second ventral tooth (V2).

Figure 5: Morphology of the fifth thoracic leg and the gnathobase of an adult female
Calanus glacialis (genetically confirmed) exhibiting the species-specific traits as
described in literature. Specimen collected from Skjerstadjord (ID: SKJ25). a & b.
Anterior view of the 5™ thoracic leg (P5) showing denticulated lamellae on the medial
margin of the coxa in a typical concave form, with well-expressed curvature. ¢ & d.
Anterior view of mandible gnathobases with the cutting edge with a typical large
second ventral tooth on a wide basis (See legend Fig. 4 for abbreviations meaning).

Figure 6: Stage-specific length frequency distributions of prosome length (mm) for
copepodites CIV, CV and adult females of Calanus glacialis and C. finmarchicus in
different regions. In total, 895 individuals were measured, from 9 locations, pooled
into 6 distant regions, in the North Atlantic and Arctic Oceans. Only C. glacialis (blue)
occurred in the White Sea, and only C. finmarchicus (red) occurred in Raunefjord /
Korsfjord area.
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Figure 7: Red pigmentation on Calanus finmarchicus (C. fin) and C. glacialis (C. gla)
antennules in different regions. Species-related redness from 4 regions where both
species co-occur: the Nansen Basin, Svalbard, Saltenfjord / Skjerstadfjord and
Lurefjord; and from the White Sea where only C. glacialis occurs, and Raunefjord /
Korsfjord where only C. finmarchicus occurs. Blue colour of the pie charts indicates
proportion of individuals for which less than 10% of the surface of their antennules
was red; red colour indicates proportion of individuals for which more than 10% of red
pigmentation was noticed.

Figure 8: Antennules redness frequency distribution per Calanus species. This violin
graph was realised under RStudio v.1.0.143 with the package ggplot2 (Wickham,
2009). The graph shows the distribution of each species individuals on the following 3
ranks scale of redness: 1 = less than 10% of redness; 2 = 10-50% redness; 3 = more
than 50% redness.

Figure 9: Morphology of the fifth thoracic leg and the gnathobase of an adult female
Calanus finmarchicus exhibiting traits theoretically assigned to C. glacialis. The
specimen from Saltenfjord (ID: SALT27) exhibits concave denticulated lamellae with a
well-expressed curvature, and a wide basis of the second ventral tooth, typical of C.
glacialis according to literature.

Figure 10: Morphology of the fifth thoracic leg and the gnathobase of an adult
female Calanus glacialis exhibiting traits theoretically assigned to C. finmarchicus.
The specimen from Saltenfjord (ID: SALT14) exhibits straight shaped denticulated
lamellae, and a small second ventral tooth on the cutting edge of the coxa, typical of C.
finmarchicus according to literature.
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Table 1: Sampling locations with positions, sampling dates and number of individuals
used for each analysis.

N ind. analysed

Location GPS Date

PL Redness Legs /
Ant  Gen Gnath
Nansen Basin 87°00 N55°47E  10/4/16 96 94 0 0
Isfjord 78°19 N 15°09 E 6/5/16 136 0
Svalbard 227 60
Van Mijenfj. (VM)  77°46 N15°02E  6/3/16 90 16
White Sea 66°33 N 33°43 E 8/22/16 116 115 1 0
Sgrfolda (Sorf) 67°35 N 14°50E  4/20/16 0 0 0 7
Salten / Saltenfjord (SALT) 67°16 N 14°38 E 2/15/16 72 190 102 24
Skjerstadfj. Skjerstadfi. (SKJ) 67°15N 14°50E  7/12/16 109 2
Lurefjord (Lure) 60°41 N 05°09 E 6/22/16 188 189 5 22
Raunefjord 60°17 N 05°08 E 6/4/16 43
Raune / Korsfj. 88 0 0
Korsfjord 60°11 N05°12 E 6/6/16 45

Arctic locations are presented first, starting with the northernmost; the Atlantic
locations are listed from North to South. Number of individuals analysed is given (“N
ind. analysed”), with the precision for the 3 different analyses: “PL” = prosome length
measurements; “Redness — Ant / Gen” = examination of redness of antennules /
genital somite; “Legs / Gnath” = examination of morphology of the 5t pair of legs and
mandibular gnathobase.
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Table 2: Pearson’s r calculation for testing the correlation between Calanus body size

(prosome length) and latitude.

Species C. finmarchicus C. glacialis
Stage Clv cv CVI-F Clv cv CVI-F
n 21 161 92 201 269 151
Pearson's 0.8* 0.39* 0.65 0.84*
r * * 0.19 0.74** ok *

“uxn

Significance levels (p-value) are indicated by:
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Table 3: Antennules red pigmentation in copepodite stages CIV, CV and adult females
(CVI F) and males (CVI M) of Calanus finmarchicus (C. fin) and C. glacialis (C. gla) from
different geographical locations.

a. Nansen Basin

Antennules Redness

Species Stage <10% 10-50 % 50-90 % >90 % Total
¢ fin cv 100% 0 0 0 23
CVIF 88% 12% 0 0 24
Total 94% 6% 0 0 47
C. gla CVIF 0 4% 85% 11% 47
b. Svalbard Antennules Redness
Species Stage <10% 10-50 % 50-90 % >90 % Total
Clv 100% 0 0 0 1
¢ fin cv 40% 20% 20% 20% 10
CVIF 59% 35% 6% 0 49
CVIM 100% 0 0 0 1
Total 58% 31% 8% 3% 61
Clv 0 1% 9% 90% 98
C. gla cv 2% 4% 21% 73% 56
CVIF 8% 25% 33.5% 33.5% 12
Total 1% 4% 15% 80% 166
c. White Sea Antennules Redness
Species Stage <10% 10-50 % 50-90 % >90 % Total
Clv 93% 7% 0 0 100
C. gla cv 0 57% 36% 7% 14
CVIF 0 0 100% 0 1
Total 81% 13% 5% 1% 115
d. Salten / Skjerstadfj. Antennules Redness
Species Stage <10% 10-50 % 50-90 % >90 % Total
Clv 67% 0 0 33% 3
C. fin cv 100% 0 0 0 33
CVIF 90% 10% 0 0 20
CVIM 100% 0 0 0 4
Total 95% 3% 0 2% 60
Clv 0 0 0 1 1
C gla cv 20% 20% 38% 22% 40
CVIF 4% 16% 40% 40% 84
CVIM 100% 0 0 0 5
Total 12% 16% 38% 34% 130
e. Lurefjord Antennules Redness
Species Stage <10% 10-50 % 50-90 % >90 % Total
¢ fin Clv 0 0 100% 3
cv 95% 0 5% 22
Total 84% 0 16% 25
Clv 0 0 100% 1
C. gla cv 25% 0 75% 158
CVIF 100% 0 0 5
Total 27% 0 73% 164
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f. Raune / Korsfj. Antennules Redness

Species Stage <10% 10-50 % 50-90 % >90 % Total

C. fin Clv 14% 8% 64% 14% 14
cv 63% 18% 18% 1% 74
Total 56% 16% 25% 3% 88

Table 4: Redness of Calanus finmarchicus and C. glacialis females genital somite. Any
red pigmentation observed on one or both spermathecae ( = genital field) was
reported as “Red”. No redness at all was reported as “Pale”.

Species C. finmarchicus C. glacialis

Genital somite Red Pale Total Red Pale Total

Svalbard 0 100% 49 73% 27% 11

White Sea 0 0 0 100% 0 1

Salten /

. . 0 100% 20 90% 10% 82
Skjerstadfj.

Lurefjord 0 0 0 80% 20% 5

Total 0 100% 69 88% 12% 99
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Figures

Figure 1: Calanus finmarchicus, structure of the body

<10 % 10-50 % 50-90 % >90 %

Figure 2: Categories of red pigmentation of antennules in Calanus. Two photos are
shown as examples for each of the four categories defined as follows: less than 10% of
red pigmentation; between 10 and 50% pigmentation; between 50 and 90% of
pigmentation; and more than 90% pigmentation.
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Figure 3: Pigmentation of genital somite in Calanus. Pigmentation is defined as red
(left photo) or pale (right photo).

Figure 4: Morphology of the fifth thoracic leg and the gnathobase of an adult female
Calanus finmarchicus (genetically confirmed) exhibiting the species-specific traits as
described in literature. Specimen collected from Van Mijenfjord (ID: VM41). a & b.
Anterior view of the fifth thoracic leg (P5) with denticulated lamellae on the medial
margin of the coxa, showing typical “straight form”. Abbreviations used: coxa (c); basis
(b); - exopods 1 to 3 (ex1-ex3); - endopods 1 to 3 (enl-en3). ¢ & d. Anterior view of
mandible gnathobases, with a typical small second ventral tooth on the cutting edge.
Abbreviations: left mandible gnathobase (gnth le); right mandible gnathobase (gnth ri);
first ventral tooth (V1); second ventral tooth (V2).
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Figure 5: Morphology of the fifth thoracic leg and the gnathobase of an adult female
Calanus glacialis (genetically confirmed) exhibiting the species-specific traits as
described in literature. Specimen collected from Skjerstadjord (ID: SKJ25). a & b.
Anterior view of the 5™ thoracic leg (P5) showing denticulated lamellae on the medial
margin of the coxa in a typical concave form, with well-expressed curvature. ¢ & d.
Anterior view of mandible gnathobases with the cutting edge with a typical large
second ventral tooth on a wide basis. (See legend Fig. 4 for abbreviations meaning).
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Figure 6: Stage-specific length frequency distributions of prosome length (mm) for
copepodites CIV, CV and adult females of Calanus glacialis and C. finmarchicus in
different regions. In total, 895 individuals were measured, from 9 locations, pooled
into 6 distant regions, in the North Atlantic and Arctic Oceans. Only C. glacialis (blue)
occurred in the White Sea, and only C. finmarchicus (red) occurred in Raunefjord /

Korsfjord area.
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Figure 7: Red pigmentation on Calanus finmarchicus (C. fin) and C. glacialis (C. gla)
antennules in different regions. Species-related redness from 4 regions where both
species co-occur: the Nansen Basin, Svalbard, Saltenfjord / Skjerstadfjord and
Lurefjord; and from the White Sea where only C. glacialis occurs, and Raunefjord /
Korsfjord where only C. finmarchicus occurs. Blue colour of the pie charts indicates
proportion of individuals for which less than 10% of the surface of their antennules
was red; red colour indicates proportion of individuals for which more than 10% of red
pigmentation was noticed.
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Fig. 8: Antennules redness frequency distribution per Calanus species. This violin
graph was realised under RStudio v.1.0.143 with the package ggplot2 (Wickham,
2009). The graph shows the distribution of each species individuals on the following 3
ranks scale of redness: 1 = less than 10% of redness; 2 = 10-50% redness; 3 = more
than 50% redness.
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Figure 9: Morphology of the fifth thoracic leg and the gnathobase of an adult female
Calanus finmarchicus exhibiting traits theoretically assigned to C. glacialis. The
specimen from Saltenfjord (ID: SALT27) exhibits concave denticulated lamellae with a
well-expressed curvature, and a wide basis of the second ventral tooth, typical of C.

glacialis according to literature.

Figure 10: Morphology of the fifth thoracic leg and the gnathobase of an adult
female Calanus glacialis exhibiting traits theoretically assigned to C. finmarchicus.
The specimen from Saltenfjord (ID: SALT14) exhibits straight shaped denticulated
lamellae, and a small second ventral tooth on the cutting edge of the coxa, typical of C.

finmarchicus according to literature.
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Supplementary Materials

Supplementary 1: Kruskal-Wallis comparison of red pigmentation between species,

among developmental stages, and among sampling sites for Calanus species.

Kruskal-Wallis Chi-squared df p-value
Redness - Species 230.22 1 <0.01
Redness - Stage 15.502 3 <0.01
Redness - Stage C. finmarchicus 40.121 3 <0.01
Redness - Stage C. glacialis 75.683 3 <0.01
Redness - Location C. finmarchicus 47.522 4 <0.01
Redness - Location C. glacialis 291.03 4 <0.01

(Results of Kruskal-Wallis H test). “df” stands for the degree of freedom. Calculations
were made on RStudio v.1.0.143.

Supplementary 2: Antennules redness frequency distribution per sampled

location (a), and per developemental stage (b) for Calanus finmarchicus and C.
glacialis. In panel a, 903 individuals are represented grouped per sampled location, in
regards to their antennules degree of redness. All stages are mixed together for each
location. The sample from “Raune_Korsfj.” location contained only C. finmarchicus
individuals; while “White_Sea” location contained only C. glacialis individuals. In panel
b, 903 individuals are represented grouped by stages CIV, CV, adult females CVI F and
adult males CVI M, in regard to degree of redness of their antennules. Degree of
redness is ranked from 1 to 3, with 1 = < 10% redness; 2 = 10-50% redness; 3 = > 50%
redness.
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Supplementary 3:

stage Indiv. P5 Iegs. denticulated Mandible cutting KK, SK. K.K. VS Genetic ID
margin curvature edge, V2 S.K.

cv Lurel01 slightly concave wide/small C. fin C. gla C. gla
cv Lure102 straight narrow/small C. fin C. fin match C. gla
cv Lure103 concave wide/large C. gla C. gla match C. gla
cv Lurel04 slightly concave wide/small C. fin C. gla C. gla
cv Lurel05 slightly concave wide/large C. fin C. gla C. gla
cv Lure107 slightly concave wide/small C. fin C. gla C. gla
cv Lure108 concave wide/small C. fin C. gla C. gla
cv Lurel10 slightly concave narrow/small C. fin C. fin match C. gla
cv Lurelll slightly concave wide/large C. fin C. gla C. gla
cv Lurel12 concave wide/small C. gla C. gla match C. gla
cv Lurel13 concave wide/small C. fin C. gla C. gla
cv Lure139 straight narrow/small C. fin C. fin match C. fin
cv Lurel45 slightly concave absent/broken C. fin C. gla C. fin
cv Lurel52 straight narrow/small C. fin C. fin match C. fin
cv Lurel58 straight narrow/small C. fin C. fin match C. fin
cv Lurel83 slightly concave narrow/small C. fin C. fin match C. fin
cv Lure189 straight narrow/small C. fin C. fin match C. fin
cv Lure26 straight narrow/small C. fin C. fin match C. fin
cv Lure27 straight narrow/small C. fin C. fin match C. fin
cv Lure79 slightly concave narrow/small C. fin C. fin match C. fin
cv Lure99 slightly concave wide/small C. fin C. gla C. fin
cv SALT1 slightly concave wide/small C. fin C. gla C. gla
cv SALT10 concave wide/large C. gla C. gla match C. gla
cv SALT11 concave narrow/small C. fin C. gla C. gla
cv SALT13 straight narrow/small C. fin C. fin match C. gla
cv SALT14 straight narrow/small C. fin C. fin match C. gla
cv SALT15 straight narrow/small C. fin C. fin match C. fin
cv SALT16 straight narrow/small C. fin C. fin match C. fin
cv SALT17 concave wide/small C. gla C. gla match C. gla
cv SALT18 straight narrow/small C. fin C. fin match C. fin
cv SALT19 straight narrow/small C. fin C. fin match C. fin
cv SALT2 straight wide/small C. fin C. gla C. fin
cv SALT20 straight narrow/small C. fin C. fin match C. fin
cv SALT21 slightly concave narrow/small C. fin C. fin match C. fin
cv SALT22 slightly concave wide/small C. fin C. gla C. fin
cv SALT23 straight narrow/small C. fin C. fin match C. fin
cv SALT24 concave wide/large C. fin C. gla C. gla
cv SALT26 straight narrow/small C. fin C. fin match C. fin
cv SALT28 straight narrow/small C. fin C. fin match C. fin
cv SALT31 concave wide/small C. fin C. gla C. gla
cv SALT37 concave wide/small C. fin C. gla C. gla
cv SALT40 slightly concave wide/small C. fin C. gla C. gla
cv SALT45 slightly concave wide/small C. fin C. gla C. gla
cv SALT6 slightly concave wide/large C. fin C. gla C. gla
cv VM10 concave wide/large C. gla C. gla match C. gla
cv VM12 concave wide/large C. gla C. gla match C. gla
cv VM21 slightly concave narrow/small C. gla C. fin C. gla
cv VM33 concave narrow/small C. fin C. fin match C. fin
cv VM51 straight narrow/small C. fin C. fin match C. fin
CVIF Lure109 concave wide/small C. gla C. gla match C. gla
CVIF SALT27 concave wide/small C. fin C. gla C. fin
CVIF SKJ25 concave wide/large C. gla C. gla match C. gla
CVIF SKJ85 concave wide/small C. fin C. gla C. fin
CVIF Sorf105 concave wide/large C. gla C. gla match C. gla
CVIF Sorf117 slightly concave wide/small C. fin C. gla C. fin
CVIF Sorf119 concave wide/small C. fin C. gla C. fin
CVIF Sorf141 concave wide/small C. fin C. gla C. gla
CVIF Sorf164 slightly concave wide/large C. fin C. gla C. fin
CVIF Sorf181 slightly concave wide/large C. fin C. gla C. fin
CVIF Sorf191 concave wide/large C. fin C. gla C. gla
CVIF VM13 concave wide/small C. gla C. gla match C. gla
CVIF VM15 slightly concave wide/small C. fin C. gla C. fin
CVIF VM16 slightly concave wide/large C. fin C. gla C. fin
CVIF VM29 slightly concave wide/small C. fin C. gla C. fin
CVIF VM34 slightly concave wide/large C. fin C. gla C. fin
CVIF VM4 slightly concave wide/large C. fin C. gla C. fin
CVIF VM4l straight narrow/small C. fin C. fin match C. fin
CVIF VM49 straight narrow/small C. fin C. fin match C. fin
CVIF VM5 slightly concave wide/small C. fin C. gla C. fin
CVIF VM52 concave narrow/small C. fin C. fin match C. fin
VM76 slightly concave wide/large C. fin C. gla C. fin
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Supplementary 3:

Evaluation of concordance between identification of Calanus species by examination
of morphological structures and genetics.

