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ABSTRACT

One of the primary characteristics that determines the structure and function of marine food
webs is the utilization and prominence of energy-rich lipids. The biogeographic pattern of lipids
throughout the ocean delineates the marine “liposphere,” which supports lipid-rich fish, mammal,
and seabird communities. While the importance of lipids is well appreciated, there are no
synoptic measurements or biogeographic estimates of the marine liposphere. Productive lipid-
rich food webs in the pelagic ocean depend on the critical diapause stage of large pelagic
copepods, which integrate lipid production from phytoplankton, concentrating it in space and
time, and making it available to upper trophic levels as particularly energy-rich wax esters. As an
important first step toward mapping the marine liposphere, we compared four different
modeling approaches of copepodid diapause, each representing different underlying hypotheses.
Through a series of global model runs, we demonstrated the potential for regional studies to be
extended to estimate global biogeographic patterns of the diapause trait. In general, models were
able to resolve more than just the latitudinal pattern of diapause, but also pick up a diversity of
regions where diapause occurs, such as upwelling zones and seasonal seas. The predicted global
biogeographic patterns, combined with carbon flux estimates, suggested a lower bound of 0.031
- 0.25 Pg Cyrt associated with copepodid diapause. While complex models may offer advantages
in terms of reproducing details of community structure, simpler theoretically based models
appeared to best reproduce broad-scale biogeographic patterns and showed the best correlation
with observed biogeographic patterns. This indicates a promising path forward for representing
a detailed biogeography of the marine liposphere in global ecosystem and climate models.
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INTRODUCTION

Our understanding of the ocean ecosystem rests on a balance between complexity and simplicity
(Flynn, 2005; Friedrichs et al., 2007). One approach for simplifying the biodiversity and
heterogeneous information inherent to ecosystems is to organize them in terms of ecologically
important characteristics, such as traits or trophic levels. For example, at a very coarse level, we
often measure chlorophyll fluorescence as a way of simplifying the complex structure of a
phytoplankton community. At a finer resolution, we may group organisms by traits such as size
(Hansen et al., 1994), diazotrophy (Follows et al., 2007), or gelatinous body composition
(Kigrboe, 2013). While simplifying in terms of these characteristics averages out some of the
diversity of species, the tradeoff is that the information retained can mechanistically link the
structure of the community with the ecosystem function. There have been significant steps along
this path for marine phytoplankton groups using trait-based ecology (Litchman et al., 2007;
Litchman and Klausmeier, 2008; Edwards et al., 2012; Barton et al., 2013). For upper trophic
levels, we are still in the early stages of this process, with much of the discussion focusing on
which characteristics to consider (e.g. Litchman et al., 2013). This is due partly to the complexity
of life cycles and partly to the lack of a synoptic global measurement analogous to satellite
measurements of phytoplankton.

One key ecosystem component that is particularly important to upper trophic levels is the
utilization and prominence of energy-rich lipids. Lipids of marine origin play important
ecological and biogeochemical roles in energy storage, transfer, and downward flux through
processes such as the “lipid pump” (Lee et al. 2006, Jénasdottir et al. 2015), as well as in global
food security (Belton and Thilsted 2014). Yet there is little information delineating the marine
liposphere—i.e. the global distribution and dynamics of these energy-rich lipids. In such a case,
models have the potential to provide initial estimates. Productive lipid-rich food webs in the
ocean generally depend on the critical copepodid diapause stage of large pelagic copepods, which
integrate lipid production from phytoplankton, concentrating it in space and time as high energy
wax esters, and making it available to upper trophic levels (Kattner & Hagen 2009). There is a
wealth of information already gathered on copepodid diapause through in situ and modeling
studies, and there is potential to produce detailed operational biogeographic maps. Here we
review knowledge on copepodid diapause. Using models in the reviewed literature and a series
of new global model runs, we test how existing knowledge may be extended to the basin and
global scales with the intention of providing a steppingstone toward a more comprehensive trait-
based perspective on the global distribution of zooplankton.