Independently from each other, K. Kosobokova (K.K.) and S. Kwasniewski (S.K.)
examined the structure of the 5% pair of legs and of mandible gnathobase of
individuals from CV and CVI females for morphological species identification,
afterwards verified by genetics (“Genetic ID”). Grey shaded areas represent individuals
where both experts agreed on species ID and were confirmed by genetics.
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Short note — Polar Biology

No evidence of hybridization between the co-occurring
copepods Calanus finmarchicus and C. glacialis

Choquet M, Sgreide JE?, Burckard G*, Skreslet S*, Hoarau G*

Faculty of Biosciences and Aquaculture, Nord University, Bodg, Norway
’Department of Arctic Biology, The University Centre in Svalbard, Longyearbyen,
Norway

Abstract

Calanus species and stage composition were analysed using molecular markers
(InDels) in two boreal Norwegian fjords where C. helgolandicus, C. finmarchicus, C.
glacialis and C. hyperboreus co-exist during the main mating season (winter-spring). In
these fjords, Calanus glacialis were the most abundant, followed by C. finmarchicus
and C. hyperboreus with only a few records of C. helgolandicus. Females of C. glacialis
and C. hyperboreus were present in November, while females of C. finmarchicus first
appeared in January. Males were found for all the three main Calanus species in
January and February, together with females, suggesting there was an ecological
potential for hybridization. However, genetic admixture analyses never detected any
signal of hybrids in none of the two fjords suggesting strong isolation mechanism,
including species-specific behaviour and/or morphological barriers.

Keywords: Calanus, reproduction, Skjerstadfjorden, Mistfjorden, InDels, timing,

males



Introduction

Copepods of the genus Calanus play a key role in the northern hemisphere as
grazers and prey in the marine food web (Falk-Petersen et al., 2009). In the North
Atlantic and in the Barents Sea three species prevail: the boreal-Arctic C. finmarchicus
with main preference for the North Atlantic, the circumpolar Arctic shelf species C.
glacialis, and the largest of the three the Arctic C. hyperboreus with its core
distribution in the Greenland Sea (Conover and Huntley, 1991, Hirche, 1989). In
addition, the boreal C. helgolandicus can be present in low abundances (Choquet et al.
subm.). These four species are similar morphologically and have comparable life
histories, but differ greatly in their abundances depending on the environment. The
Calanus species are used as indicator species for specific water masses and
temperature regimes and are thus popular study objects to investigate potential
impacts of global warming on marine ecosystems (Beaugrand et al., 2003, Beaugrand
et al., 2002, Slagstad et al., 2011).

Despite being among the most studied organisms within the zooplankton, Calanus
identification to species level remains a challenge, and particularly to discriminate
between C. glacialis and C. finmarchicus in areas of sympatry (Choquet et al. subm.,
Gabrielsen et al., 2012, Lindeque et al., 2006, Parent et al., 2011). Therefore, different
molecular tools have been developed in order to facilitate the identification of these
important species without bias due to morphological plasticity (Lindeque et al., 1999,
Provan et al., 2009, Smolina et al., 2014). Currently, the easiest and fastest approach
for reliable species identification within Calanus genus consists in the use of 6-12
markers type insertion/deletion (InDel) (Smolina et al., 2014). These markers are
nuclear and co-dominant and thus allow detection of potential hybrids. Their
performance has been tested over thousands of individuals across the North Atlantic
and Arctic, and their validity has been confirmed by comparison with traditional 16S
mtDNA sequencing for species identification (see Choquet et al., subm., Nielsen et al.,
2014, Smolina et al., 2014).

Recent studies based on molecular markers type microsatellites suggested that C.
finmarchicus and C. glacialis are able to interbreed to produce fertile hybrids at high
rates in the northwest Atlantic and the Canadian Arctic (Parent et al., 2015, Parent et
al., 2012). In West and East Greenland, the same microsatellites were combined with
InDels to search for hybridization between Calanus finmarchicus and C. glacialis
(Nielsen et al., 2014). No hybrids were detected and simulations showed that the
microsatellites alone had less power to fully discriminate between the introgressed
individuals and parental species, compared to the InDels (Nielsen et al., 2014).



In the present study, we combined classical ecology with use of these new molecular
InDels markers to test for hybridization between C. glacialis and C. finmarchicus in two
Norwegian fjords where they live in sympatry. During the main Calanus mating season
from November to March we regularly sampled the Calanus community to investigate
the ecological potential for hybridization, simultaneously with molecular analyses to
detect putative hybridization.

Materials and Methods

Sample collection

Zooplankton samples were collected in Skjerstadfjord (0 — 500 m) and Mistenfjord (0
— 285 m), in Northern Norway (Fig. 1) using a Juday net with mesh size of 200 um and
net opening 0,096 m?. Measurements of temperature, salinity, oxygen and
fluorescence were carried out by a CTD at each sampling. We assumed 100% filtration
efficiency of the net. Sampling was done with a periodicity of approximately one
month between November 2016 and March 2017 in Skjerstadfjord (16/11/2016,
21/12/2016, 30/01/2017, 28/02/2017, 30/03/2017) and Mistenfjord (17/11/2016,
08/12/2016, 24/01/2017, 23/02/2017, 29/03/2017). Five replicates were collected for
each date and location. Samples were preserved in 70-80% undenaturated ethanol,
with subsequent change of ethanol after the 24 first hours.

Stage composition

Samples of the 3 first replicates of each month were divided using a Folsom plankton
splitter in subsamples containing about 50 Calanus individuals. 48 of these individuals
were identified to developmental stage and sex under a stereomicroscope (Leica 10X
/23, X4). They comprised almost exclusively the overwintering stages CIV, CV and
adults (CVI). The very few Clll present were discarded and we divided the remaining
into 4 groups: CIV, CV, CVI males and CVI females in 4 Petri plates (one for each
developmental stage and sex) containing nuclease-free water in order to remove the
ethanol, and gave them a unique ID to proceed to the DNA extraction.

Molecular species identification

Insertion — deletion polymorphism (InDel) was used to identify each individual as
Calanus finmarchicus, C. glacialis, C. hyperboreus or C. helgolandicus. For each
replicate, we removed the antennules of the 48 individuals selected beforehand to
extract the DNA of each specimen, using the quick and cheap method of HotSHOT DNA
extraction (Montero - Pau et al., 2008).



We then amplified a set of 6 nuclear InDel markers (Smolina et al., 2014) in a single
multiplexed Polymerase Chain Reaction (PCR) using a Veriti 96-Well Fast Thermal
Cycler (Life Technologies), following the protocol described by Smolina et al. (2014).
Cycling parameters for PCR were: one initial denaturation at 94°C (2 min), followed by
35 cycles of 94°C (10's), 55°C (10's), 72°C (10 s) and one final extension cycle at 72°C.

To prepare the genotyping, we diluted the PCR products adding 45uL of nuclease-
free water in each well of the PCR plate; we then transferred 2uL of the diluted
products in another PCR plate containing 38uL of nuclease-free water in each well. 1
plL of the diluted DNA of each specimen was transferred in a reaction plate with 9uL of
a mixture Formamide (8.9 pL) — Liz standard 500 (0.1uL). The plate was placed in a
thermocycler (TC-412 - TECHNE) to denature the DNA (5 min — 95°C). Fragments
analysis was done following the protocol described by Smolina et al. (2014) using a
3500xL Genetic Analyser (Life Technologies). Using GENEMAPPER 2.4.1 (Life
Technologies), four distinct patterns of genotypes were distinguished and assigned to
the four different species of Calanus based on species-specific alleles defined in
Smolina et al. (2014).

Putative hybridization was investigated using an admixture analysis following
Nielsen et al. (2014). We used STRUCTURE (V. 2.3.4) (Pritchard et al., 2000) to analyse
the admixture of nuclear genotypes (parameters: ancestry model = admixture;
frequency model = correlated; burn-in = 2 000 000; MCMC length = 1 000 000 after
burn-in). The software uses a Bayesian algorithm to identify K (K=2 for C. finmarchicus
and C. glacialis) clusters of genetically homogenous individuals. Based on their multi-
locus genotypes, each individual is then characterised by admixture coefficient,
defined as the probability of belonging to the C. finmarchicus or C. glacialis cluster.

Results

Physical and biological environment

Skjerstadfjorden is a deep (500 m) fjord with a very narrow and shallow sill (23 m)
that severely restricts the water exchange with Saltfjorden and the shelf seas outside
(Fig.1). Mistfjorden is also a sill fjord but the sill is deeper (34 m), the maximum depth
shallower (285 m) and the fjord smaller in area compared to Skjerstadfjorden (Fig.1).
No indication of an advective event was detectable from the hydrographical
measurements (Supplementary 1). Both fjords were dominated by local waters with
warm (ca. 8°C) and relatively fresh (<32 psu) surface waters in November that
gradually cooled and become more saline as winter convection proceeded towards
March (Supplementary 1). Below 50 to 150 m the hydrography was relatively stable
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over the period sampled with temperatures around 5-6°C and salinities between 34.2-
34.3 psu in both fjords. Fluorescence measurements showed typically low winter
chlorophyll a values throughout the entire period sampled.

Species composition

The Calanus abundances were slightly lower in Skjerstadfjorden (1300-1450 ind. m™)
than in Mistfjorden (1700-2300 ind. m™), but all four species were identified in both
fiords (Fig.2). The occurrence of C. helgolandicus, however, was very low. In
Skjerstadfjorden, C. glacialis, C. finmarchicus and C. hyperboreus were equally present
from November to January. In February, the numbers of C. finmarchicus started to
decline and in March its abundance was similarly low as that of C. helgolandicus. For C.
glacialis and C. hyperboreus the population numbers were constant from November to
February, but a marked decline was also seen for these two in March.

In Mistfjorden, C. glacialis dominated in term of abundance (50-70%), followed by C.
finmarchicus (~20%), C. hyperboreus (5-20%) and C. helgolandicus (0-2%) (Fig.2).
However, also here a strong decline in population numbers was found in March.

Stage composition

The dominant developmental stage was CV for all species in both fjords from
November to January (Fig.2). Females of C. glacialis and C. hyperboreus were found
from November on, while from January for C. finmarchicus and C. helgolandicus.
Females peaked in abundance for all four species in February-March. Males of C.
glacialis, C. finmarchicus and C. hyperboreus appeared in January and prevailed until
end of February for C. glacialis and C. hyperboreus, and to March for C. finmarchicus. In
March, also a few males of C. helgolandicus were recorded in Skjerstadfjorden,
otherwise not.

Hybridization

The timing of male and female occurrence revealed a potential for hybridization
between C. finmarchicus and C. glacialis. The genetic admixture analysis, however, did
not detect any evidence of hybridization in Skjerstadfjorden (Fig.3) nor Mistfjorden
(Supplementary 3).

Discussion

The absence of hybrids between the morphologically similar sibling species C.
glacialis and C. finmarchicus in this study and elsewhere in the North Atlantic, West
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and East Greenland and the high-Arctic (Choquet et al. subm., Nielsen et al. 2014)
strongly suggests that these two species do not hybridize, despite that both species
have males and females present at the same time.

The previous study where hybrids of C. glacialis and C. finmarchicus were reported
was based on microsatellites markers (Parent et al., 2015, Parent et al., 2012).
Microsatellites may not be the ideal type of marker for species identification and to
detect hybridization because of common occurrences of null alleles (Dakin and Avise,
2004), possible homoplasy when comparing two species (Chambers and MacAvoy,
2000), high mutation rate and difficulties to score alleles (Pompanon et al., 2005,
Selkoe and Toonen, 2006). In contrast, InDel markers have a low mutation rate, due to
single mutation event, thus resulting in a conserved phylogenetic signal (Liu and
Cordes, 2004) and alleles easier to genotype with more reproducibility (Vali et al.,
2008). Indeed, the newly developed Calanus InDels have shown to better discriminate
between the two species (Nielsen et al., 2014, Smolina et al., 2014).

Rare or past introgression may not be detectable with a small number of markers
(10s) and would require large next-generation sequencing datasets to be detected
(Martin and lJiggins, 2017, Rosenzweig et al., 2016). However, the presence of 1%
generation hybrids (F1) can be excluded, both in the present data set and in the
extensive genotyping carried out on Calanus spp. in the North Atlantic (>4400
individuals, Choquet et al. subm.). Furthermore, no nucleocytoplasmic disequilibrium
(signature of past hybridization) was found in the 677 individuals genotyped both for
nuclear (InDel) and mtDNA (16S) in West and East Greenland (389 in Nielsen et al.,
2014) and in the North Atlantic (288 in Choquet et al. subm.).

Parent et al. (2012, 2015) reported high proportions of hybrids and suggested that
these hybrids are fertile. If true, this should lead to large-scale introgression and
ultimately to the formation of hybrid swarms (e.g. Perry et al., 2001). However, neither
was found in the Calanus analyse in this or in recent studies (Nielsen et al., 2014,
Choquet et al.,, subm.) so species appear to have remained genetically distinct
(Choquet et al subm.).

Several mechanisms are likely to contribute to the species boundaries in Calanus.
Males and females must be present at the same time to mate. Newly moulted females
signal to males by depositing vertical pheromone trails that males search for and
follow (Tsuda and Miller, 1998). Hybridization may simply not take place due to very
species-specific pheromones or too large of a distance between males and females of
different species due to different depth preferences and/or timing in seasonal ascent.
Morphological studies have documented on the similarity of sexually modified
appendages and body segments of Calanus species (Brodskii, 1967, Frost, 1974).
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However, strong species-specific differences in the ventral integumental organs of the
female urosome have also been reported and suggested to have a role in protecting
the sibling species from hybridization (Fleminger and Hulsemann, 1977). Our
knowledge on Calanus pheromones and the actual mating with copulatory clasp and
spermatophore transfer are basically non-existent for Calanus and more studies are
critically needed.

In Skjerstadfjorden and Mistfjorden, males of C. hyperboreus, C. glacialis and C.
finmarchicus first appeared in January and by the end of February they were already
gone, except for males of C. finmarchicus. Monthly sampling may have been too coarse
to detect species-specific differences in timing of male occurrence since males are
present for such a short period of time. This is not the case, however, for females that
persist for a much longer time in the population. Here, a distinct difference in female-
timing was seen between the cold adapted Arctic species C. glacialis and C.
hyperboreus and the more boreal C. finmarchicus and C. helgolandicus, with the Arctic
species preceding the boreal ones by up to two months (November versus January).
Maturation of the female gonads is energy and time demanding and is associated with
a strong decline in females lipid reserves (Jonasdottir, 1999, Niehoff, 1998). In
Skjerstadfjorden and Mistfjorden, the low fluorescence data throughout the entire
sampling period from November to March indicated very poor feeding conditions.
Thus, gonad maturation had to be fuelled by internal reserves only, which may explain
the strong decline in Calanus abundance, and especially for C. finmarchicus in both
fjords from March to February.

Post-zygotic isolation mechanisms could also play a role to prevent hybridization. All
studies (including the present paper) have focused on older stages and adults but the
early stages are usually ignored due to technical challenges associated with small
individuals. Together with whole genome scans, genotyping early stages of Calanus in
the fjords would be key to further investigate Calanus species boundaries and should
therefore be prioritised in future hybridization studies together with studies on the
Calanus mating process.
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Fig. 1. Map of the sampling locations in Skjerstadfjorden and Mistfjorden in Northern Norway.
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Fig. 3. Genotype admixture analysis based on nuclear InDels markers shows no hybrids
between Calanus finmarchicus (red) and C. glacialis (green) in Skjerstadfjorden.

13



Supplementary Materials

Salinity

|

jan17

Time

Salinity

a) Temperature (°C)
0 0
8
100 100
6
< 200 - e 200
= =4
5 a
S 300 4 300
400 2 400
500 T T T T 0 500 T
nov 16 des 16 jan 17 feb 17 mar 17 nov 16 des 16
Time
b) Temperature (°C)
0
8
50
100 6
£
& 150
o 4
200
2
250
f T T T T 0 T T
nov 16 des 16 jan 17 feb 17 mar 17 nov 16 des 16

Time

Supp. 1. Temperature (°C) and salinity (psu) development from November 2016 to

March 2017 in a) Skjerstadfjorden and b) Mistfjorden.

14

32

30

28

26

28

26



200 ' 203 ' Jos | 207 ' 209 ' 2m1 ' 213 ' 215 | 217 | 219 | 221 ' 223 | 2os | 2oz | 229 | 231 233 | 235 | 237 | 230 | o241 | 243 | gas | Ja7 | 2Jag
0: . o 1477 2 8" 220" 2 24" 226 2 347 2 8 2e

251 253 | 255 257 | 259 | 261 | 263 | 26s 267 | 269 | 271 ' 273 | 2ys | 277 ' 7o | os1 | 283 | 285 287 280 | 291 | 293 | 205 | Jo7 | b
252" 254 2 60 262 264 266 268" 270" 272" 274" 276" 278" 21 5 201 04" 206 208" 3

Supp. 2. Genotype admixture analysis based on nuclear InDels markers shows
hybrids between Calanus finmarchicus (green) and C. glacialis (red) in Mistfjorden.