Copepods typically dominate the mesozooplankton community in most of the pelagic ocean. They
form a key trophic link between primary production and upper trophic levels including fish, birds,
mammals, and invertebrates. In much of the ocean, the biomass dominance of copepods takes on
a particular form—that is, each community is dominated by one or a few species of large calanoid
copepods whose life history is characterized by an ontogenetic vertical migration and diapause
during one or several developmental stages. While most common at higher latitudes, this
characterization also applies in upwelling and seasonal systems across latitudes. Copepods
characterized by a late-copepodid diapause stage constitute as much as 90% of the
mesozooplankton community in such ecosystems (Wishner et al., 1995; Gislason et al., 2000;
Melle et al,, 2014). For marine copepods, diapause is understood as an adaptation to a seasonal
alternation between favorable and unfavorable conditions (Williams-Howze, 1997),
conventionally viewed as an adaptation to the strong seasonality in food supply (Mauchline,



1998). However, it is likely that a combination of multiple factors, such as temperature, food
supply, and predator avoidance, creates the necessary conditions for diapause (Ohman, 1988;
Kaartvedt, 2000; Irigoien, 2004; Ji, 2011; Varpe, 2012).

The diapause trait is exhibited in a few different forms among marine pelagic copepods.
Copepods have a 13-stage life history, including egg (E), six naupliar stages (N1-N6), and six
copepodid stages (C1-C6/adult); for some species, one or more of these developmental stages
may involve diapause, leading to univoltine, multivoltine, and flexible life histories, depending on
diapause stage and ontogenetic rates (Fig 1). Diapause can occur in copepod eggs in sediments
(also called “resting eggs”) in shallow seas (Williams-Howze, 1997) and possibly during naupliar
stages (Tanimura et al., 1996). Here we focus on the lipid-rich copepodid diapause due to its
essential role in the marine liposphere. Copepodid diapause is most prevalent and numerically
dominant in highly seasonal systems, where primary production occurs in concentrated blooms
that are limited in duration, sometimes to just a few weeks. The broader consequence of this
diapause strategy is that the essential high energy resource produced by the phytoplankton
bloom is concentrated in energy-rich lipids that are then available to upper trophic levels for a
much longer period of time. The regions of the oceans where this strategy dominates the copepod
community are also highly productive, lipid-rich food webs at higher trophic levels (Fig 2). Many
of the world's most productive fisheries are derived from this lipid resource, as are the feeding
habitats of migrating whales and seabirds (Varpe et al. 2005; Pershing et al. 2009; Pendleton et al.
2012; Baumgartner et al. 2013). The presence or absence of diapausing copepods plays a
fundamental role on a global scale in determining whether or not a region supports a lipid-rich
food web.

In many oceans, the boundary between diapause-dominated and diapause-rare communities has
been shifting in strong association with climate signals and at a rate that exceeds similar climate
shifts in terrestrial environments (Beaugrand et al., 2009; Chust et al., 2013). In the North Sea,
the shift away from a community dominated by the diapausing copepod Calanus finmarchicus had
a serious detrimental impact on cod recruitment, coinciding with a subsequent sharp decline of
the fishery (Beaugrand, 2003). In the western North Atlantic, oceanic conditions caused a decline
in C. finmarchicus at the southern edge of its range, with similar effects on fisheries (Pershing et
al,, 2005) and a decline in the calving rate of the endangered northern right whale severe enough
to place the viability of the species in jeopardy (Greene and Pershing, 2004; Meyer-Gutbrod and
Greene 2017). Lipid accumulation patterns through multiple higher trophic levels can have
effects on condition, and therefore on foraging behavior, leading to range shifts in large pelagic
species such as Atlantic bluefin tuna (Golet et al. 2015). The recent high mortality of northern
right whales associated with a range shift is likely to be caused by a shift in foraging patterns
(Stokstad 2017), highlighting the importance of the geographic extent of the liposphere. As ocean
conditions continue to change, we might expect this lipid boundary to continue to move further
into high-latitude oceans, with similar shifts in these ecosystems that depend on diapausing
copepods as a critical source of energy. However, changes are likely to be more nuanced than
simple latitudinal range shifts. Melting of Arctic ice can yield complex nonlinear changes, with
some diapausing species relying on seasonal ice conditions and ice algae and others potentially
benefitting from regions newly opened as Arctic ice retreats. Some climate models predict an
increase in net primary productivity in the Arctic (Bopp et al., 2013), and the phenology of
primary productivity is expected to change as well (Ji etal,, 2013; Ardyna et al,, 2014). There is
also the possibility for one diapausing species to replace another as ranges shift. The ability to



predict where the diapause trait will persist and where it will be replaced is of primary
importance in forecasting the structure of ecosystems in these regions.

There has been a great deal of research on copepodid diapause at the species level, but there are
limitations to this approach that could be overcome by taking a trait-based perspective. For
example, recent models of the well-studied C. finmarchicus rely primarily on a single study for
developmental parameters (Campbell, 2001), but parameterizations and functional responses
may not be consistent within this species across its range (Melle et al., 2014). Moreover, the
diapause trait is flexible for this species, with diapause sometimes initiating at C5, sometimes at
C4, and sometimes not at all. Another diapausing species Calanus glacialis exhibits similar
flexibility across different Arctic regions (Daase et al., 2013). At the same time, there is evidence
of hybridization between C. finmarchicus and C. glacialis (Parent et al., 2012). Species
determination can be difficult or impossible in the field (Gabrielsen et al., 2012), illustrating how
difficult it can be to parameterize models even for the most well-studied species. Trait-based
ecology moves the focus away from species, instead asking questions like: Where and when
should diapausing copepods dominate the zooplankton community? What form (i.e. during which
stage, at what size, with what phenology) should this diapause strategy take in a given
environment? Species of the genera Calanus, Calanoides, Eucalanus, Neocalanus, and Rhincalanus,
among others (Table 1), play similar ecological roles, adopting diapause strategies and providing
an extended and abundant lipid resource for upper trophic levels. Because the diapause trait is
flexible within species, understanding the causes and geographic patterns of this trait more
generically would help to understand and predict the geographic extent of the marine liposphere,
and hence the distributions of productive, lipid-rich food webs. This is particularly important, as
many of the regions that are undergoing the most rapid environmental change and species
redistribution are also regions where diapause dominates the zooplankton community. The
biogeography of the diapause trait determines the extent of the marine liposphere, and is likely
to be a first-order determinant of the persistence and composition of fish, mammal, and bird
communities in that region. With respect to changing climate, understanding which
environments are likely to yield a copepod community that is characterized by dominance of the
diapause trait, and what form the diapause strategy would take, may be more important to the
resulting food web than the precise assemblage of zooplankton species.

METHODS
Computing and mapping the marine liposphere

The prospect of mapping trait biogeographies on basin and global scales has certain challenges.
There is generally not a systematic survey with global coverage, and surveys typically enumerate
species rather than traits. Barton et al. (2013) put forward three complimentary approaches to
mapping trait biogeographies: (1) Directly measure the trait in situ; (2) Associate traits with
species, and map the trait distribution back to the known distributions of species—referred to as
the “trait-to-map" strategy; (3) Develop models that represent and/or predict traits in spatially-
explicit environmental conditions.

For copepodid diapause, there is some potential for approach (1). The most promising methods
use optical and imaging tools (Schmid et al. 2016), possibly in combination with biochemical or
genetic analysis (e.g. Wagner et al,, 1998). In particular, it is easy to identify deep diapause layers
using in situ size-spectral measurements, which would enable direct measurement during



diapause. At present, only a handful of studies have attempted to map copepodid diapause across
environmental gradients (Gaardsted et al., 2010; Gaardsted et al.,, 2011; Baumgartner et al. 2013).
None of these studies covers the basin scale, but with the proliferation of autonomous profilers
that include optical measurements, a global or basin scale survey of the distribution of diapausing
copepods is feasible in the future. Approach (2) is sometimes used from a single-species
perspective, but rarely from a trait-based perspective. Some of the most common species have
range maps that can be found in the literature, particularly for the Northern Hemisphere (Fig 3,
and references therein). Combining these range maps provides a coarse and static picture of the
biogeography of a trait. For a higher resolution and dynamic picture, we can use approach (3).
There is a large body of work modeling diapausing copepods (Hairston Jr. and Munns Jr., 1984;
Huntley et al., 1994; Miller et al., 1998; Fiksen, 2000; Zakardjian et al., 2003; Tittensor et al.,
2003; Speirs et al., 2006; Varpe et al,, 2007; Maps et al,, 2010; Maps et al,, 2013; Pierson et al,,
2013; Wang et al,, 2014), incorporating some aspects of the trait-based perspective (Ji, 2011;
Maps et al,, 2012; Record et al., 2013a). Most modeling studies focus on a single region and just
one species. However, the physiological controls and ecological constraints and implications of
copepodid diapause should be similar across the variety of habitats where the trait is found. If
this is true then the models used in regional or single-species studies should contain predictive
information on the distribution of copepodid diapause more broadly.