15

no



Skjerstadfjord
c4 o) Male Female Total
C.finmarchicus 1 52 0 0 53
C.glacialis 0 33 0 4 37
November (16/11/2016) C.hyperboreus 1 34 0 14 49
C.helgolandicus 0 0 0 0 0
Total 2 119 0 18 139
C.finmarchicus 0 60 0 0 60
C.glacialis 0 34 0 1 35
December (21/12/2016) C.hyperboreus 1 33 0 12 46
C.helgolandicus 0 0 0 0 0
Total 1 127 0 13 141
C.finmarchicus 0 39 17 3 59
C.glacialis 0 27 16 3 46
January (30/01/2017) C.hyperboreus 3 18 7 7 35
C.helgolandicus 0 0 0 0 0
Total 3 84 40 13 140
C.finmarchicus 0 6 15 6 27
C.glacialis 0 3 7 49 59
February (29/02/2017) C.hyperboreus 1 9 16 26 52
C.helgolandicus 0 0 0 0 0
Total 1 18 38 81 138
C.finmarchicus 0 1 2 2 5
C.glacialis 0 0 0 48 48
March (30/03/2017) C.hyperboreus 0 8 1 78 87
C.helgolandicus 0 2 1 0 3
Total 0 11 4 128 143
C.finmarchicus 0 4 1 0 5
C.glacialis 6 59 0 4 69
May (11/05/2017) C.hyperboreus 2 18 0 2 22
C.helgolandicus 0 0 0 0 0
Total 8 81 1 6 96
Mistfjord
C4 C5 Male Female Total
C.finmarchicus 0 23 0 0 23
C.glacialis 0 102 0 3 105
November (17/11/2016) C.hyperboreus 2 12 0 3 17
C.helgolandicus 0 0 0 0 0
Total 2 137 0 6 145
C.finmarchicus 2 24 0 0 26
C.glacialis 1 92 0 3 96
December (08/12/2016) C.hyperboreus 4 7 0 2 13
C.helgolandicus 0 0 0 0 0
Total 7 123 0 5 135
C.finmarchicus 2 24 2 1 29
C.glacialis 1 88 8 4 101
January (24/01/2017) C.hyperboreus 3 2 2 0 7
C.helgolandicus 0 2 0 1 3
Total 6 116 12 6 140
C.finmarchicus 1 11 8 10 30
C.glacialis 1 48 12 26 87
February (23/02/2017) C.hyperboreus 10 2 5 22
C.helgolandicus 0 1 0 1 2
Total 12 62 25 42 141
C.finmarchicus 0 3 1 21 25
C.glacialis 0 2 0 64 66
March (29/03/2017) C.hyperboreus 17 18 0 12 47
C.helgolandicus 0 1 0 0 1
Total 17 24 1 97 139

Supp. 3. Species and stage composition of Calanus spp. in Skjerstadfjorden and
Mistfjorden (Number of individuals genetically identified).
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ABSTRACT

Calanus glacialis, a marine planktonic copepod, is a keystone species in the Arctic Ocean. In this study,
we shotgun sequenced the total DNA of one C. glacialis individual, using the NextSeq® lllumina plat-
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form, in order to determine its mitochondrial genome sequence. We successfully assembled and anno-

tated this 20,674 bp long sequence, which included 13 protein-coding genes, 2 rRNA genes and 22
tRNA genes. Common gene-coding regions of 19 other species were used to reconstruct a phylogenetic
tree, using mitogenomes of the phylogenetically closest copepods available. The new resource
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described here constitutes a tool of interest for better understanding the structure and dynamics of

C. glacialis populations.

The genus Calanus consists of 26 distinct marine copepod
species (WoRMS Editorial Board, 2017), present in every ocean
in the world as part of the zooplankton. Despite their eco-
logical importance, only two mitochondrial genomes have
been reported within the Calanus genus: C. sinicus (Minxiao
et al. 2011) and C. hyperboreus (Kim et al. 2013). C. glacialis is
one of the key species of the Arctic Ocean, as the crucial link
between primary production and higher trophic levels such
as fishes, invertebrates, marine mammals and birds (Falk-
Petersen et al. 1990).

In this study, we report the complete sequence of the
mitochondrial genome of C. glacialis. We selected one C. gla-
cialis individual from Serfolda (Norwegian coast: 67°30 N,
15°28 E), which we identified as such using a set of nuclear
molecular markers (Smolina et al. 2014). Total DNA was
extracted using the E.Z.N.A.® Insect DNA Kit and was shotgun
sequenced on the NextSeq® lllumina platform. Given the
amount of DNA recovered from a single individual, every-
thing was used for the library construction. De novo assembly
of the filtered reads was performed using Ray version 2.3.1
(Boisvert et al. 2010) with a k-mer length of 31. Contigs that
matched the mitochondrial genomes of C. hyperboreus or
C. sinicus in a BLAST (Altschul et al. 1997) search (e-value cut-
off 107'% were extracted. To potentially further merge
these contigs, they were used as seeds in a Peacat search
(http://microbiology.se/sw/petkit) against all assembled con-
tigs (Bengtsson-Palme et al. 2014). The resulting
consensus sequences were tested for circularity using Pemap

(http://microbiology.se/software/petkit/), but no evidence of
circularity was found.

We mapped the annotated mitochondrial genomes of
C. hyperboreus and C. sinicus to the longest contig obtained
from the assembly and were able to identify all expected
mitochondrial genes.

The mitochondrial sequence of C.  glacialis s
20,674bp long and contains 13 protein-coding genes
(total of 3458 amino acids), 2 rRNA genes, 22 tRNA
genes and 1 putative control region. The sequence is
composed of 31.7% base A, 288% base T, 19.6%
base C and 19.9% base G. Ribosomal 12S and 16S
RNA are 656bp and 1138bp long, respectively. The
sequence has been deposited in GenBank under the
accession number MF422146.

A phylogenetic analysis was performed using all coding
genes for 18 species of Crustaceans (including 10 copepods
species) and two hexapods as out-groups (Japyx solifugus
and Campodea fragilis). The phylogenetic tree was recon-
structed with a maximum likelihood method using PHYML
(Guindon and Gascuel 2003) (GRT +1+ G model, 1000 boot-
straps) (Figure 1). All copepods formed a monophyletic
group and C. glacialis clustered with the other two Calanus
mitogenome (100% support). Given the ecological import-
ance of C. glacialis within the Arctic ecosystem, the newly
determined mitogenome will be useful for investigating the
history of C. glacialis populations and their spatiotemporal
variability.
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Figure 1. Phylogenetic tree of C. glacialis and 19 other species, with Japyx solifugus and Campodea fragilis as out-groups. ML bootstrap values (1000 replications)

are indicated in front of each node.
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Abstract

Zooplankton organisms are key ecological links in marine food webs and are often
used as climate change indicators. Nonetheless, genomics resources are still very
scarce for most groups. This lack of genomic resources together with the complexity
and large sizes of genomes associated have hampered the development of
zooplankton population genomics. We used the species Calanus finmarchicus,
ecologically important in the North Atlantic, as a model, we experimented with two
methods of genome reduction, ddRAD and capture enrichment, in order to develop an
effective method to characterized a relatively high number of SNPs. C. finmarchicus
has a particularly large and complex genome. ddRAD sequencing was the least
promising, limited by the genome size of C. finmarchicus. We obtained 1,871 SNPs, but
only 343 SNPs were in common among the locations tested. Contrastingly, the capture
enrichment method, based on a set of 2,656 unique genes showed very promising
results, with about 140k SNPs in total, of which 55k were in common among the three
populations investigated. In addition, we tested the capture probes on the congeneric
species C. glacialis, and obtained about 115k SNPs, with 77k in common between the 3
populations tested. We further recommend a simplified workflow based on our
experience in capture methodology to obtain tens of thousands of SNPs when working
with non-model species with large and complex genomes.



Introduction

Assessment of population genetic metrics for non-model species and in particular
marine zooplankton has been usually limited to a small number of loci, most
frequently mitochondrial genes (Kelly and Palumbi, 2010, Peijnenburg and Goetze,
2013), that do not reflect genome-wide diversity and differentiation (Morin et al.,
2004). Recent technological advances in Next Generation Sequencing (NGS) have
dramatically increased sequencing throughput, reduced costs, and — together with the
development of bioinformatic tools — opened new possibilities for the development of
novel genomic resources in any species. NGS has enabled the genotyping of thousands
of loci dispersed throughout the genome, leading to fast development of population
genomics (Davey et al., 2011). Nevertheless, whole-genome sequencing for many
individuals of species with genomes larger than 1 Gb remains hampered by cost and
bioinformatics challenges associated with the volume of data (Davey et al., 2011,
Narum et al., 2013). However, as many biological questions can be answered with only
a subset of the genome, genome reduction sequencing methods have become
increasingly popular. Genome reduction methods include various protocols that can be
broadly grouped into amplicon, transcriptome, restriction digest, and capture
enrichment sequencing (Crawford and Oleksiak, 2016, McCormack et al., 2013,
Schlotterer et al., 2014). These methods not only have allowed the analysis of 1000s of
Single Nucleotide Polymorphism variants (SNPs) in many individuals (McCormack et
al., 2013) but also resulted in higher coverage per locus and increased accuracy of
polymorphism detection (Ekblom and Galindo, 2011).

Restriction site associated DNA sequencing (RAD-seq, Baird et al., 2008; ddRAD-seq,
Peterson et al., 2012) has been most commonly used for non-model organisms, due to
several advantages: no need for existing genomic resources, no allele-specific
expression bias, no species-specific reagents, low costs, and genotyping of SNPs from
anonymous loci throughout the genome (Davey et al., 2011, McCormack et al., 2013,
Schlotterer et al., 2014). RAD-seq involves an enzymatic digestion of DNA and selected
sequencing of fragments flanked by recognition sites of restriction enzymes (Baird et
al., 2008). The double digest RAD-seq, a modification of RAD-seq more suitable for
species with large genomes, utilizes a double enzymatic digestion of DNA and allows to
adjust the number of fragments to be sequenced via the choice of restriction enzymes
and the size selection of digested fragments (Peterson et al., 2012).

Although costs of DNA sequencing and library preparation continue to decrease,
genotyping many samples for large-scale population genetic studies is still expensive.
To overcome this problem, sequencing of the pooled DNA of individuals belonging to
same species or population (Pool-seq) has been proposed as an alternative to



sequencing of individually barcoded individuals (Futschik and Schlétterer, 2010). Pool-
seq is cost- and time-effective, and reliable inferences of population parameters and
allele frequencies can be obtained by following recommendations for statistical
analysis of pooled samples (Futschik and Schlotterer, 2010, Gautier et al., 2013,
Schlotterer et al.,, 2014). Pool-ddRAD-seq can be especially beneficial for small
organisms, such as copepods, for which the DNA yield from a single individual is
limited.

Another genome reduction method becoming more and more popular is sequence
capture enrichment. Different strategies of capture exist and have been reviewed by
Mamanova et al. (2010). The method consists in capturing specific fragments of the
genome by hybridization with probes that contain complementary sequences of the
targets (Gnirke et al., 2009, Jones and Good, 2016). However, the initial requirement
of sequence capture is to have prior knowledge of the sequences targeted in order to
design a capture probe set (Elshire et al., 2011). As this can represent a real challenge
in the case of non-model species, strategies have been developed such as using an
assembled transcriptome as reference instead of a genome (Bi et al.,, 2012). A
transcriptome is much easier to obtain than a genome, especially for species with a
large genome. Since capture enrichment method requires genomic resources for
capture probe design, it has been less popular in non-model species. Nevertheless, the
method offers valuable advantages such as the possibility to use the capture probe set
on closely related species (Hancock-Hanser et al., 2013, Hedtke et al., 2013, Lemmon
et al., 2012, Vallender, 2011) and on historical and degraded DNA (Carpenter et al.,
2013, Enk et al., 2014, Mason et al., 2011). In addition, compared to other methods of
genome reduction, sequence capture enrichment requires very little DNA for library
preparation and it usually produces better data quality, more consistent loci coverage,
and subsequently, more accurate SNP calling (Gnirke et al., 2009, Harvey et al., 2013,
Ku et al., 2012, Tewhey et al., 2009).

In the present study, we experimented with these two methods of genome
reduction to investigate the population genomics of the ecologically important
planktonic marine copepod Calanus finmarchicus. This copepod is known to have a
surprisingly large genome (6.34 Gbp; MclLaren et al., 1988), and due to this it remains a
non-model organism for genetics despite its paramount ecological importance. Indeed,
Calanus finmarchicus plays an important role in linking lower and higher trophic levels
(reviewed by Falk-Petersen et al.,, 2009) and dominates the mesozooplankton
assemblage of the North Atlantic in terms of biomass (Head et al., 2003). Population
genetic structure and connectivity of this key species have been long-standing subjects
of research, reflecting the history of genetic marker development from allozymes



(Sywula et al., 1993) and mitochondrial genes (Bucklin et al., 1996, Bucklin and Kocher,
1996) to microsatellites (Provan et al., 2009) and few nuclear SNPs (Unal and Bucklin,
2010). All studies have suggested high levels of polymorphism and gene flow, however
conclusions have ranged from lack of population genetic structure based on six
microsatellites (Provan et al., 2009) to a large-scale structure based on 24 SNPs in
three nuclear genes (Unal and Bucklin, 2010). The question of C. finmarchicus
population differentiation within populations in the North Atlantic remains open and
requires a NGS approach that can yield thousands of genetic markers throughout
genome.

Our primary goal was to find the most effective genome reduction method that
would allow us to get a high number of independent SNPs to conduct a proper
population genomics study. The large and complex genome of C. finmarchicus and the
lack of existing genome resources for this non-model species were the main challenges
we had to face. We started with a ddRAD-seq approach on pooled individual, which
resulted in an insufficient number of SNPs. We then switched to a capture-enrichment
approach, and used an available transcriptome reference to build genomic reference
for development of the final set of baits. The present paper is not aimed to compare
the two approaches, but rather to describe the challenges of each method related to
non-model species with large genome, and what are the options to obtain a sufficient
number of SNPs. We also tested a potential of cross-species capture hybridisation on
the closely related C. glacialis. Out of this experience, we further propose a simplified
method to reach similar results when working on non-model species with large
genome.

Materials and methods

1- Samples and DNA extraction

Zooplankton was sampled from 9 locations that span the distributional range of
Calanus finmarchicus (Table 1). Samples were collected by vertical tows between
either 0-100 m or 0-200 m depth using WP2 or similar nets with mesh size of 200 um
and preserved in 95 % undenatured ethanol, with subsequent change of ethanol after
24 h. Total genomic DNA was extracted individually using the E.Z.N.A. Insect DNA Kit
(Omega Bio-Tek) or E.Z.N.A. DNA/RNA Isolation Kit (Omega Bio-Tek) according to
manufacturer’s instruction. Species identification was confirmed using a set of six
nuclear insertion-deletion markers (InDels) (Smolina et al. 2014).



2- Pool ddRAD-seq

2.1 Library preparation and sequencing

Sixteen individuals of C. finmarchicus per location were used for further analyses
(Table 1) since genetic differentiation can be accurately estimated from few individuals
(n < 6) if number of markers is large (> 100) (Willing et al., 2012). Pool-ddRAD-seq
libraries were prepared according to Peterson et al. (2012), with minor modifications.
Given the level of multiplexing and sequencing effort for this study, we aimed for
approximately 8,000 fragments per pool, with coverage 200 X. Two restriction
enzymes, one with rare and another with common recognition sites, were selected
based on in silico digestion of a previously-sequenced portion of the C. finmarchicus
genome (= 0.5%) (Smolina et al., 2014) using the R package SimRAD (Lepais and Weir,
2014). Among six commonly used restriction enzymes (Mspl, BamHlI, EcoRl, Sbfl, Sphl,
Nlalll, MluCl), the pair Sbfl-EcoRI resulted in a suitable number of fragments in the
400-500 bp size range. DNA from the 16 individuals from each sampling location was
pooled in equal amounts. The six pools of approximately 100 ng were individually
digested overnight at 37°C with 20,000 units of EcoRI-HF (New England BiolLabs) and
Sbfl-HF (New England BiolLabs) enzymes in CutSmart buffer (New England Biolabs)
with total volume of 50 pl. Reactions were cleaned with the Agencourt AMPure XP
system (Beckman Coulter) using 1.5x volume of the AMPure reagent. Digested DNA
fragments were ligated with adapters for 10 min at room temperature using the Quick
Ligation Kit (New England BiolLabs). The ligation products were cleaned with Agencourt
AMPure XP system (Beckman Coulter), as described above. Ligated and cleaned
fragments in the range 480-580 bp were selected separately for each library using 2%
agarose gel E-Gel SizeSelect (Invitrogen). All obtained DNA was PCR amplified for 15
cycles (annealing temperature of 62°C) in total volume of 50 pl using the Phusion High-
Fidelity PCR kit (New England BiolLabs) and according to the manufacturer’s
instructions. Reactions were cleaned with the Agencourt AMPure XP system (Beckman
Coulter) using 0.8x volume of the reagent. Products were size selected using 2%
agarose gel E-Gel SizeSelect (Invitrogen) and ran on the Agilent 2200 TapeStation
System (Agilent Technologies) for quantification. Libraries were pooled in equal
amounts and prepared for sequencing with MiSeq Reagent Kits v2 on a 500 cycles chip
(Hlumina).



2.2 SNPs genotyping

Sequenced reads were identified by six barcodes using DDemux (Rasi¢ et al., 2014).
Adapter and quality trimming was performed using Trim Galore! (Babraham
Bioinformatics), with Phred quality > 20 and minimum length of 20 bp. As there is no
reference genome for Calanus, trimmed reads were de novo assembled with the
ddRAD assembler Rainbow v2.0.3 (Chong et al., 2012) and clustered with CD-HIT (Fu et
al.,, 2012), as implemented in a special pipeline for ddRAD population genomics,
dDocent (Puritz et al., 2014).

To take into account specificity of Pool-seq data, the data were further analysed
according to recommendations of Schlotterer et al. (2014). Cleaned reads were
mapped to the de novo assembly using Bowtie2 v2.2.3 (Langmead and Salzberg, 2012),
with the following parameters: end-to-end -1 40 -X 850 -N 1 -L 20 -D 20 -R 3 -i §,1,0.50.
Only pairs of reads that were uniquely and concordantly mapped with quality = 20
were selected for further analysis using a custom-made script. To avoid false-positive
SNPs, reads were realigned around InDels using the Genome Analysis Toolkit (DePristo
et al., 2011), as described in Wit et al. (2012). SNPs were called on a merged bam file
containing aligned reads of all six locations with SNVerGUI (Wang et al., 2012), which
calls single nucleotide variants from pooled data and evaluates the significance of a
candidate locus to be a variant. SNPs were filtered from obtained polymorphic sites
with the following settings: minimum number of alleles = 2 and minimum coverage =
96 per pool (i.e., 6x per individual) using VCFtools (Danecek et al., 2011). Only high-
quality SNPs were passed into further analysis. The regions with coverage > 1000x
were excluded, since they may represent clusters of multi-copy genetic regions that
can inflate the number of false-positive SNPs.