There is a wide range of copepod models, including empirical statistical models (Reygondeau and
Beaugrand, 2011; Chust et al,, 2013), population dynamical and life history models (Fiksen &
Carlotti 1998; McGillicuddy et al., 2001; Zakardjian et al., 2003; Speirs et al., 2006; Varpe et al,,
2007; Jietal, 2009; Record et al., 2010; Ji, 2011; Varpe, 2012), detailed individual-based models
(Leising and Franks, 2000; Leising, 2001; Maps et al., 2012), and community-based models
(Record et al., 2013a). In some models, life history strategies emerge, and in others, life history is
assumed to be fixed. Each model is a mathematical expression of a hypothesis (or hypotheses)
that attempts to explain the distribution and/or abundance in space and time of a species or to
predict the combination of life history traits of a species in a given environment. The questions of
where diapause will or will not occur and of how diapause boundaries will shift are global-scale
questions. We would like to know if any of these models, built on basic ecological principles, can
answer these questions at this scale. To this end, we have selected three contrasting copepod
models that focus on diapause, each with a different underlying hypothesis, and run them on a
global scale—which deliberately extends them beyond the region they were initially designed for.
We have also included an empirically based model for comparison.

Each model operates in a water column context and relies on a seasonal cycle of environmental
conditions. We used climatological temperature data from the World Ocean Atlas (Locarnini et al.,
2010) and satellite measurements (http://oceancolor.gsfc.nasa.gov/) of chlorophyll to drive the
model. These data are resolved to 1-degree in space and interpolated to 1 day in time. Stochastic
variability was added to the seasonal cycle, and ensembles of output computed, to capture the
inherent variability in conditions (following Fiksen, 2000; Ji, 2011). The models were computed
essentially as they appeared in their original publications, with only minor modifications (as
indicated below). It is important to note that this type of global scale test is beyond the original
intent of these models as they were designed. The point of the exercise is to illustrate that the
ecological principles underlying the models have broader applicability in the context of the
marine liposphere. We address the modifications necessary to better generalize these models in
the discussion.



Model I: Life history

From the perspective of life history theory, the occurrence and form of a diapause strategy
depends on its effect on long-term fitness (Stearns, 1992). Ji (Ji, 2011) constructed a life history
model for C. finmarchicus diapause using lifetime offspring production per individual as a fitness
measure. C. finmarchicus generally diapauses as a C5 copepodid, though this strategy is flexible,
and during some times of year, C5s molt directly into adults for reproduction, bypassing diapause.
Such a flexible strategy has confounded attempts to determine the cues for the initiation of
diapause (Johnson et al., 2008). From a life history theoretical point of view, the focus in this
model is not on the physiological mechanism underlying diapause, but rather on the strategy that
maximizes fitness, and therefore the potential viability of the genotype or phenotype, over the
long term.

Model Description

In the Ji (Ji, 2011) model, a parameter p represents the proportion of the population
entering diapause as a copepodid stage C5. The number of C5s, Ncs, surviving from one
generation to the next is then

Ncs =p Ncsa +(1-p) Ncsa, 0<ps<1 (1)
where Ncsq is the number surviving via a diapause strategy, and Ncsa is the number surviving
through an active (non-diapause) strategy. Net reproductive rate was calculated using a life-table
approach (Kigrboe2008). The calculation of the full life history followed the standard forms for C.
finmarchicus. That is, an ontogenetic rate described by a Bélehradek function (Bélehradek, 1935)
with food limitation,

0= CI(T(t) + a’d)ﬁ/(l — el-F (ﬂ/‘l’)) (2)
a Q1o function for mortality increasing with temperature, and a food-dependent reproductive rate,
r(6) = emaxF(0/(F(0) + K7) 3)

where ¢ is development duration (days), r is reproductive rate (day1), T and F are respectively
temperature (°C) and food (mg Chl-a m-3) at time ¢, and the other variables are parameters
describing these functional shapes. One of the strengths of this model is that it requires little
parameterization and yet is able to produce realistic diapause patterns. The minimal requirement
for parameterization is likely to be advantageous as we attempt to project to future conditions
where parameter uncertainty may be high.

Model II: Physiology

From an individual copepod's point of view, a successful dormancy strategy requires lipid stores
large enough to fulfill its metabolism during several months of starvation and to sustain the next
molt, even gonad maturation and egg production in some cases. The lipid content at the onset of
dormancy is often more than half of an individual's dry mass (Lee et al. 2006). Such a large
amount of lipid requires individual copepods to take the diapause path well before
environmental conditions become detrimental for growth. As a result, lipid metabolism is a likely
candidate (even if just a proxy) for the internal control of diapause in copepods (Johnson et al,,
2008). Maps (Maps et al,, 2012) developed an individual-based model where individual copepods
take the diapause path if they reach a minimum threshold of lipid content (tracked by carbon);
otherwise, they continue development to adulthood. The variability in individual growth
trajectories leads to the coexistence of both dormant and active strategies in the population. A
lower lipid content threshold controls exit from diapause. Here the focus is on the physiological
process controlling diapause, and it is the environmental constraints on this process that will
determine whether or not diapause will occur at a location.



Model Description

There are two aspects in the proposed control of diapause by lipid metabolism. The first is the
amount of lipid stores that an individual copepod can achieve during its ontogeny. Different
species have different sizes, but intraspecific variability in body size is also large. Growth and
development respond differently to environmental forcing so that the cumulative difference in
body size (and lipid content) can vary by as much as a factor of five seasonally and among
individuals (Forster and Hirst, 2012). Maps (Maps et al.,, 2012) developed a generic copepod
model that takes explicitly into account the growth-development tradeoff. The dynamics of the
modeled copepods were determined by three core equations: Arrhenius temperature
dependence, Holling type Il ingestion, and allometric scaling:

g=0.6l-B (4)
I = F(t)vom(t)3/4e"E/T(®) /(1 + F(t)hovo) (5)
B = bom(£)3/4e~E:/ (KT(0) (6)
8 = ds~ e E/ (KT (7)
) = F(t)hovo/ (1 + F(t)hovo) (8)
r=gA/mo (9)

with I the individual ingestion rate (pg C day1), f{I) the ratio between the actual and the
maximum ingestion rate that serves as a food limitation factor in the stage-specific development
rate function J; (days), B the metabolic demand (pg C day1), g the growth rate (ug C day!) and r
the reproductive rate for an income breeding strategy (reproduction based on adult growth gA4).
T, F and m are respectively the temperature (°C), food (ug C computed from Chl-a) and body mass
at time t. The other variables are parameters describing these functional shapes (note: k is
Boltzmann's constant). This model was able to accurately represent ontogenetic and species-
specific sizes (mass) for four calanoid copepod species (C. finmarchicus, C. glacialis, C.
hyperboreus and Pseudocalanus newmani) as a dynamic response of the model to variable
temperature and food conditions. The second critical aspect of the proposed control of diapause
by lipid metabolism is the rate at which the lipid stores are mobilized during dormancy
(metabolic rate). A review of 15 copepod species known to rely on copepodid dormancy found
that the metabolic rate of dormant copepods was about one fourth of the values for actively
growing copepods, a level that remains consistent across a large range of species, body sizes, and
environmental conditions (Maps et al. 2013).

Model III: Trait-based community ecology

A copepod community is made up of many interacting species. The structure of the community
emerges from complex interactions among organisms and between organisms and their
environment, their prey, and their predators. In adaptive emergence models, food webs are not
predefined, static structures, but rather are able to change their species composition and
restructure themselves based on both changing conditions and internal dynamics. This approach
has been successfully applied to phytoplankton (Follows et al., 2007; Clark et al., 2013; Daines et
al., 2014) and to copepods (Record et al., 2013a). The basic approach is to describe taxa
generically based on their ecologically relevant traits, and to inoculate a model environment with
taxa drawn randomly or exhaustively from the corresponding parameter space. Through the
dynamic processes represented in the model, selection occurs, and a small fraction of these taxa
will survive and comprise the emergent community. These communities can then be compared to
real communities with respect to community structure, biodiversity, and other ecological
patterns. In this framework, the characteristics of diapause at a given location are a product of
interactions among the full copepod community.