3- Sequence capture enrichment

3.1 Development of genomic reference for C. finmarchicus

As there is so far no good quality genomic reference for C. finmarchicus, we used the
transcriptome from Lenz et al. (2014) to design a probe set to capture gene sequences
and assemble them in a custom genomic reference. We selected all the sequences that
were at least 749 bp long (= 29,518 sequences). To these core sequences, we added 38
unique transcript that are involved in thermal stress response of C. finmarchicus
(Smolina et al., 2015). This resulted in a total of 29,556 sequences. We blasted (blastn
in Geneious v9.1.8) each transcript against the whole transcriptome and kept only



unique sequences in order to reduce false-positive SNPs from paralogous and repeated
regions. We then trimmed these sequences to the first 200 bp in order to keep mostly
the 5’UTR regions since they should be particularly enriched in SNPs (Schork et al.,
2013). The resulting 18,588 sequences of 200 bp lengths (representing a total size of
3,717,600 bp) were sent to a manufacturing company (Roche NimbleGen®) to produce
120-mer probes.

The sequencing library was prepared according to manufacturer’s recommendations
(NimbleGen SeqCap EZ Library SR version 4.2) using a single individual of C.
finmarchicus. Starting DNA amount of 100 ng was fragmented to an average size of
500 bp by sonication using a Covaris shearing instrument. Fragmented DNA was
subsequently end-repaired and A-tailed using the KAPA library preparation kit (Kapa
Biosystems) following the producer’s recommendations. Index adapter (SeqCap
Adapter Kit, Roche NimbIeGen©) was ligated at 16°C overnight to allow better
efficiency. Size-selection was performed using AMPure XP beads (Beckman Coulter) to
keep only the fragments larger than ca. 450 bp. Further, fragments were amplified by
PCR for 7 cycles using KAPA HiFi HotStart ReadyMix (Kapa Biosystems) and cleaned-up
with AMPure XP beads (Beckman Coulter). Final size selection of fragments with
lengths in the range of 450 — 700 bp was performed using Pippin Prep (Sage Science).
Hybridisation of the sample to the probes was performed overnight, with the SeqCap
Hybridization and Wash Kit (Roche NimbleGen®). Capture of the DNA by streptadivin-
coated magnetic beads was done in 45 minutes in a thermocycler at 47°C. The
captured sequences were cleaned up (AMPure XP beads — Beckman Coulter) and then
amplified by PCR for 10 cycles. The resulting amplified sequences were cleaned up
using AMPure XP beads (Beckman Coulter). Sequencing was carried out on a
sequencer MiSeq (lllumina) with v.3 chemistry, in paired-end mode, using a 2 x 300 bp
sequencing kit.

To check if generated reads could be used directly for SNPs discovery, we mapped
raw reads to the 29,556 full-length transcriptomic contigs initially used for the capture
probe design using BWA-MEM tool in default mode (Li, 2013). The mapping success
was quite low (only 28% of the reads uniquely mapped with high quality score), thus
strengthening the requirement for a truly genomic reference. Therefore, raw reads
were filtered to remove duplicates and low complexity sequences using PRINSEQ
(Schmieder and Edwards, 2011) and then assembled using the MaSuRCA assembler
v.3.2.2 (Zimin et al., 2013).



3.2 Design of capture probe set

(lllustrated in Fig. 1)

From the genomic data generated by the previous sequencing, we tried to identify
all the transcripts that had been successfully captured and sequenced. For that
purpose, we started by downloading C. finmarchicus transcriptomic reads available on
NCBI (https://www.ncbi.nlm.nih.gov/ - Ref: PRINA236528) and mapped them to the
29,556 full-length transcriptomic sequences using Bowtie2 v2.2.3 (Langmead and

Salzberg, 2012). Then, to identify targeted genes that were successfully captured and
sequenced, the 33,294,898 reads that mapped to the selected transcripts were
mapped to the MaSuRCA assembly of genomic data using TopHat RNAseq splice aware
mapper v2.1.1 (Trapnell et al., 2009). This resulted in 9,225,593 reads that were
mapped to 36,223 contigs. Corresponding consensus sequences were generated and
the 36,223 contigs were blasted (blastn in Geneious v9.1.8) against themselves, in
order to keep only single-copy genes, resulting in 3,500 contigs with only 1 hit. We
performed the second blast of 3,500 contigs against the full MaSuRCA assembly, and
selected the 2,223 contigs with 1 hit plus 433 other contigs blasting more than once
but with 97% or more pairwise identity. We finally obtained a total of 2,656 contigs
with length from 302 to 3,029 bp. The longest sequences were trimmed to a maximum
length of 1,500 bp. The set of 2,656 sequences with length from 302 to 1,500 bp was
used for development of a new capture probe set (in total 2,106,591 bp) by the
MYcroarray® MYbaits” company with 80 mer probes and a 2x tiling density.

3.3 Library preparation and sequencing: standard protocol

A total of 48 libraries were prepared with the NEXTflex" Rapid Pre-Capture Combo
Kit (Bioo Scientific©), following the producer’s protocol v15.07. We prepared 24
libraries of C. finmarchicus individuals and 24 libraries of C. glacialis individuals,
including 3 populations for each species with 8 individuals per population (Table 1).
Fragmentation of DNA by sonication was carried out on 150 ng of DNA per individual
using Covaris_ instrument (Covaris) and aiming for a fragment size of ca. 300 bp. For
each of the 48 libraries, end-repair and adenylation reactions were performed
according to the manufacturer protocol. Single adapter indexing was performed for
each library overnight at 16°C. Ligated fragments were cleaned up with AMPure XP
beads (Beckman Coulter). Fragments were amplified by PCR for 7 cycles. All libraries
were then multiplexed by pooling 20 ng from each. The pool was size selected using
Pippin Prep technology (Sage Science) with a range size of 400-550 bp. A total amount
of 120 ng of genomic DNA was hybridised to the probes at 65°C during 3 nights. Then,



the capture reaction was conducted using DYNAbeads" MyOne" Streptadivin C1 beads
to bind the hybridised targets during 30 min at 65°C. The captured DNA was amplified
by PCR for 8 cycles using KAPA" HiFi HotStart ReadyMix (Kapa Biosystems), but as no
output was visualized on an Agilent 2200 TapeStation system (Agilent Technologies),
we ran 10 supplementary PCR cycles. A final cleaning with AMPure XP beads was
performed after PCR. Sequencing was run on the NextSeq sequencing platform
(Hlumina), using 4.5% Phix control and 2x150 bp mid-output kit.

To quickly evaluate if the method has resulted in sufficient outcome we trimmed
demultiplexed reads using TrimGalore! (Babraham Bioinformatics) with settings
minimum length > 50 bp and Phred score > 20. Then, trimmed reads were mapped to
the targeted 2,656 contigs from the MaSuRCA assembly using Bowtie2 v2.2.3
(Langmead and Salzberg, 2012) with parameters —N 1 —L 20 -D 20 -R 3 -i 5,1,0.50. Only
uniquely and properly mapped reads without duplicates were used to assess number
of reads on target (within targeted 2,656 contigs) following technical note from Roche
NimbleGen
(http://sequencing.roche.com/content/dam/rochesequence/worldwide/resources/NG
_SeqCap_TchNote_EvalEpiData.pdf). The evaluation showed very low high quality
mapping success (6.9 % on average), high level of duplication (7 fold), and low per cent
of reads on target (1 %) with average coverage of 5.6 X. Therefore, we tried to
optimise the protocol of library preparation and capture.

3.4 Library preparation and sequencing: optimised protocol

A total of 36 libraries were prepared, including 24 libraries for C. finmarchicus, with
8 individuals per populations for 3 populations; and 12 libraries for C. glacialis
including 6 individuals from one population, and 3 individuals per populations for two
other populations. The number of individuals per pool for subsequent capture reaction
was voluntarily different between the 2 species. C. finmarchicus has an estimated
genome size of 6.5 Gb (haploid), and C. glacialis has an estimated genome size of 12
Gb (Mclaren et al., 1988), therefore by reducing number of individuals of C. glacialis in
the final pool, we ensured that the same DNA amount will represent sufficient number
of full genome copies. As previously, each DNA libraries were fragmented by
sonication (starting DNA amount = 60 ng for each C. finmarchicus libraries and 130 ng
for each C. glacialis libraries), and prepared using the NEXTflex Rapid Pre-Capture
Combo Kit (Bioo Scientific©) as described previously until the hybridisation step.
Another modification of the protocol included two rounds of hybridisation with lower
temperature. Libraries were pooled per species and hybridisation reactions were
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performed separately for the two species, using only 4 uL of beads (instead of 5.5 pL)
for each reaction. To allow more specificity, the temperature for hybridization was set
to 60°C. After the first round of capture, libraries were amplified by PCR for 8 cycles.
The second round of hybridisation was conducted with the remaining 1.5 uL of beads,
for each of the 2 pools (C. finmarchicus and C. glacialis), and was followed by a second
capture, and 6 more cycles of post-capture PCR. These two rounds of hybridisation and
capture are supposed to increase the efficiency of the capture, and to help to capture
more sequences on-target. Finally, the 2 pools were mixed together in equal
proportions, with 4.5% Phix control and sequenced on the NextSeq platform (lllumina),
with a 2x150 bp mid-output kit.

The resulting raw sequences were demultiplexed and mapped directly to the full
MaSuRCA assembly using BWA-MEM (Li, 2013). Generated metrics showed a global
satisfying percentage of high quality reads mapping back to the reference (with 36% of
C. finmarchicus reads in average mapping properly, uniquely, and without duplicates,
while 22 % of C. glacialis reads in average mapped properly, uniquely and without
duplicates). Hence, we decided to continue the analyses with SNP calling.

3.5 SNPs genotyping

After mapping with BWA-MEM, we only kept the reads that mapped to the
reference uniquely, concordantly and in proper pairs. We removed the duplicates
using Picard tools (http://broadinstitute.github.io/picard), and realigned alignments
around InDels using the suite of tools GATK v3.8-0 (DePristo et al., 2011). Then we
called variants using the walker HaplotypeCaller in GATK v3.8-0 (Van der Auwera et al.,

2013). Obtained vcf file was filtered to remove InDels and keep only bi-allelic SNPs
using VCFtools (Danecek et al., 2011). Then, the vcf file was subset into two vcf files
containing SNPs of each species separately. For C. finmarchicus, SNPs with coverage
below 5 X or above 132 X were filtered out. For C. glacialis, SNPs with coverage below
5 X or above 212 X were filtered out. Choice of appropriate coverage per site was
based on the average SNP coverage and standard deviation across all SNPs in each
species: higher threshold = [average+2*standard deviation], and the lower threshold
was defined as 5X for both species. Numbers of SNPs in common between species and
between populations were calculated using BCFtools v1.6.
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Results

1- Pool ddRAD-seq

On average, 99.85 % of the reads passed quality filtering. De novo assembly resulted
in 41,500 contigs covering 17,886,794 bp and with a mean GC content of 38.9 %. Mean
length of contigs was 430.9 bp, with a range of 259 — 758 bp. However, when the
forward and reverse reads did not overlap, they were connected with up to 10 “N”
bases. In total, 2,836 contigs were annotated (6.83 %). Most (87.23 %) of the reads
mapped in proper pairs and with a mapping quality > 20. However, on average, only
27.56 % of the reads mapped uniquely (Fig. 2), resulting in the mean coverage per
location library of 16 X (Fig. 3a).

Overall, in all six libraries, 24,701 single nucleotide variants were detected with
SNVerGUI software. Among these variants, 15,285 were high-quality SNPs, but only
1,871 SNPs had minimum coverage of 96 X per library (Fig. 3b). With maximum and
minimum coverage thresholds, the average number of SNPs per location was 510, with
a minimum of 211 in the Bay St-Lawrence (due to fewer sequenced reads) and a
maximum of 625 in the Norwegian Sea. SNPs were distributed on contigs with up to 14
SNPs on one same contig (Fig. 4). The SNPs were distributed over 99 contigs on
average (Table 2) per library. A total of 343 SNPs, located over 32 contigs, were found
to be common among all six populations.

2- Sequence capture enrichment

The capture probe set based on genomic reference generated from a first
transcriptome-based capture experiment was applied to 48 individuals (24 C.
finmarchicus and 24 from 3 populations each — see Table 1). Following the standard
manufacturer’s protocol we obtained ca. 1.5 million reads per individuals, for which
only 7% mapped properly to the reference. After removal of duplicates, only 1% of the
reads were left, and considered as on target. From ca. 1.5 million reads per individuals,
we ended up with ca. 30 000 reads per individuals, which did not allow for enough
coverage for SNP calling.

The optimised version of the protocol used on 36 individuals (24 C. finmarchicus and
12 C. glacialis from 3 populations each — see Table 1) yielded much better results. We
obtained in average 4.5 million reads per individuals for C. finmarchicus, and 17.5
million reads for C. glacialis in average per individuals (Table 3). Mapping was more
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successful than previously with an average of 1.6 million reads properly and uniquely
mapping to the reference (after duplicates removal) for C. finmarchicus. This
represented in average 36% of the initial number of reads sequenced per individual,
with a range from 31.4% to 41.6% depending on individuals (Table 3). For C. glacialis,
3.8 million reads mapped properly and uniquely to the reference in average per
individual (after duplicates removal). This represents 22% of the initial number of
reads sequenced in average per individual, with a range from 20.1% to 24.3% (Table 3).

From these remaining reads, variant calling resulted in 140,859 high quality and
sufficiently covered SNPs in total for C. finmarchicus, ranging from 85,882 to 96,102
SNPs per population (Table 4). These SNPs were distributed across 4,603 contigs (Fig.
5a). A total of 54,848 SNPs were in common among all 3 populations (Table 4). For C.
glacialis, 115,928 high quality and sufficiently covered SNPs were called, ranging from
87,829 to 104,623 SNPs per population (Table 4). These SNPs were distributed across
5,363 contigs (Fig. 5b). A total of 77,402 SNPs were in common among all 3
populations (Table 4). Interestingly, 31,283 SNPs were found in common between C.
finmarchicus and C. glacialis (Table 4).

Discussion

The goal of this study was to experiment with genome reduction methods in order
to obtain a sufficient amount of SNPs to conduct a robust population structure study
on Calanus finmarchicus, zooplankton non-model species with large and complex
genome.

Our analytical approach using Pool-ddRAD-seq data and strict quality filtering
resulted in an average of 510 SNPs per location, with 343 SNPs in common among all
locations. The number of SNPs detected in this study is much lower than for most RAD-
seq or Pool-seq, studies, for which numbers of SNPs are typically thousands (e.g.
Campana et al., 2015, Hohenlohe et al., 2011, Pukk et al., 2015, Reitzel et al., 2013).
Low SNP numbers are likely mainly due to the low coverage of ddRAD contigs (mean
coverage was 16 X per pool), which does not allow calling SNPs with high confidence.
The low contig coverage is likely due to the in silico under-estimation of ddRAD
fragments and low success (28 %) of unique and high-quality mapping, which are
related to the large and complex C. finmarchicus genome. Further, mapping of reads
from the pooled samples is challenging, since the population pool may contain high
levels of polymorphism; however too-liberal mapping parameters increase the chances
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of incorrect mapping of reads (Kofler et al., 2011). Therefore, we followed
recommendations for the pooled data (Kofler et al., 2011, Schlotterer et al., 2014),
resulting in fewer SNPs, but higher confidence levels.

Most commonly, species that are analysed using RAD- or ddRAD-seq have genome
sizes < 5 Gb, resulting in high numbers of usable fragments and SNPs (e.g. DaCosta and
Sorenson, 2014, Davey et al., 2011, Pukk et al., 2015). While few studies have
investigated species with large genomes for applications other than marker
development, these serve to highlight the difficulties (e.g. Deagle et al., 2015).
Subsequently, ddRAD-seq was designed to allow more flexible control over the
number of obtained contigs and can result in several orders of magnitude variation in
the number of fragments by using restriction enzymes and selecting fragments of
specific sizes (Baird et al., 2008, Peterson et al., 2012), which is beneficial for analysis
of species with large genomes. However, selection of the enzyme pair can be difficult
in uncharacterized genomes, and may differ among species with similar genome sizes
and GC composition, due to different frequencies of the restriction sites (Davey et al.,
2011). Furthermore, if only a small fraction of a species' genome is known, it may not
be fully representative of the entire genome. In the present study, the selected
enzyme pair resulted in 5 times more ddRAD contigs than expected, and consequently
reduced the average coverage per contig and the number of contigs suitable for
further analysis. Thus, transfer of the enzyme pair suitable for C. finmarchicus to other
Calanus species may be problematical without pilot studies, particularly due to
genome size variation among the species, with C. finmarchicus having the smallest
genome (Mclaren et al., 1988). Overall, this study and recent similar ones (e.g. Deagle
et al.,, 2015, Pukk et al., 2015) suggest that significant challenges remain for use of
both, Pool-seq and (dd)RAD-seq, for species with relatively large genomes (> 5 Gb).

For the targeted C. finmarchicus, more than 140 k SNPs were found, with about one
third of them in common between the populations and thus usable for population
structure analysis. Even for the congeneric species C. glacialis, on which we also
experimented the capture, based on C. finmarchicus design, we still obtained over
115k SNPs with more than 77k in common among populations. It should be noted that
these SNPs were located in ca. 5000 contigs and thus only represent ca. 5000
independent loci. Nonetheless, this is a dramatic change of scale compared to what
was obtained before from the RAD-seq approach. Furthermore the physical proximity
of many of the SNPs detected opens up the possibility to infer the precise sequence
(phase) of alleles on each homologous copy of a chromosome (Delaneau et al., 2013,
Snyder et al., 2015). Such phased haplotype can then be used to infer ancestry and
demographic history (Song et al., 2016) or detect selection. The generated set of SNPs
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represents an invaluable tool to assess genetic variability among C. finmarchicus and C.
glacialis populations.