Model Description
The model of Record (Record et al., 2013a) applied this approach to pelagic copepods using the
following traits to describe copepod taxa: diapause stage (including non-diapause), egg mass,
spawning strategy (broadcast vs. sac), baseline developmental rate, and temperature dependence
of developmental rate. The model represented both stage and mass of each taxon because
developmental rate (progression through stages) and growth rate (accumulation of mass) have
different dependencies that are often decoupled (Maps et al. 2012). The basic equations are:

8 = dseE/(T0) /(1 - e(-F(O/0)) (10)

g=(1-et0/e) (11)

r=ro(1 - e F/¢)méa/mo
where ¢ is development time (days), g is growth rate (pug C day1), r is reproductive rate, T and F
are respectively temperature (°C) and food (pg C computed from Chl-a) at time ¢, and the other
variables are parameters describing these functional shapes. In addition to these core equations,
there are other relationships describing interactions between taxa, such as egg predation and
cannibalism (Record et al,, 2013a). Because of the coexistence and community structure
reproduced in this model, it can be informative on not just the diapause strategies employed, but
also the proportion of the copepod population using each strategy. The model is very
computationally heavy, so a few simplifications were made to run it on a global scale. Only the
diapause trait was allowed to be flexible, the number of taxa was set to 16, and the model was
run out to 10 years at each pixel.

Model IV: Empirical

A common approach to modeling the distribution of a species is to use an empirical species
distribution model; we include one such example here for comparison. This approach does not
attempt to represent any underlying mechanism or process, but rather uses empirical
relationships between measured variables, such as temperature, and species observations. These
relationships are used to map the distribution over large areas. Empirical methods have been
used to estimate the distribution and range shifts of some diapausing species (Reygondeau and
Beaugrand, 2011; Chust et al,, 2013). There is a wide range of empirical species distribution
models (e.g. generalized additive models, artificial neural networks, classification and regression
trees, maximum entropy). We selected the maximum entropy model (" MaxEnt", Phillips et al,,
2006), as it is designed to operate on presence-only data. We used observations from the OBIS
database, which are best treated as presence-only measurements. Observations containing any
species known to diapause as a copepodid were treated as presences (cf Table 1). Predictor
variables included the temperature and chlorophyll-a data used to force Models I-11], including
the climatological temperature and chlorophyll value for each month, and the mean, median,
minimum, and maximum values for the year. We used the Maximum Entropy Modeling of Species
Geographic Distributions software package, version 3.3.3k
(http://www.cs.princeton.edu/~schapire/maxent/). There are many ways to configure the
MaxEnt calculation. We are showing only one such configuration here because empirical
modeling is not the focus of this review; the results shown represent the best of a series of
MaxEnt configurations tested. While use of MaxEnt has become widespread for mapping
biogeographies of species, it has only recently been applied to map the biogeography of a trait
(McGinty et al. in review).

Data Comparison



In order to evaluate the skill of each model at producing the average biogeography of copepodid
diapause, we compared the output of each to two regional copepod data sets: the North Atlantic
continuous plankton recorder (CPR) dataset, and a dataset of net samples from Saito & Kubota
(1995) in the Falkland Current. Datasets were chosen that spanned regions of both high and low
diapause occurrence in order to give a good assessment of the model. Diapause biogeography
was quantified as the proportion of large copepods (> 2 mm, Friedland et al. 2016) within the
population made up of species known to have a diapause stage (cf Table 1). Model evaluation was
performed by correlation of the modeled biogeography against the measured biogeography.
Because the models produce different outputs that are not directly comparable, there is no
completely objective way to compare them to each other. However, each produces some metric
of viability of the diapause strategy. We used these metrics to compare to the prevalence of
diapause in the datasets.

RESULTS

All four models produce the very general pattern of presence of diapause at more polar latitudes
and absence of diapause toward the equator (Fig 4). There are a number of regional differences.
Across the North Atlantic, Model I predicts the southern boundary of the diapause range to follow
the northern wall of the Gulf Stream, including a northward swing toward Iceland. Model II has a
similar pattern, but also includes a band stretching from Newfoundland to the British Isles,
further south than Model 1. Model II also predicts gaps along the west coast of Alaska and north
coast of Russia that do not appear in Model I. These two models show very similar patterns
across the Southern Ocean with only subtle differences. Both predict various coastal regions to
provide viable diapause habitat as well, such as the southern coasts of South America and the
southwest coast of Africa along the Benguela Current. Model Il is highly stochastic, and only the
very general latitudinal gradient is resolved. Similarly, Model IV captures the broad latitudinal
pattern, but with smoother output. Models I and II also predict a more spatially extensive
biogeography of the C5 diapause trait in the northern hemisphere than in the southern, whereas
model IV in particular predicted an approximate balance between the northern and southern
hemispheres.

Much of the information that has gone into these models has come from our knowledge of the
heavily-studied C. finmarchicus and other North Atlantic species. An interesting result is the fact
that the models pick up on a wide range of other habitats where diapausing copepods dominate.
For example, a number of diapausing species occur around the coast of South America, including
Calanus australis, Calanoides carinatus, and Calanus simillimus, carried along the Falkland current
as far north as Buenos Aires, and then diverging from the continent (Saito and Kubota, 1995).
This feature is captured in Model I & II. The Yellow Sea has a summer diapause habitat for
Calanus sinicus (Wang et al., 2003). All four models predict diapause in this region, and Model I
predicts entrance into diapause to be viable as late as June. All four models also predict a stark
contrast between the Black Sea (diapause habitat) and the Mediterranean Sea (not diapause
habitat). This is in general agreement with reports of an abundance of Calanus euxinus diapausing
in the Black Sea (Svetlichny et al., 2006; Unal et al., 2006), whereas the Mediterranean is
characterized by a non-diapause community (Unal et al., 2006). Models I and II predict diapause
in the Benguela Current, where C. carinatus diapauses (Arashkevich et al., 1996, Verheye et al,,
2005). Models I and 1V also weakly predict diapause habitat in the Arabian Sea, where C.
carinatus diapauses (Smith, 1982). This region is characterized by an oxygen minimum zone,
which likely plays a part in these ontogenetic migrations (Wishner et al.,, 2000); incorporating the



role of oxygen in diapause would likely improve the prediction for this region. There is generally
very good correspondence between the model-predicted diapause biogeographies and the
regions where the prevalence of diapause has been reported. In particular, Models I and II
reproduce the detailed boundaries of the distributions of diapausing taxa. The distribution from
Model III is coarser—on par with the empirical model—sacrificing spatial precision in favor of
community structure.

In the northern North Atlantic and in the Falkland Current, we correlated the model output with
measured distribution patterns (Fig. 5). In both cases, Model I demonstrated the strongest
correlation, with notably high correlation coefficients (r? = 0.71 and 0.42 respectively, p < 0.001,
Table 2, Fig. 6). Models II and III had statistically significant correlations with very low r? values
in the North Atlantic, and Model IV had no significant correlation in either region (Table 2).