As zooplankton organisms represent a key link in marine food webs and have a
crucial role in marine ecosystems, the understanding of the functioning of their
populations is critical especially given they are often used as beacons of climate
changes (Hays et al., 2005, Richardson, 2008). So far, challenges linked to the
incredibly common large genomes size of these organisms have hampered gene flow
studies (reviewed by Bucklin et al., unpubl.), and therefore the knowledge on this
essential aspect of zooplankton is very limited. The methods we tested on C
finmarchicus, typical non-model species with large genome, showed that RAD-seq is
probably not the most adequate for such organisms. In contrast, sequence capture
enrichment represents a very promising approach, and seems particularly suitable for
zooplankton organisms given that the starting amount of DNA can be even lower than
10 ng (Chung et al.,, 2016). As the sequence capture enrichment technic usually
requires a reference, which is rarely available for zooplankton organisms, the approach
we followed offers a reasonable compromise (See Fig. 1). However, with the constant
reduction in cost of sequencing, such approach could be further simplified by
generating genomic data directly by shotgun sequencing and aligning together
genomic and transcriptomic sequences in order to target mainly genic or anonymous
intergenic regions, depending on the purpose of the study (Fig. 1).
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Tables

Table 1. Calanus finmarchicus and C. glacialis sample information.

llecti
Location Study Species Collection Lat. Long.
date
West Greenland ddRAD-seq C. finmarchicus 16  25.05.2012 69.23 -53.38
(WG)
East Greenland ddRAD-seq C. finmarchicus 16  10.08.2012 74.31 -20.25
(EG)
Barents Sea ddRAD-seq C. finmarchicus 16  06.08.2012 70.50 19.99
(BAR)
Norwegian Sea ddRAD-seq C. finmarchicus 16  03.08.2012 64.67 0.00
(N12)
Norwegian Sea ddRAD-seq C. finmarchicus 16  05.05.2013 65.05 -0.86
(N13)
Bay St. Lawrence ddRAD-seq C. finmarchicus 16  17.04.2013 47.27 -59.80
(STL)
- ) .
Barents Sea ranscriptomic - marchicus 1 06.08.2012 7050  19.99
Capture
C. finmarchicus 8
Genomic
Isfj 05.06.2016 78.32 15.15
sfjord Capture C. glacialis 3
C. finmarchicus 8
Genomic
kj fj 26.02.2016 60.72 5.10
Skjerstadfjord Capture C. glacialis 6
C. finmarchicus 8
Genomic
Lurefj 22.06.2016 67.18 15.43
urefjord Capture C. glacialis 3
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Table 2. Summary of discovered SNPs using ddRAD

finmarchicus.

at six locations for Calanus

Number of Number of
. Total no. . .
Location SNPs unique contigs
SNPs with SNPs
WG 570 147 96
EG 559 148 116
BAR 565 162 109
N12 625 193 124
N13 535 165 106
STL 211 34 43
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Table 3. Capture enrichment method efficiency for Calanus finmarchicus and C.
glacialis. From initial total number of reads obtained from sequencing, to number of
reads that properly mapped, uniquely and with high quality score to the reference,
after duplicates removal.

Total number ~ Number of reads :ﬁ::)z(:;
of reads properly mapped mapped
Calanus finmarchicus

CF Is_1 4346219 1633598 37,59
CF_lIs_2 4377473 1710440 39,07
CF_Is_3 3795041 1413854 37,26
CF_Is_4 5300843 2069892 39,05
CF_Is_5 6079302 2384972 39,23
CF_Is_6 5369728 2088164 38,89
CF_Is_7 4847206 2013872 41,55
CF_Is_8 2796841 1107884 39,61
CF_Lure_17 2171800 799004 36,79
CF_Lure_18 1384749 478180 34,53
CF_Lure_19 3710734 1305160 35,17
CF_Lure_20 2485355 801722 32,26
CF_Lure_21 3155247 990962 31,41
CF_Lure_22 2918617 942954 32,31
CF_Lure_23 1313948 482804 36,74
CF_Lure_24 3667871 1417456 38,65
CF_Skj_33 3910873 1358892 34,75
CF_Skj_34 3595077 1352758 37,63
CF_Skj_35 3168606 1080116 34,09
CF_Skj_36 9422745 3209456 34,06
CF_Skj_37 8644477 2838838 32,84
CF_Skj_38 7123122 2310916 32,44
CF_Skj_39 6569504 2240762 34,11
CF_Skj_40 7329317 2752352 37,55

Average 36%

Calanus glacialis

CG_lIs_10 14397845 2894612 20,1
CG_Is_11 8080749 1961926 24,28
CG_lIs_16 5460660 1265816 23,18
CG_Lure_28 5344982 1284384 24,03
CG_Lure_29 28994596 6637518 22,89
CG_Lure_32 21520844 4645090 21,58
CG_Skj_43 19272833 3881326 20,14
CG_Skj_44 21781295 4749712 21,81
CG_Skj_45 21305311 4727152 22,19
CG_Skj_46 19778639 4165368 21,06
CG_Skj_47 20067631 4216582 21,01
CG_Skj_48 24591690 5396430 21,94

Average 22%
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Table 4. Summary of discovered SNPs using capture enrichment

Location Species
C. finmarchicus C. glacialis
n indiv. Total nb n indiv. Total nb
SNPs SNPs
Isfjord 8 93834 3 87 829
Skjerstadfjord 8 96 102 6 104 623
Lurefjord 8 85 882 3 92 837
SNPs per species 24 140 859 12 115928
SNPs in commo'n 54 848 77 402
among 3 populations
SNPs in common 31283

between species
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Figures

Starting point: Alternative starting point:
Transcriptome reference available No reference available

Step 2:
Selection 5’UTR regions

of expressed sequences for Step 2:
capture probes set design Generation of genomic data
= shotgun sequencing

Step 3:
Capture and sequencing

Step 4:
Genomic reads assembly

Mapping selected transcripts
to genomic assembly

Capture probes set design

Final step:
Mapping reads to assembly used for probes design

Filtering for quality and duplicates

SNPs discovery!

Fig. 1. Suggested workflow for SNP discovery in non-model species. Step 2: on the left
— protocol described here, on the right: recommended simplified version.
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Fig. 2. Number of lllumina paired-end reads for each library throughout bioinformatics
analysis. Raw, total sequenced reads; Clean, reads without adapters, a Phred quality >
20, longer than 20 bp and trimmed adapters; Mapped, reads mapped to the assembly
with Phred quality > 20 and in proper pairs; Uniquely mapped, reads that mapped to
unique site.

Fig. 3. Number of contigs (a) and SNPs (b) in relation to depth of coverage for ddRAD
experiment.
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Fig. 4. Frequency of contigs according to number of SNPs per contig obtained from
Pool-ddRAD-seq in Calanus finmarchicus.

Fig. 5. Frequency of contigs according to number of SNPs per contig obtained from
targeted capture enrichment in a) Calanus finmarchicus and b) Calanus glacialis.
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Population Genomics of Marine Zooplankton
Ann Bucklin, Kate DiVito, Irina Smolina, Marvin Choquet, Jennifer M. Questel,
Galice Hoarau, and Rachel J. O’Neill

19.1. Abstract

The exceptionally large population size and cosmopolitan biogeographic distribution
that distinguish many — but not all — marine zooplankton species generate similarly
exceptional patterns of population genetic and genomic diversity and structure. The
phylogenetic diversity of zooplankton has slowed the application of population
genomic approaches, due to lack of genomic resources for closely-related species and
diversity of genomic architecture, including highly-replicated genomes of many
crustaceans. Use of numerous genomic markers, especially single nucleotide
polymorphisms (SNPs), is transforming our ability to analyze population genetics and
connectivity of marine zooplankton, and providing new understanding and different
answers than earlier analyses, which typically used mitochondrial DNA and
microsatellite markers. Population genomic approaches have confirmed that, despite
high dispersal potential, many zooplankton species exhibit genetic structuring among
geographic populations, especially at large ocean-basin scales, and have revealed
patterns and pathways of population connectivity that do not always track ocean
circulation. Genomic and transcriptomic resources are critically needed to allow
further examination of micro-evolution and local adaptation, including identification of
genes that show evidence of selection. These new tools will also enable further
examination of the significance of small-scale genetic heterogeneity of marine
zooplankton, to discriminate genetic “noise” in large and patchy populations from local
adaptation to environmental conditions and change.

Keywords: Zooplankton, Population genomics, Transcriptomics, Evolution, Population
genetics



19.2. Introduction

Il.A. Introduction to population genomics

Population genomic approaches entail simultaneous sampling of numerous variable loci
within a genome and allow inference of locus-specific effects (Baird et al. 2008). These
powerful new techniques are transforming our understanding of the population genetics,
connectivity, demographic history, and local adaptation of marine organisms (Crawford and
Oleksiak 2016; Pogson 2016). Genotyping hundreds to thousands of genetic markers for
multiple individuals across populations or species has enabled identification of selectively-
neutral markers that can be used for a wide variety of analyses (Luikart et al. 2003; Baird et al.
2008). Discrimination of statistical ‘outlier’ loci allows examination of the impacts of selection
and evidence of local adaptation (Stapley et al. 2010). Whole-genome analysis of non-model
organisms has enabled new insights into underlying evolutionary forces. However, significant
challenges remain for whole-genome analysis of non-model organisms, thus necessitating and
encouraging broad use of approaches that require little or no prior genomic data. These
include reduced-representation genomic DNA libraries (Reitzel et al. 2013), genotyping-by-
sequencing (Elshire et al. 2011), and exon-capture (Hodges et al. 2007; De Wit et al. 2015;
Jones and Good 2016), although the latter requires prior knowledge of gene architecture. In
broad view, population genomic approaches have enormous potential to yield significant new
understanding of the ecological and evolutionary dynamics of zooplankton and other marine
organisms.

19.2.1. Introduction to marine zooplankton
19.2.2.1. Biodiversity: The marine zooplankton assemblage includes ~6,000 described

species of holoplanktonic metazoan organisms that complete their entire cycle in the water
column (Wiebe et al. 2010). The phylogenetic diversity of this assemblage is impressive, with
11 phyla and 27 orders represented (Bucklin et al. 2010b). However, these numbers most likely
markedly underestimate the actual biodiversity — perhaps by several orders of magnitude —
due to the presence of cryptic variation within geographically widespread species or sibling
species swarms, as well as undiscovered species in under-sampled or explored habitats
(Bucklin et al. 2010a; Beaugrand 2017). Molecular approaches, including DNA barcoding and
metabarcoding, are providing important new insights into this ‘hidden diversity’ of marine
zooplankton (Lindeque et al. 2013; Bucklin et al. 2016).

19.2.2.2. Biogeography: Global patterns of zooplankton biogeographic distributions have

been well-characterized for the epipelagic (0 — 200 m) zone (Longhurst 2007). The many
classical studies form a basis for ongoing examination of climate-driven range changes and
regime shifts (deYoung et al. 2008). In contrast, the deep ocean, including the mesopelagic
(200 — 1,000 m) and bathypelagic (1,000 — 4,000 m), remains under-sampled and poorly-
known (but see Wiebe et al. 2010; Laakmann et al. 2012). Many species exhibit cosmopolitan
distributions, with ranges spanning multiple ocean basins and broad latitudinal ranges
(Peijnenburg and Goetze 2013). However, there are many exceptions to this oversimplified
description, likely resulting from specific habitat requirements, restricted gene flow, or relict



populations (Chust et al. 2016). Further complicating analysis of species distributional patterns
are rather characteristic high ratios of local-to-global species diversity; a net sample from
oceanic waters may contain hundreds of species of copepods or ~10% of the global total
(Kuriyama and Nishida 2006).

19.2.2.3. Life history: Many zooplankton species have life histories entailing multiple stages

with different micro-habitat preferences and requirements. Some exhibit alternation of sexual
and asexual generations. Most are relatively short-lived organisms, with generation spans from
several months to a couple of years. As a group, marine zooplankton are useful indicators of
impacts of environmental variability or climate change, since they are rapid-responders in
terms of species distribution and abundance. The exceptional diversity of marine zooplankton
— in terms of phylogenetic biodiversity, pelagic biogeography, and life history variation —
provided a unique opportunity to examine ecological and evolutionary genomic responses.
This review will summarize new knowledge resulting from population genomic examination of
the genetic diversity and structure, phylogeography and connectivity, demographic history,
and local adaptation of marine metazoan holozooplankton.

19.2.3. Genomic resources for marine zooplankton
19.2.3.1. Published genomic resources: It can be argued that there are no universally-

accepted model species among the marine zooplankton; in many cases, there are no closely-
related model organisms to which extrapolations or comparisons can be made (Ellegren 2014).
However, the number of marine zooplankton species targeted for genome-scale studies is
growing, including species ranging phylogenetically from the Cnidaria to the Urochordata and
including ecologically-important or keystone species for some pelagic ecosystems, such as the
Southern Ocean salp, Salpa thompsoni (Jue et al. 2016) (Table 1).

For the most part, marine zooplankton species targeted for reference sequencing and
assembly have been identified by their impact to ongoing comparative genomic studies or as
part of larger genome consortia. An example of this latter group is the genome sequence for
the copepod Eurytemora affinis, a species targeted for sequencing as part of the i5K Pilot
Project aimed at sequencing 28 arthropod genomes (i5K Consortium 2013; Eyun et al. 2017).
Currently, assembled genomes are available for species representing only a snapshot of some
of the major lineages of eukaryotes and a small sampling of the species diversity of the pelagic
realm (Table 1). A significant factor in the identification of a target species for a genome
assembly effort is the estimated genome size. Notably, all the reference genomes available are
from organisms whose genome size estimates are significantly smaller than 1GB, presumably
since the depth of coverage required is low enough to represent a feasible investment of
resources in terms of fiscal and computational effort. While reference quality assemblies are
ideal (e.g., Oikopleura dioica, Denoeud et al. 2010), lower coverage assemblies can still provide
a high enough N50-value (i.e., the weighted median statistic such that 50% of the entire
assembly is contained in contigs or scaffolds equal to or larger than this value) to afford
extensive gene predictions (e.g., Jue et al. 2016).

Recently, mining genome databases such as NCBI and the SRA (Short Read Archive) for
partial genome sequences has afforded broader comparisons among species lacking a fully



assembled genome. For example, a newly derived reference for the common estuarine
copepod E. affinis was compared to short read genomic sequence data from two other
copepods, the freshwater cyclopoid copepod, Mesocyclops edax (SRX246444 and SRX246445;
Sun et al. 2014) and the North Atlantic copepod, Calanus finmarchicus) (SRX456026; Smolina
et al. 2014), revealing species-specific adaptations of the chemosensory related gene families
to environments (Eyun et al. 2017).

19.2.3.2. Genome size in the zooplankton: The average estimated genome sizes (haploid

nuclear DNA contents) of holoplankton species are in general far above 1 GB (Fig. 1) and varies
more than 900-fold, from 0.07 GB in Oikopleura dioica (Appendicularia) to 63.2 GB in
Ampelisca macrocephala (Amphipoda). Variation of genome sizes in marine zooplankton is
especially large within the Copepoda with > 370-fold variation among species (Leinaas et al.
2016; Madoui et al. 2017) followed by Ostracoda and Malacostraca with around 80-fold and
70-fold variation of genome size among species, respectively (Gregory 2017; Jeffery et al.
2017). To date, genome size has been investigated for 115 species of zooplankton, with poor
representation of important phyla, including Chaetognatha, Cnidaria, Ctenophora, Mollusca
and Chordata.

Several trends or patterns are emerging from genomic analyses of crustaceans, although
only a few species have been studied to date. First, a positive relationship between genome
size (C-value) and body size has been observed in copepods (MclLaren et al. 1988; Wyngaard
and Rasch 2000), amphipods (Hessen and Persson 2009), and ostracods (Jeffery et al. 2017).
However, there is considerable variability in genome size both among species of similar body
size (Gregory et al. 2000; Leinaas et al. 2016) and within species due to environmental
conditions (Mclaren et al. 1988; Escribano et al. 1992; Leinaas et al. 2016). Second, genome
size has been associated with specific habitats and environmental conditions. Marine
crustaceans are likely to have larger genomes than freshwater and terrestrial ones (Jeffery
2015; Alfsnes et al. 2017); within the marine realm, polar species tend to have larger genomes
compared to temperate species (Hessen and Persson 2009; Jeffery 2015; Leinaas et al. 2016).
Jeffery (Jeffery 2015) hypothesizes that such large genomes may result from the expansion of
transposable elements and other repetitive elements, due to relaxed selection for rapid
development or reduced constraints on body size in predictable and stable marine polar
environments, compared to more fluctuating environments.

Causes and mechanisms of genome size variability and particularly expansion of genome
sizes are still not known. Among eukaryotes, genome size is positively correlated with gene
number, average intron size, and number of introns per genome (Elliott and Gregory 2015).
The main drivers of genome size expansion are suggested to be whole-genome duplication
(polyploidization) or partial duplication events and proliferation of noncoding elements
(Dufresne and Jeffery 2011).

Information on genome size, genome sequence, and karyotype is sparse in marine
zooplankton, limiting our understanding of genome evolution. Nevertheless, evidence from
insects and crustaceans suggest that accumulation of transposable and repetitive elements
may be the primary contributor to their large genome sizes (Alfsnes et al. 2017), while
polyploidization is probably not the most common driver of genome evolution in zooplankton



(Gregory and Hebert 1999). For example, species of the copepod genera Calanus and
Pseudocalanus exhibit quantum shifts in genome size (C-values) within each genus, but share
similar chromosome complements (MclLaren et al. 1989).

Partial duplication or amplification of genomic regions may be common in large genomes of
zooplankton, particularly for ribosomal rDNA and protein-coding genes. Among eukaryotes,
rDNA copy number correlates positively with genome size (Prokopowich et al. 2003). For
species of Calanus, 185 rDNA gene copy number has been found to approximately double
between C. finmarchicus (15,300 copies; 2C = 12.95 pg) and C. glacialis (33,500 copies; 2C =
24.20 pg; Wyngaard et al. 1995). Transcriptomic analysis has indicated the presence of multi-
copy gene families originating from multiple duplications of an ancestral gene in copepods
(Lenz et al. 2014; Yang et al. 2014), euphausiids (Toullec et al. 2013; Sales et al. 2017), and
pteropods (Maas et al. 2015; Thabet et al. 2017).

19.2.3.3. Mitochondrial genomes: Fragments of mitochondrial DNA were among the first

molecular tools used to tackle questions related to zooplankton species identification,
phylogenetics, phylogeography, and population genetics. For example the cytochrome
oxidase sub-unit | is preferentially used as a barcode for metazoan (Schindel and Miller 2005),
and has been used frequently for marine zooplankton (Bucklin et al. 2007, 2010a, 2011;
Blanco-Bercial et al. 2014).

Recent technological advances are allowing routine sequencing of whole mitochondrial
genomes (mitogenomes), with marked increase in the power of phylogenetic and
phylogeographic analyses compared to use of short mtDNA sequences. Applications such as
shotgun sequencing on genomic DNA using high throughput sequencing technologies afford
opportunities to capture other genomes that may be resident within a sample, such as
mitochondrial DNA. Given the smaller target genome size (12-20KB), mitogenomes are easier
to subsample from larger datasets or to assemble using a PCR-build approach (Maricic et al.
2010; Hahn et al. 2013; Kollias et al. 2015).

Mitogenomics is a promising field of research that will contribute new insights into the
phylogenetic history and evolution of planktonic species. For example, sequencing the
mitogenome of the chaetognath, Spadella cephaloptera, allowed resolution of the
phylogenetic position of the chaetognaths within Protostome lineages (Papillon et al. 2004).
Only a few mitogenomes have been published thus far — especially when the species diversity
of zooplankton is considered — and within those, unexpected features appear to be more
common than previously thought. Mitogenomes are publicly available for a number of
ecologically-important species representing diverse phylogenetic lineages of marine
zooplankton (Table 2), and additional complete mitochondrial assemblies may be found within
incompletely-explored genomic data. Nonetheless, the sequencing and assembly of complete
mitogenomes of marine zooplankton species has progressed at a much slower pace than other
for vertebrate groups (Genome 10K Community of Scientists 2009; GIGA Community of
Scientists 2014).

In animals, the mitogenome is relatively well conserved, with 36 or 37 genes, including two
for rRNAs, 22 for tRNAs and 12 or 13 for protein-coding genes. The mitogenomes available for
marine zooplankton species indicate a general trend of high intra- and interspecific variability.



Rearrangement of gene order is exceptionally common and has been documented in
amphipods (Ki et al. 2010) and ctenophores (Kohn et al. 2012), with some of the genes
relocated to the nuclear genome (Pett et al. 2011). Copepods also show marked variability
among congeneric species and among genera (Fig. 2; Jung et al. 2006; Minxiao et al. 2011). The
most exceptional cases of mitochondrial variability documented to date are in the
chaetognaths, Spadella cephaloptera and Sagitta elegans, for which natural populations
exhibit unprecedented levels of intra-specific divergence (Marlétaz et al. 2017).

The variability observed in the mitogenomes of different species/lineages is also apparent in
the genes content and size of these mitogenome (Table 2). The smallest mitogenome reported
is the ctenophore, Mnemiopsis leidyi, with only 10 kb, which is missing 25 genes (Pett et al.
2011). Within the chaetognaths, mitogenomes are also very reduced compared to other
metazoans, missing several common genes (Helfenbein et al. 2004; Papillon et al. 2004). On
the other hand, the longest mitogenomes documented belong to the Copepods, up to 20 kb
(Minxiao et al. 2011). Several mitogenomes were found to contain multiple copies of some
sequences (Ogoh and Ohmiya 2004; Burton et al. 2007), or short tandem repeats, similar to
microsatellites (Shen et al. 2011).

19.2.3.4. Transcriptomic resources: For some species, especially those with large, duplicated

and/or evolutionarily-divergent genomes, analysis of transcriptomes has proven more feasible,
accurate and cost-effective (De Wit et al. 2016). Transcriptomic data have the further
advantage of allowing identification and annotation of target genes used in the examination of
genomic micro-evolution and local adaptation (Havird and Santos 2016). Transcriptomic data,
including partial reference transcriptomes are available for a number of marine zooplankton
species (Table 3).

19.3. Applications of population genomics for marine zooplankton

19.3.1. Population genetic diversity and structure

Although many zooplankton species exhibit broad geographic distributions and appear to
have high dispersal potential, both biological and physical environmental processes may limit
gene flow. Previous studies have revealed significant genetic differentiation of geographic
populations of marine organisms over a range of spatial scales (Hellberg 2009; Weersing and
Toonen 2009). Two general principles may be gleaned from many studies of zooplankton
population genetics: first, zooplankton are quite variable in many different molecular
characters; second, this variability is resolved into genetically-divergent, geographically-
distinct populations for only some species and at some temporal and spatial scales
(Peijnenburg and Goetze 2013).

Ocean processes that are thought to be significant for population genetic structuring of
zooplankton are currents, persistent eddies, ocean gyres and other physical ocean structures
at the mesoscale (10s to 100s km) to large scale (100s to 1000s km). The physical structure of
the ocean can alter the timing of reproduction and mortality events, providing biological
barriers to gene flow. Geological features — continents, islands and other landforms,



continental shelves, seamounts, and ocean ridges — may form natural barriers to dispersal. In
contrast, cosmopolitan species, which range from 40°N to 40°S and are found in every ocean
basin, may have few barriers to dispersal throughout their range. These species may exhibit
large-scale spatial population genetic structure due to isolation by distance (i.e., reproductive
isolation resulting when the geographic range of the species far exceeds the dispersal potential
of an individual).

The temporal stability of population genetic diversity and structure is an important
consideration and useful metric. Since zooplankton are subject to transport in ocean currents,
temporal stability of population genetic characters may indicate retention of local populations
or local recruitment. An unfortunate aspect of many studies of zooplankton populations is the
collection of samples from different regions during different years, thus confounding spatial
and temporal variation. In relatively few studies, spatial and temporal contributions to
population genetic structure have been analyzed separately using appropriately-collected
samples (Goetze et al. 2015; lacchei et al. 2017).

Patterns of genetic diversity and structure have been examined over a wide range of spatial
scales for species representing many lineages of the zooplankton assemblage. Some species
have been shown to be panmictic, such as Pelagia noctiluca (Stopar et al. 2010) and Euphausia
superba (Deagle et al. 2015). Many species exhibit geographic variation reflecting geographic
barriers and/or circulation patterns: e.g., Tigriopus californicus (Renaut and Dion-Coté 2016),
Eukrohnia hamata (Kulagin et al. 2014), and Caecosagitta macrocephala (Miyamoto et al.
2010), to name a few. A number of species show large-scale patterns of genetic diversity
associated with latitudinal gradients (e.g., Francisco et al. 2014) and among ocean basins,
including Eukrohnia hamata (Miyamoto et al. 2012), Pleuromama abdominalis (Hirai and Tsuda
2015), and Oithona similis (Cornils et al. 2017).

The occurrence and significance of small-scale genetic patchiness in marine zooplankton
populations remain a subject of study and disagreement. Such variability has been considered
to reflect the genetic “noise” of large and under-sampled populations of copepods (e.g.,
Goetze et al. 2015). Small-scale heterogeneity was considered to reflect advective transport
from diverse recruitment sources in the Antarctic krill, Euphausia superba (Batta-Lona et al.
2011).

Due to nearly-universal application in population genetic studies, hierarchical analysis of
variance using Wright’s F-statistics related measures (Excoffier et al. 1992) provides useful
benchmarks for comparisons among species, regions, and environments. However, F-statistics
have assumptions that are surely not met for zooplankton (Hellberg 2009), including genetic
equilibrium conditions, symmetrical migration, and stable populations. The usefulness of F-
statistics is further limited by the very large population sizes of many zooplankton, which
result in relatively larger confidence intervals for very small F values (Waples 1998), and thus a
lack of statistical significance for high gene flow species (see Waples et al. 2008). At least partly
for this reason, population genetic studies of marine species have also employed various
measures of oceanographic distance (Hansen and Hemmer-Hansen 2007; McGovern et al.
2010; Alberto et al. 2011; Schunter et al. 2011) and approaches such as seascape genetics
(Galindo et al. 2010).

Until recently, population genetic studies have most frequently been conducted with

10



markers representing a very small fraction of the genome, such as individual mitochondrial or
nuclear genes and microsatellites (see reviews by Avise 2009; Hellberg 2009; Peijnenburg and
Goetze 2013). Rates of divergence and amounts of variation differ among these markers, but
many studies have documented significant genetic differentiation of zooplankton populations
at large, ocean basin scales using mitochondrial DNA (e.g., Goetze 2005; Goetze and Ohman
2010; Miyamoto et al. 2010; Blanco-Bercial et al. 2011a; Miller et al. 2012; Norton and Goetze
2013; Dawson et al. 2015) and microsatellite markers (Bolte et al. 2013; Andrews et al. 2014).
A number of studies have used mitochondrial DNA markers to resolve population structure of
zooplankton populations associated with physical barriers to gene flow, including ocean
circulation, for copepods (Aarbakke et al. 2011; Blanco-Bercial et al. 2011b, 2014) and
euphausiids (Bucklin et al. 1997; Zane et al. 1998, 2000; Zane and Patarnello 2000; Papetti et
al. 2005; Patarnello et al. 2010).

Both mitochondrial and microsatellite markers continue to be widely used for population
genetic analysis of zooplankton, allowing useful comparisons among diverse species and ocean
environments. Studies using single markers have limitations, not least that results may differ
among studies using different markers (Avise et al. 2016). In addition to their limited analytical
power, studies using multiple markers can yield discordant conclusions. In particular, the
haploid nature and uniparental inheritance of mitochondrial markers, and consequent smaller
effective population size, may generate differences from results using nuclear markers (Toews
and Brelsford 2012).

Population genomic approaches can also be used for phylogeographic analysis (i.e., the
description of the geographical distributions of the genetic lineages within a population or
species; Avise 2009; Avise et al. 2016). Such analysis allows for the characterization of dispersal
and quantitative estimation of the rate and direction of exchange among populations. Recent
reviews of larval dispersal and population connectivity (Cowen and Sponaugle 2009) and gene
flow (Hellberg 2009) in the ocean have provided comprehensive assessment and analyses for
marine organisms. Quantitative estimates of population persistence and directional
(asymmetric) migration can also entail approaches that are less sensitive to lack of population
stability and non-equilibrium conditions, typical of marine organisms (Knowles 2009). Analysis
of patterns and pathways of gene flow has revealed that patterns of population connectivity of
marine organisms do not always mimic major ocean currents (Kool et al. 2013; Riginos et al.
2016), even for zooplankton (Blanco-Bercial and Bucklin 2016; Questel et al. 2016).

Phylogeographic analysis can also provide a window into the evolutionary history of a
population or species. Results can be interpreted to estimate and understand the age of the
lineage in terms of time to coalescence (i.e., the common ancestral gene from which all
current copies of the gene are descended), as well as imprints of demographic history on
populations and species (Knowles 2009). Among marine zooplankton, mitochondrial markers
have been used most regularly to infer demographic history (e.g., Peijnenburg et al. 2005;
Aarbakke et al. 2014; Cornils et al. 2017), including marine invasions (Cristescu 2015; Lee 2016;
Sherman et al. 2016), population expansions and contractions (Edmands 2001), geographic
isolation giving rise to speciation events (Lee 2000; Peijnenburg et al. 2004; Miyamoto et al.
2010), and divergence of genetic lineages following major global climate events (Papadopoulos
et al. 2005; Blanco-Bercial et al. 2011b; Milligan et al. 2011).
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19.3.2. From population genetics to population genomics

Recent advances in High-Throughput Sequencing (HTS) have created exceptional new
opportunities for analysis of population genetic diversity and structure of natural populations.
Tens of thousands of genomic Single Nucleotide Polymorphisms (SNPs) can be detected and
screened for use as genetic makers of population genetic diversity and structure (Helyar et al.
2011; Reitzel et al. 2013). Such population genomic approaches are being widely used among
marine organisms (Bierne et al. 2016), including fishes (Hemmer-Hansen et al. 2014). In
addition, HTS is yielding both deep coverage and nucleotide-level resolution in simultaneous or
multiplexed analysis of numerous genes (e.g., Bybee et al. 2011). Such population genomic
approaches are yielding a new view of population structure and connectivity of marine
species, based on statistical discrimination of neutral, selected, and hitchhiker loci (Gagnaire
and Gaggiotti 2016).

Over the last three decades, genetic research has showed continuous development and a
high turnover of molecular markers, from partial DNA sequencing, restriction fragment length
polymorphism (RFLP), random amplified polymorphism detection (RAPD) and amplified
fragment length polymorphism (AFLP) to microsatellites, insertion-deletion polymorphism
(InDel), and single nucleotide polymorphism (SNP; Schl6étterer et al. 2014). Historically,
development of markers was difficult and expensive for non-model organisms. However, the
advent of HTS has revolutionized this by allowing the genome-wide markers in any organism
and for low cost (Ekblom and Galindo 2011). Although simultaneous discovery and genotyping
of genome-wide variation has become feasible for tens of individuals with small genome sizes
(< 1GB), the individual sequencing of hundreds of individuals with large genomes remains
prohibitively expensive (Narum et al. 2013). In addition, sequencing of the complete genome
for all individuals is often unnecessary and inflates the bioinformatics demands (Narum et al.
2013). Therefore, for many studies including population genomics, it is more efficient to
sequence a limited number of targeted loci, thus increasing their coverage and chance to
detect true polymorphism (Ekblom and Galindo 2011).

A revolutionizing solution to address this situation was the development of genotyping-by-
sequencing (GBS) approaches that allow sequencing with high throughput technology of a
targeted fraction of the genome via various reduced-representation protocols (see review by
Crawford and Oleksiak 2016). These approaches result in discovery and simultaneous
genotyping of thousands of SNPs even in species with large genomes and little or no previous
genomic information. GBS relies on various reduced-representation protocols to target a
genome fraction, but four protocols are currently the most popular: RNA-seq, Ampli-seq, Cap-
seq (i.e., capture enrichment), and RAD-seq (Davey and Blaxter 2010; Reitzel et al. 2013).
Published reduced representation genomic resources are currently available for several
species of marine zooplankton, such as the copepods, Tigriopus californicus (Foley et al. 2011),
Calanus finmarchicus (Smolina 2015), and Centropages typicus (Blanco-Bercial and Bucklin
2016); and the euphausiid, Euphausia superba (Deagle et al. 2015). The number of studies
using reduced representation for population genomics in marine zooplankton may be
expected to expand in the near future.

The power of genomic SNPs for resolution of regional- to large-scale population structure of
zooplankton has been demonstrated for several key species (see Case Studies, below). A large-
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scale population genetic analysis using genomic SNPs demonstrated that RAD-seq methods
performed poorly in the copepod, Calanus finmarchicus, which has a large and complex
genome (Smolina 2015). Subsequent studies of this species using targeted resequencing (e.g.,
Cap-seq) showed promise for accurate SNP identification and detection of genetic structuring
for this species (Choquet et al., unpubl. data). Similarly, a study of the copepod, Centropages
typicus, by Blanco-Bercial and Bucklin (2016) using 1,000s of genomic SNPs obtained by RAD-
seq revealed evidence of population structure, in contrast to an earlier study based on
mitochondrial gene sequences (Castellani et al. 2012).

Genomic SNPs that show evidence of selection can provide markers of micro-evolution and
local adaptation, including identification of the key genes involved in these phenomena. The
use of many thousands of genomic markers will also enable further examination of the
significance of small-scale genetic heterogeneity of marine zooplankton, including
distinguishing genetic “noise” in large and patchy populations from local adaptation to
environmental conditions. Large-scale SNP genotyping studies remain very scarce in
zooplankton species, but as more studies based on these approaches are published, it will be
important to resolve differing conclusions based on the various technical approaches and

genetic markers employed.

19.3.3. Genomic basis of adaptation

Population genomic approaches have provided powerful new tools for detection of impacts
of selection and evidence of local adaptation (Stapley et al. 2010). Patterns of variation of
genomic markers can be statistically evaluated for non-neutrality and correlation with
population dynamic, environmental, and evolutionary conditions and drivers (Gagnaire et al.
2015). Non-neutral markers showing evidence of selection can be used to reveal adaptation of
populations to local conditions across a species range (Whitehead 2012), although other
evolutionary drivers, including introgression and hitchhiking, can also cause such departures
from neutrality for genomic traits (Bierne et al. 2013). Nielsen et al. (2009) concluded that few
published studies have convincingly documented that non-neutral traits reflect local
adaptation, citing reviews by Hedrick (2006) and Levasseur et al. (2007). Recent advances in
statistical analysis of genomic markers are enabling more sensitive and accurate detection of
local adaptations (Gayral et al. 2013; Savolainen et al. 2013; De Wit et al. 2015), although
these are much more powerful for species with well-characterized genomes, which allows
exome capture and sequencing (Jones and Good 2016).

Patterns of differential gene expression can also provide useful insights into local adaptive
responses of marine organisms to environmental conditions. There are a number of such
studies of marine zooplankton, including target-gene and whole-transcriptome analyses of
differential gene expression patterns associated with stress responses and environmental
variability (Lauritano et al. 2012; Schoville et al. 2012; De Pitta et al. 2013; Smolina et al. 2015,
2016; Roncalli et al. 2016; Batta-Lona et al. 2017). The genetic and genomic bases of such gene
expression differences have received considerable attention (see review by Romero et al.
2014).
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19.3.4. Metagenetics and metabarcoding

The exceptional challenge of species identification in zooplankton assemblages, resulting
from both phylogenetic diversity and sibling species swarms, has encouraged the development
of genetic approaches for both stand-alone and integrative use with morphological taxonomic
methods (Bucklin et al. 2016). Metagenetic and metabarcoding approaches analyze DNA
recovered from environmental samples and can reflect the biodiversity of entire pelagic
communities (de Vargas et al. 2015), with the advantage of detecting ‘hidden diversity’ of
marine zooplankton (Lindeque et al. 2013). These studies use ‘universal’ PCR primers to
amplify one or more gene regions for high throughput sequencing yielding tens of millions of
sequences, which are subsequently resolved into operational taxonomic units (OTUs) that can
either be matched to reference databases for identification of taxa or used for various
statistical measures of biodiversity (Leray and Knowlton 2016). Metabarcoding studies of
marine zooplankton have ranged from analysis of the global ocean (Bik et al. 2012; de Vargas
et al. 2015) to studies focused on particular habitats and ecosystems, such as estuaries (Abad
et al. 2016), the Red Sea (Pearman and Irigoien 2015), among others. Challenges remain for
guantitative analysis of taxa using metabarcoding, although recent studies have shown some
correlation between OTU frequency and taxon biomass (Hirai et al. 2015; Sun et al. 2015).

The continuing development of sequencing technologies may soon allow a full
metagenomics approach, where DNA extracted from environmental samples is sequenced and
whole genomes are reconstructed from the data. These data will be invaluable resources for
diverse population genomic approaches, including analysis of population genetic diversity and
structure, detection of loci under selection, and genomic bases of adaptations of zooplankton
species to environmental variation. Currently, both technical and bioinformatics challenges
limit use of metagenomics to species with small genomes, such as the copepod, Oithona nana
(Madoui et al. 2017).

19.4. Case studies of marine zooplankton

Population genomic approaches, entailing simultaneous sampling of numerous variable loci
within a genome and the inference of locus-specific effects (Black et al. 2001; Luikart et al.
2003), are only very recently being used for analysis of marine zooplankton. Comparison
between results from population genetic studies using single-markers (usually mitochondrial
or microsatellite DNA) and HTS genomic markers are particularly useful to evaluate the power
and precision of population genomic approaches for analysis of genetic structure, connectivity,
demographic history, and local adaptation.

Several of the marine zooplankton species analyzed using population genomic approaches
belong to the crustacean Subclass Copepoda, which comprises more species than any other
zooplankton group, including many that are ecologically important, numerically predominant,
and geographically widespread. Genomic analysis of copepods has been a focus of research,
although progress has been hampered by the exceptionally large genome sizes of many
species (Bron et al. 2011; Wyngaard et al. 2011; Jeffrey 2015).
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19.4.1. Calanus finmarchicus (Copepoda): The planktonic copepod Calanus finmarchicus

(Fig. 3) is thought to be the most abundant metazoan in the ocean; the species is ubiquitous in
coastal and open ocean cold-temperate regions of the North Atlantic Ocean (Planque et al.
1997); within this area, the species may contribute >70% of total copepod biomass (Head et al.
2003) and occupies a pivotal position in ocean food webs (Falk-Petersen et al. 2007).
Population genetic studies using mitochondrial DNA (e.g., Bucklin et al. 1996) and
microsatellites (Provan et al. 2009) have shown high levels of gene flow and little or no
significant population genetic structure at any spatial scale. Studies using SNPs in targeted
gene regions suggested genetic differentiation among samples from different water masses
and ocean basins (Bucklin and Kaartvedt 2000; Unal and Bucklin 2010 Fig. 4). Population
genomic analyses of C. finmarchicus have been impeded by the large size of its genome (C-
value = 6.48 pg; Mclaren et al. 1988), typical of crustaceans. Smolina (2015) used a
genotyping-by-sequencing approach (ddRADseq; Peterson et al. 2012) to characterize genomic
SNPs in pooled samples of C. finmarchicus collected across the North Atlantic Ocean.
Significant population differentiation was observed among locations, although the allelic
nature of the SNP variants in the pooled samples could not be confirmed due to the highly-
replicated genome (Smolina 2015). An ongoing study by this group is analyzing genomic SNPs
in targeted gene regions to allow confirmation of allelic variation despite genome size
(Choquet et al. 2017a). A partial reference transcriptome for the species (Lenz et al. 2014) is
allowing evaluation of evidence of local adaptation based on transcriptomic and target gene
analysis (e.g., Roncalli et al. 2016).

19.4.2. Centropages typicus (Copepoda): Blanco-Bercial and Bucklin (2016) used genomic

SNPs detected by 2b-RADseq analysis (Wang et al. 2012) to examine population genetic
structure of the copepod Centropages typicus (Fig. 5) in the North Atlantic Ocean. Thousands
of genomic SNP markers were identified; loci showing evidence of positive selection were
removed from analysis (Foll and Gaggiotti 2008). Statistical analysis of molecular variance
(Excoffier and Lischer 2010) revealed significant differences between continental shelf
populations of the NE and NW Atlantic populations, in contrast with an earlier study by
Castellani et al. (2012), which showed no structuring using a mitochondrial COI gene region,
but some differentiation of NE and NW Atlantic populations based on a nuclear rRNA internal
transcribed spacer (ITS) region. Genotyping-by-sequencing (RADtag sequences) of C. typicus
yielded 675 loci used by Blanco-Bercial and Bucklin (2016) to test hypotheses of dispersal and
directional migration (Beerli 2012). Among five different gene flow models (Fig. 6), the full
migration model showed the highest support. These results demonstrate the power of
population genomic approaches to resolve patterns and pathways of dispersal of a high gene
flow species in a dynamic and complex current system. Such analyses can also be used to
examine the genomic basis of observed local adaptation of this species to environmental
variability among regions or along a latitudinal gradient (Carlotti et al. 2007).

19.4.3. Tigriopus californicus (Copepoda): The tidepool copepod, Tigriopus californicus,

shows exceptional levels of small-scale population genetic heterogeneity associated with the
habitat structure of the rocky shoreline, based on studies using mitochondrial markers
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(Rawson et al. 2000; Burton et al. 2007). The species may be considered to be a model species
for studies of evolutionary divergence and local adaptation (Raisuddin et al. 2007). The rapid
rate of evolutionary divergence of mitochondrial genes is thought to contribute to the
potential for local adaptation, but may also cause low hybrid fitness by disrupting gene
complexes (Burton et al. 2013). The mitochondrial genome has been sequenced (Barreto et al.
2011; Pereira et al. 2016). A genomic SNP linkage map (Foley et al. 2011) and a partial draft
genome (https://i5k.nal.usda.gov/Tigriopus californicus) serve as useful resources for

characterizing population genetic diversity and structure. More recently, the capacity of this
species to adapt to local condition and stressors has been explored using population genomic
and transcriptomic approaches (Lima and Willett 2017; Pereira et al. 2017).

19.4.4. Acartia tonsa (Copepoda): The rapid cladogenesis — and perhaps cryptic speciation —

of the estuarine copepod, Acartia tonsa, has been extensively studied along the Atlantic
coastline of the USA using mtDNA marker genes (Caudill and Bucklin 2004; Chen and Hare
2008, 2011). The species has been intensively studied in laboratory culture, partly as food for
aquacultured fish (Jepsen et al. 2017) and partly as a model organism for studies of the genetic
basis of local adaptation and micro-evolution (Drillet et al. 2008). Responses to environmental
stressors have been examined using genomic and transcriptomic approaches (Nilsson et al.
2014; Petkeviciute et al. 2015; Rahlff et al. 2017).

19.4.5. Euphausia superba (Euphausiacea): The Antarctic krill, Euphausia superba (Fig. 7), is

a keystone species of the Southern Ocean pelagic ecosystem, whose high abundance,
markedly patchy distribution, and swarming behavior have long been a subject of research
(Siegel and Watkins 2016). The population genetic consequences of this exceptional life history
have been studied over many decades using varied markers, including allozymes,
mitochondrial DNA, and microsatellites. Many studies have revealed similar patterns of
genetic diversity, whereby variation within locations far outweighs that between locations,
with consistent evidence of lack of large-scale population differentiation (see review by Jarman
and Deagle 2016). Two studies using mitochondrial markers found evidence of significant
small-scale patchiness: Batta-Lona et al. (2011) hypothesized that genetic differences among
samples resulted from advective transport from distinct recruitment centers in the Western
Antarctic Peninsula region. Zane et al. (1998) found genetic differentiation between samples
collected in the Weddell Sea and South Georgia. Although the statistical significance of these
findings has been questioned (see Bortolotto et al. 2011), small-scale patchiness — or genetic
“noise” — may be a consequence of the life history of this unique species and/or evidence of
local adaptation. Evidence of micro-evolution and local adaptation by Antarctic krill has been
shown in genetic and functional analysis of target genes, including thioredoxin (Li et al. 2017),
clock genes (Jones and Good 2016), heat shock proteins (Papot et al. 2016), and opsins
(Biscontin et al. 2016), among others. Population genomic analysis of Antarctic krill was
introduced by Deagle et al. (2015), who examined circum-Antarctic genetic diversity and
structure using both RADseq and mitochondrial (ND1 and COIl) markers. The large and highly-
replicated genome of E. superba (47.7 GB, Jeffery 2012) prevented discrimination of allelic
variation versus that between copies at separate loci (see above), which was addressed by
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analysis of sequence counts at variable nucleotide sites, rather than the derived genotypes.
This study confirmed earlier findings of the large-scale panmixia of Antarctic krill populations
(Deagle et al. 2015).

19.4.6. Meganyctiphanes norvegica (Euphausiacea): The northern krill Meganyctiphanes

norvegica (Fig. 8) is abundant throughout the North Atlantic and western Mediterranean Sea.
The species exhibits clear genetic differentiation among geographic populations based on
various mtDNA markers (see review by Patarnello et al. 2010). Consistent evidence of local
adaptation of the species, including enzyme activities (Saborowski and Buchholz 2002), is now
being analyzed using differential gene expression made possible by a reference transcriptome
(Maas and Blanco-Bercial 2016).

19.4.7. Pleurobrachia bachei (Ctenophora): A draft genome of the ctenophore Pleurobrachia

bachei (Fig. 9) revealed the possible preservation of ‘ancient molecular toolkits’ (Moroz et al.
2014), which are lost in other lineages. The exceptional nature of the genomic architecture of
this species can provide new understanding of the genomic basis of their evolutionary success
and potential for adaptation. Integrative and comparative analysis of genomic and
transcriptomic data of this and another ctenophore species Mnemiopsis leidyi demonstrated
the phylogenetic position of the phylum as the first metazoan lineage (Ryan et al. 2013; Moroz
et al. 2014).

19.4.8. Spadella cephaloptera (Chaetognatha): Arrow worms are predatory zooplankton

that occupy key positions in pelagic food webs. The phylum comprises many species with
cosmopolitan-but-disjunct biogeographical distributions, which has allowed interesting
comparisons among species. Population genetic diversity and structure of several chaetognath
species have been explored using both mtDNA and microsatellites (Peijnenburg et al. 2004,
2006; Faure and Casanova 2006; Miyamoto et al. 2010; Kulagin et al. 2014). Large-scale studies
have also allowed examination of the demographic histories of the species (Peijnenburg et al.
2005). Analysis of the mitochondrial genome of Spadella cephaloptera (Fig. 10) yielded
evidence of exceptional intraspecific variation (Marlétaz et al. 2017), and resolved the
phylogenetic position of the Chaetognatha within Protostome lineages (Papillon et al. 2004).

19.4.9. Salpa thompsoni (Tunicata, Thaliacea): The Southern Ocean salp Salpa thompsoni

(Fig. 11) is a pivotal species in the pelagic ecosystem of Antarctic regions, including the
Western Antarctic Peninsula, one of the fastest warming regions of the world oceans. A
reference transcriptome for S. thompsoni is available, although only 18% of the 216,931
sequences were associated with predicted, hypothetical, or known proteins (Batta-Lona et al.
2017). Another recent study (Jue et al. 2016) produced a preliminary reference genome for the
species, identified more than 50% of sequences, and generated both SNP variant and INDEL
predictions as a resource for future phylogenetic and population studies. The genome of this
species shows evidence of a rapid evolutionary rate — consistent with other Urochordata
(Denoeud et al. 2010; Tsagkogeorga et al. 2012). An initial survey of small RNAs revealed the
presence of known, conserved miRNAs, novel miRNA genes, and unique piRNA for various
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developmental stages (Jue et al. 2016), suggesting possible genomic bases of the successful
adaptation of the species to the changing climate of the Southern Ocean.

19.5. Present-day challenges and future opportunities

19.5.1. Additional genomic resources for marine zooplankton species

Pelagic zones represent one of the largest (by volume) habitats on Earth, with highly diverse
and ecologically important assemblages of zooplankton, which can serve as early warning
indicators of climate change. Genomic resources are needed to facilitate both intra- and
interspecies comparative studies of genetic diversity and structure, phylogeography,
demographic history, and adaptive evolution. Importantly, marine zooplankton provide a
diverse and useful assemblage to move forward novel studies of the genomic basis of
adaptation and evolutionary divergence. Yet the exceptional phylogenetic diversity of marine
zooplankton exacerbates the challenges of ensuring that reference genomes are available for
abundant and ecologically-important species or their close relatives.

Whole-genome sequencing initiatives should cover a wide range of genome sizes to uncover
trends in genome evolution and new elements of genome organization. For instance,
sequencing of the salp genome revealed novel miRNA genes and unique piRNAs (Jue et al.
2016), while the genome of Pacific sea gooseberry, Pleurobrachia bachei, is apparently lacking
the canonical miRNA machinery and HOX genes (Moroz et al. 2014).

Stimulating discoveries are anticipated from sequencing the exceptionally large genomes of
many crustaceans, including euphausiids, copepods, and amphipods, which may reveal novel
regulation of repetitive elements, functional divergence of gene duplication and concomitant
novel functions of various gene copies, and correlation between genome size and DNA
methylation levels in metazoans (e.g., Lechner et al. 2013). From a practical perspective, even
low-coverage genomes will increase the robustness of population genomic approaches by
facilitating a diverse range of methods, including in-silico digestion of genome sequences for
RAD-seq techniques, higher mapping rates for DNA and RNA-derived sequences, and the
development of baits for sequence capture experiments.

Despite their ecological importance in pelagic food webs and their phylogenetic diversity,
marine zooplankton have been — and continue to be — largely ignored in the prioritization of
species for genomic and transcriptomic analysis. For example, a list of top priority species for
reference genome determination from Voolstra et al. (2017) includes only one marine
zooplankton species, the mid-water shrimp, Acanthephyra purpurea.

19.5.2. Sampling zooplankton in the global ocean

Sampling zooplankton accurately and effectively is a challenge due both to the nature of the
pelagic habitat and the frequently immense population sizes of the organisms compared to
sampling capacity. It is essential to keep in mind that planktonic organisms most usually occur
in patchy distributions, and that some of them are able to avoid the sampling equipment. The
origin of these planktonic assemblages or patches has been discussed over many years (e.g.,
Levin and Segel 1976) and some experimental studies have shown species-specific patterns
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(Omori and Hamner 1982). Avoidance behaviors also vary among species, and a number of
studies have shown that net size and design can markedly impact avoidance and improve the
accuracy of sampling of dense and diverse assemblages (Wiebe 1968; Skjoldal et al. 2013;
Wiebe et al. 2013). Novel instrumentation designs are now allowing pairing of net sampling
with optical and acoustical technologies to allow adaptive sampling of target species of
particular interest and importance.

19.5.3. Species identification

Accurate and precise identification of species is critical for any study, yet for most
zooplankton groups this goal is challenging — at best. Morphological identification has been
shown to be unreliable for numerous species, including sibling species of the copepods
Pseudocalanus (Bailey et al. 2015) and Calanus (Choquet et al. 2017b). Both transcriptomic and
genomic resources are invaluable in allowing the design of rapid and inexpensive protocols for
accurate discrimination and identification of sibling and cryptic species of marine zooplankton
(e.g., Smolina et al. 2015).

19.5.4. Genomic analysis of small-sized organisms

Zooplankton species are often very small and thus the yield of DNA extractions is limited.
This is not an issue for current HTS methods, which usually require a very small amount of DNA
(10s ng). The ongoing development of new sequencing platforms and technologies will likely
allow longer sequencing reads and thus better genome and transcriptome assemblies. There is
a continuing need to ensure that even the tiniest organisms will be amenable to any new
developments in sequencing technologies and instrumentation.

19.5.5. Genomic basis of adaptation

Marine environments are experiencing rapid changes in critically-important processes and
parameters, including temperature, light penetration, nutrient availability and ocean
acidification, among many others. The resultant changes in species physiological condition,
ecological functioning, and biogeographical distribution and abundance will inexorably alter
pelagic ecosystems in trajectories that are difficult to predict. How species may acclimate
and/or adapt to environmental change, and how their interactions within the pelagic food web
may be altered, can be examined at many levels. A powerful and important approach lies in
examining the underlying genomic mechanisms that facilitate successful adaptation to
changing environmental conditions. Although any given species may be uniquely impacted by
the physical and biological parameters accompanying shifts in global climate profiles,
processes involved in responses to climate change at the molecular level may share common
features across species, such as the evolution of gene networks associated with environmental
stress responses. Genomic resources are proving instrumental in garnering new insights into
organism — environment interactions, including responses to environmental variability
associated with climate change. However, we still lack a fundamental understanding of
genomic features that afford plasticity and facilitate adaptive responses. These challenges can
only be met with comprehensive genomic and transcriptomic resources that will afford
comparative analysis to investigate the mechanisms underlying the responses of marine
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zooplankton to the changing environmental conditions throughout the global ocean.
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19.7. Table Legends and Tables

Table 1. Holozooplankton species for which genome assemblies and accompanying statistics
are publicly available (as of June 2017). Estimated genome sizes are based on assembly
statistics unless otherwise noted.

Tunicates Ctenophores Copepods
Oikopleura dioica Oikopleura Salpa Pleurobrachia Mnemiopsis Eurytemora Oithona nana  Tigriopus Tigriopus californicus
dioica thompsoni  |bachei leidyi affinis kingsejongensi
Main assem Allelic assem
Assembly Name ASM20953v1 ASM20955v1 Salp Genome |P.bachei_draft_g GCA_00022601 |Eaff_1.0 O.nanav.1.0 NA TCALIF_v1.0
1.0 enome_v.1.1 5.1
Estimated Genome Size (MB) 68,46 allelic assembly 022 170 150 616.14° 85 298 245°
Assembly Size 70471451 45141193 318747957 (156121975 155 865 547 494 890 867 85010 107 305712 242 184 634 130
Predicted protein coding Genes 18 020 18020 13186 19523 16 548 29783 15359 12772 14536
Coverage 14X N/A 20X 200X 160X 75X N/A 65X N/A
Number of scaffolds 1260 4196 478 281 21979 5100 6899 4626 27823 2365
Length of N50 scaffold (bp) 395387 21890 934 20628 187314 862 645 400 614 159 218 298012
Number of N50 scaffold (L50) 35 478 79 492 1646 242 163 60 N/A® 180
Number of contigs 5917 6678 590021 38864 24 884 122 625 7437 48 368 26175
Length of N50 contig (bp) 24932 10 847 636 6132 11936 5738 38620 17 566 14799
Number of N50 contig 718 985 136534 6078 3653 19338 463 N/A® 3352
Length of gaps (bp) 3938358 2655217 14945692 |19276734 5525119 107316 113 2943785 10474 460 N/A
References Denoeud etal.  Denoeudetal. Jueetal. Moroz et al. Ryan et al. Eyun et al. Madouietal. Kangetal.(2017) https://iSk.nal.usda.
(2010) (2010) (2016) (2014) (2013) (2017) (2017) gov/Tigriopus_califo
rnicus

* genome size estimate independent of assembly (Jue et al. 2016)
* genome size estimate independent of assembly (Rasch et al. 2004)
© not available/not provided

¢ genome size estimate independent of assembly (Wyngaard and Rasch 2000)

21



Table 2: Mitochondrial genomes available for marine zooplankton species, with
corresponding lengths.

Taxon and Species Citation Length (bp)
Copepoda

Calanus hyperboreus Kim et al. (2013) 17,910
Calanus sinicus Minxiao et al. (2011) >20,460
Paracyclopina nana Kietal. (2009) 15,981
Tigriopus californicus Burton et al. (2007) 14,600
Tigriopus japonicus Machida et al. (2002) 14,628
Tigriopus sp. Jung et al. (2006) 14,301
Euphausiacea

Euphausia pacifica Shen et al. (2011) 16,898
Euphausia superba Shen et al. (2010) >15,498
Ostracoda

Vargula hilgendorfii Ogoh & Ohmiya (2004) 15,923
Amphipoda

Onisimus nanseni Kietal. (2010) 14,734
Decapoda

Acetes chinensis Kim et al. (2012) 15,740
Cnidaria

Aurelia aurita Shao et al. (2006) 16,937
Cassiopea frondosa Kayal et al. (2011) 15,949
Chrysaora quinquecirrha Hwang et al. (2014) 16,775
Ctenophora

Mnemiopsis leidyi Pett et al. (2011) 10,000
Pleurobrachia bachei Kohn et al. (2012) 11,016
Chaetognatha

Sagitta decipiens Miyamoto et al. (2010) 11,121
Sagitta enflata Miyamoto et al. (2010) 12,631
Sagitta ferox Lietal (2016) 12,153
Sagitta nagae Miyamoto et al. (2010) 11,459
Paraspadella gotoi Helfenbein et al. (2004) 11,423
Pterosagitta draco Weietal. (2016) 10,426
Spadella cephaloptera Papillon et al. (2004) 11,905
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Table 3. Summary of transcriptomic resources for marine zooplankton species. Transcript
and gene numbers are indicated as presented in the original study. Note that different
methodologies were employed across these datasets (e.g. Trinity, MIRA_Newbler, Evigene,
FPKM filtered, etc) that render cross-comparisons of gene and transcript numbers among
species equivocal.

Contig Contig Max | Contigs Total |Contigs
Phylum and Species BioProject Total Length Length Transcripts |N50 Genes Citation
Cnidaria
Alatina alata PRINA312373 31737 32591 48 508 802 No 31776 2545 20173  |Ames et al. (2016)
Rhopilema esculentum PRINA318143 148 857 30 742 121470903 |No NA NA NA Chongbo and Yunfeng (Dir Sub)
Aurelia aurita PRINA252562 252170 46 960 180188094 |No 24264 1761 10285  |Brekham et al. (2015)
Tt m
is leidyi PRINA344880 140 842 29348 137638938 |No NA NA NA Sanchez Alvarado, Gotting and Ross (Dir Sub)

Arthropoda: C:
Acartia fossae 100 383 8174 No 769 Eyun et al. (2017)
Calanus finmarchicus PRINA236983 28954 2945 10223 122 No 251042 354 13057 |Smolina et al. (2014)
Calanus finmarchicus PRINA236528 206 012 23068 205 455659  |Yes 1418 Lenz et al. (2014)
Calanus finmarchicus PRINA231164 241140 25048 160760719  |No Tarrant et al. (2014)
Calanus glacialis PRINA237014 36 830 4021 15 748 490 No 242 602 471 18387 |Smolina et al. (2014)
Calanus glacialis PRINA274584 54 344 7507 33214362 No 16 998 620 16998  |Ramos et al. (2015)
Calanus sinicus 69 751 69 751 1127 43417 |Yangetal. (2014)
Calanus sinicus 3923 No 29 458 513 Eyun et al. (2017)
Eucyclops serrulatus PRINA231234 51528 16 342 36 645 141 No Cattonaro (Dir Sub)
Eurytemora affinis PRINA278152 107 445 26 685 142143 154 |No 29783 Monroe (Dir Sub)
Eurytemora affinis PRINA242763 138 088 23627 143733589 |Yes Almada and Tarrant (Dir Sub)
Eurytemora affinis 88104 26 685 Eyun et al. (2017)
Paracyclopina nana PRINA268783 60 687 27 858 95 849 484 Yes 67179 4178 12474  |Lee et al. (2015)
Pseudocalanus acuspes PRINA296544 207 302 12713 59 236 626 Yes 69 555 1348 28879 |De Wit et al. (2016)
Tigriopus kit ji I PRINA283925 38250 7 809 36 497 199 Yes Lee (Dir Sub)
Tigriopus kil ji i 23942 28850726 40172 1093 12772 |Kangetal. (2017)
Tigriopus californicus PRINA263967 12 067 13452 14 966 851 No Barreto et al. (2011)
Tigriopus californicus PRINA263967 12 075 13452 14 902 878 No Barreto et al. (2011)
Tigriopus californicus 106 317 27 644 NA Yes 106 317 2837 12573  |Periera et al. (2016)
Tigriopus californicus 60 840 8614 1510 Eyun et al. (2017)
Tigriopus japonicus PRINA274317 54758 23769 82981758 Yes 3565 Kim et al. (2015)
AT P
Euphausia superba 11127 Yes 15 347 520 7942 Meyer et al. (2015)
Euphausia superba 22177 8515 Yes 5563 Clark et al. (2011)

hausia superba 133962 129183922 |Yes 1294 27928 |Sales et al (2017)
Euphasia crystallorophias 42632 8341 Toullec et al. (2013)
Meganyctiphanes norvegica PRINA324094 405 497 26 644 222530071 [No NA NA NA Maas and Blanco Bercial (Dir Sub)
Arthropoda: Amphipoda
Talitrus saltator PRINA297565 156 706 22032 151674 147 |Yes 968 0'Grady et al. (2016)
Arthropoda: Mysidacea
Neomysis awatschensis PRINA287057 22141 10398 14 999 154 Yes 22141 801 Kim et al. (2016)
Mollusca: Pteropoda
Clio pyramidata PRINA231010 45735 45735 852 30800 |Maas et al. (2015)
Clione limacina PRINA314884 477 401 30190 258 267 445  |Yes 300 994 816 181879 |Thabet et al. (2017)
Limacina antarctica PRINA295792 81226 7935 59791880 No 402273 500 81229 |Johnson and Hoffman (2016)
Limacina helicina PRINA386290 53121 12358 31790 000 Yes 796 Koh et al. (2015)
Urochordata: Tunicata
Oikopleura dioica PRINA269316 54 949 23096 66 526 340 No Wang et al. (2015)
Oikopleura dioica PRINA269317 86 898 70 800 000 57 962 1806 16423 [Wangetal. (2015)
Salpa thompsoni PRINA279245 217 849 30785 151741986 |No 216931 1163 26413  |Jue et al. (2016); Batta Lona et al. (2017)
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19.8. Figure Legends

Figure 1. Distribution of estimated genome sizes in representative holozooplankton phyla.
Black dots indicate sequenced genomes. Genome size estimations are from Gregory
(2017), Jeffery et al. (2017), Leinaas et al. (2016), Ryan et al. (2014), Moroz et al.
(2014), and Madoui et al. (2017).

Figure 2: Comparison of the mitochondrial gene order between Calanus sinicus and C.
hyperboreus. Only the 13 protein-coding genes are represented. Rectilinear shapes
show genes for which the order is conserved between the two species; red lines
indicate genes with the same sequence but in reverse order between the species.

Figure 3. Calanus finmarchicus (Copepod) http://umaine.edu/jrunge/files/2013/12/CV_1 for-
publication.jpg (Photo J.R. Runge, University of Maine)

Figure 4. Circulation patterns and bathymetry of the North Atlantic Ocean basin, providing the
foundation of the three-gyre hypothesis for basin-scale dispersal of the copepod
Calanus finmarchicus. Figure from Wiebe et al. (2009).

Figure 5. Centropages typicus (Copepod) https://alchetron.com/Centropages-2143715-W

(Photo Slotwinski, University of Tasmania)

Figure 6. Hypothesized models of gene flow and population connectivity of the copepod
Centropages typicus. The full migration model (upper right in diagram) showed the
highest likelihood among the considered models based on Bayesian analysis. Figure
from Blanco-Bercial and Bucklin (2016).

Figure 7. Euphausia superba (Euphausiid) http://www.ecoscope.com/krill/krill4/index.htm
(Photo Uwe Kils, Rutgers University, USA)

Figure 8. Meganyctiphanes norvegica (Euphausiid)

https://en.wikipedia.org/wiki/Northern_krill#/media/File:Meganyctiphanes_norvegica

.jpg (Photo Uwe Kils, Rutgers University, USA)
Figure 9. Pleurobrachia bachei (Ctenophora)
http://jellieszone.com/ctenophores/pleurobrachia/ (Photo Dave Wrobel)

Figure 10. Spadella cephaloptera (Chaetognatha)
http://australianmuseum.net.au/image/Arrow-worm-Chaetognaths (Photo Peter

Parks, Image Quest 3-D)

Figure 11. Salpa thompsoni (Tunicata, Thaliacea)
http://www.whoi.edu/cms/images/oceanus/2005/6/v44n1-briefs2-3en 10823.jpg
(Photo L.P. Madin, Woods Hole Oceanographic Institution)
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Tables

Table 1. Tunicates Ctenophores Copepods
Oikopleura dioica Oikopleura Salpa Pleurobrachia Mnemiopsis Eurytemora Oithona nana  Tigriopus Tigriopus californicus
dioica thompsoni | bachei leidyi affinis kingsejongensi
Main assem Allelic assem
Assembly Name ASM20953v1 ASM20955v1 Salp Genome |P.bachei_draft_g GCA_00022601 |Eaff_1.0 O.nanav.1.0 NA TCALIF_v1.0
1.0 enome_v.1.1 51
Estimated Genome Size (MB) 68,46 allelic assembly  g02° 170 150 616.14° 85 298 245°
Assembly Size 70471451 45141193 318747957 |156 121975 155 865 547 494 890 867 85010 107 305712 242 184 634 130
Predicted protein coding Genes 18020 18 020 13186 19523 16 548 29783 15359 12772 14 536
Coverage 14X N/A 20X 200X 160X 75X N/A 65X N/AC
Number of scaffolds 1260 4196 478 281 21979 5100 6899 4626 27823 2365
Length of N50 scaffold (bp) 395387 21890 934 20628 187314 862 645 400 614 159218 298012
Number of N50 scaffold (L50) 35 478 79 492 1646 242 163 60 N/A® 180
Number of contigs 5917 6678 590 021 383864 24884 122625 7437 48368 26175
Length of N50 contig (bp) 24932 10847 636 6132 11936 5738 38620 17 566 14799
Number of N50 contig 718 985 136534 6078 3653 19338 463 N/A® 3352
Length of gaps (bp) 3938358 2655217 14945692 (19276734 5525119 107 316 113 2943785 10 474 460 N/A®
References Denoeudetal. Denoeudetal. Jueetal. Moroz et al. Ryan etal. Eyunetal. Madouietal. Kangetal. (2017) https://iSk.nal.usda.
(2010) (2010) (2016) (2014) (2013) (2017) (2017) gov/Tigriopus_califo
rnicus

* genome size estimate independent of assembly (Jue et al. (2016))
" genome size estimate independent of assembly (Rasch et al. (2004))
< not available/not provided

¢ genome size estimate independent of assembly (Wyngaard and Rasch 2000)
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Table 2

Table 2.

Taxon and Species Citation Length (bp)
Copepoda

Calanus hyperboreus Kim et al., 2013 17910
Calanus sinicus Minxiao et al., 2011 >20,460
Paracyclopina nana Ki et al., 2009 15981
Tigriopus californicus Burton et al., 2007 14 600
Tigriopus japonicus Machida et al., 2002 14 628
Tigriopus sp. Jung et al., 2006 14 301
Euphausiacea

Euphausia pacifica Shen et al., 2011 16 898
Euphausia superba Shen et al., 2010 >15,498
Ostracoda

Vargula hilgendorfii Ogoh & Ohmiya, 2004 15923
Amphipoda

Onisimus nanseni Kietal., 2010 14 734
Decapoda

Acetes chinensis Kimetal., 2012 15 740
Cnidaria

Aurelia aurita Shao et al., 2006 16 937
Cassiopea frondosa Kayal et al., 2011 15 949
Chrysaora quinquecirrha Hwang et al., 2014 16 775
Ctenophora

Mnemiopsis leidyi Pett et al., 2011 10 000
Pleurobrachia bachei Kohn et al., 2012 11016
Chaetognatha

Sagitta decipiens Miyamoto et al., 2010 11 121
Sagitta enflata Miyamoto et al., 2010 12 631
Sagitta ferox Lietal., 2016 12 153
Sagitta nagae Miyamoto et al., 2010 11 459
Paraspadella gotoi Helfenbein et al., 2004 11 423
Pterosagitta draco Wei et al., 2016 10 426
Spadella cephaloptera Papillon et al., 2004 11 905

47




Table 3.

Contig Contig Max | Contigs Total |Contigs

Phylum and Species BioProject Total Length Length Tr N50 Genes Citation
Cnidaria
Alatina alata PRINA312373 31737 32591 48 508 802 No 31776 2545 20173  [Ames et al. (2016)
Rhopilema esculentum PRINA318143 148 857 30742 121470903 [No NA NA NA Chongbo and Yunfeng (Dir Sub)
Aurelia aurita PRINA252562 252170 |46 960 180188094 [No 24 264 1761 10285  |Brekham et al. (2015)
Ctenophora
Mnemiopsis leidyi PRINA344880 140 842 29 348 137638938 |No NA NA NA Sanchez Alvarado, Gotting and Ross (Dir Sub)
Arthropoda: Copepoda
Acartia fossae 100 383 8174 No 769 Eyun et al. (2017)
Calanus finmarchicus PRINA236983 28 954 2945 10223 122 No 251042 354 13 057 Smolina et al. (2014)
Calanus finmarchicus PRINA236528 206 012 23068 205 455659  |Yes 1418 Lenz et al. (2014)
Calanus finmarchicus PRINA231164 241 140 25048 160760 719  [No Tarrant et al. (2014)
Calanus glacialis PRINA237014 36 880 4021 15 748 490 No 242 602 471 18 387 Smolina et al. (2014)
Calanus glacialis PRINA274584 54 344 7507 33214 362 No 16 998 620 16 998 Ramos et al. (2014)
Calanus sinicus 69 751 69 751 1127 43417 |Yang et al. (2014)
Calanus sinicus 3923 No 29 458 513 Eyun et al. (2017)
Eucyclops serrulatus PRINA231234 51528 16 342 36 645 141 No Cattonaro (Dir Sub)
Eurytemora affinis PRINA278152 107 445 26 685 142143154 |No 29783 Monroe (Dir Sub)
Eurytemora affinis PRINA242763 138088 23627 143733589 |Yes Almada and Tarrant (Dir Sub)
Eurytemora affinis 88104 26 685 Eyun et al. (2017)
Paracyclopina nana PRINA268783 60 687 27 858 95 849 484 Yes 67 179 4178 12474 Lee et al. (2015)
Pseudocalanus acuspes PRINA296544 207 302 12713 59 236 626 Yes 69 555 1348 28 879 De Wit et al. (2016)
Tigriopus kingsejongensis PRINA283925 38250 7809 36 497 199 Yes Lee (Dir Sub)
Tigriopus kingsejongensis 23942 28850 726 40172 1093 12772 Kang et al. (2017)
Tigriopus californicus PRINA263967 12 067 13452 14 966 851 No Baretto et al. (2010)
Tigriopus californicus PRINA263967 12 075 13452 14 902 878 No Baretto et al. (2010)
Tigriopus californicus 106 317 27 644 NA Yes 106 317 2837 12573 Periera et al. (2016)
Tigriopus californicus 60 840 8614 1510 Eyun et al. (2017)
Tigriopus japonicus PRINA274317 54758 23769 82981 758 Yes 3565 Kim et al. (2015)
Arthropoda: Euphausiacea
Euphausia superba 11127 Yes 15 347 520 7942 Meyer et al. (2015)
Euphausia superba 22177 8515 Yes 5563 Clark et al. (2011)

h ia superba 133 962 129183922 |Yes 1294 27928 |Sales et al 2017
Euphasia crystallorophias 42 632 8341 Toullec et al. (2013)
Meganyctiphanes norvegica PRINA324094 405 497 26 644 222530071 [No NA NA NA Maas and Blanco Bercial (Dir Sub)
Arthropoda: Amphipoda
Talitrus saltator PRINA297565 156 706 |22 032 151674 147 |Yes 968 O'Grady et al. (2016)
Arthropoda: Mysidacea
Neomysis awatschensis PRINA287057 22141 10398 14 999 154 Yes 22141 801 Kim et al. (2016)
Mollusca: Pteropoda
Clio pyramidata PRINA231010 45 735 45 735 852 30 800 Maas et al. (2015)
Clione limacina PRINA314884 477 401 30 190 258 267 445 |Yes 300994 816 181879 |[Thabet et al. (2017)
Limacina antarctica PRINA295792 81226 7935 59791880 No 402 273 500 81229 [Johnson and Hoffman (2016)
Limacina helicina PRINA386290 53121 12358 31790 000 Yes 796 Koh et al. 2015
Urochordata: Tunicata
Oikopleura dioica PRINA269316 54 949 23 096 66 526 340 No Wang et al. (2015)
Oikopleura dioica PRINA269317 86 898 70 800 000 57 962 13806 16 423 Wang et al. (2015)
Salpa PRINA279245 217849  [30785 151741986 |No 216 931 1163 26413 |Jue et al. (2016); Batta Lona et al. (2017)
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