DISCUSSION

The ability of these diapause models to reproduce the dominant biogeographic patterns
demonstrates their potential to represent the diapause trait more generically and to predict the
base of the marine liposphere on a global scale. The models tested were able to resolve more
than just the latitudinal pattern of diapause, but also pick up a diversity of regions where
diapause occurs, such as upwelling zones and seasonal seas. Differences in the models’
performances can be traced back to different underlying assumptions and to the hypothesis
implicit in each. Here we highlight two aspects: dormancy cues and mortality. There remain
multiple alternative hypotheses about internal or external cues that initiate or terminate
diapause across copepod species (Johnson et al., 2008; Ji, 2011), and it is possible that individuals
respond to a combination of cues. The models take different approaches to parameterizing this
process. For Models I and 111, diapause timing is simply a function of when the diapause stage is
reached; termination of diapause is based on the end of the diapause stage, calculated at a
reduced development rate. Model I], in contrast, calculates termination of diapause based on
body carbon as a proportion of initial body carbon. One way to resolve this discrepancy is the
annual routine approach, where timing of diapause emerges as a consequence of tradeoff
optimization and fitness maximization and where actors take state-dependent decisions, such as
whether to and when to diapause. This approach could help yield an understanding of the
mechanisms that underlie diapause phenology and how this timing relates to other activites
during the rest of the year. With regard to mortality, Model I uses a temperature-dependent
mortality, Model II uses temperature-dependent and allometric mortalities, and Model III uses
temperature-dependent, intra-guild predation, allometric, and density dependent mortalities.
These differences play a role in the different biogeographic patterns produced by the models. For
example, the coarseness of the biogeographic pattern produced by Model III could be the result of
using many sources of mortality, each of which is applied uniformly, but might more realistically
have different degrees of importance by region. One component of future efforts in bringing these
models together into a more unified perspective should be to test different assumptions of
dormancy cues and mortality within different modeling frameworks. It could also be important
to account for light, which determines visual predation, and influences mortality in a way that
could shape large scale diapause patterns (Langbehn & Varpe 2017). These models also are all
tested at a particular spatio-temporal scale to examine global biogeography. Tests at a range of
finer scales, and including advection, will reveal further insights into model behavior and
diapause patterns.



A better understanding of the distribution and timing of diapause has large-scale ecosystem
consequences. The process of diapause affects the fate of primary production through its transfer
as energy to higher trophic levels and its transfer as organic matter to the deep ocean, and may
even influence primary production directly. Phytoplankton bloom initiation, termination, and/or
properties may receive some level of top-down control by mesozooplankton (Behrenfeld & Boss,
2014; Friedland et al., 2016). For example, lags between phytoplankton growth and grazer
responses are critical to high chlorophyll blooms in seasonal seas and upwelling regions
(Behrenfeld, 2014; Behrenfeld et al., 2017). Strong predation pressure of mesozooplankton on
microzooplankton may also sufficiently release phytoplankton from grazing pressure to initiate a
bloom (Behrenfeld & Boss, 2014). Since emergence from diapause often occurs before the bloom
peak (Johnson et al,, 2008), this hypothesis is consistent with the prevalence of diapausing
copepods in North Atlantic regions with strong, short phytoplankton blooms (Friedland et al.,
2016). If diapausing copepods do influence phytoplankton bloom dynamics, then this
relationship has important implications for phenological shifts under climate change, especially
given that surface and deep conditions may change at different rates.

The phenological dimension of diapause has particular trophic importance. In seasonal
environments, energy captured by primary production is often only available for a brief period.
Diapause effectively acts like a battery, storing this energy and making trophic energy transfer
available through a longer time period. While mesozooplankton is a better predictor of fisheries
yield than net primary production (Friedland et al. 2013), a representation of transfer efficiency
is required to capture differences by regions and ecosystems (Stock et al., 2017). In regions
where the diapause trait is prevalent, diapausing zooplankton may account for higher transfer
efficiencies through close trophic phasing (Parsons, 1988) and through their lipid content. Close
trophic phasing as a tight coupling in time and/or space increases resource acquisition and leads
to greater transfer of energy that would otherwise be lost as excessive production (Parsons,
1988). Moreover, the structure of the lipids themselves may improve assimilation efficiency,
which would also increase transfer efficiency. Copepods at their peak lipid density provide a
highly energetic food source for juvenile fishes that also need to overwinter (Heintz et al. 2013,
Peterson et al. 2013). The abundance of lipid-rich versus lipid-poor zooplankton is significantly
related to salmon survival in the northern California Current ecosystem (Peterson et al. 2013)
and pollock survival in the eastern Bering Sea (Heintz et al. 2013). These abundances are already
used (Peterson et al. 2013) or being considered as recruitment indicators in fisheries
management for these populations. Hindcasts of the marine liposphere may reveal similar
relationships for other populations of commercial and protected species, while forecasts would
provide indices for their management. Given these considerations, the copepod diapause life
history strategy may be an additional important driver of fisheries yield fluctuations that is not
accounted for in present global models.

Incorporating the marine liposphere into global ecosystem models would also be important for
improving carbon transfer estimates (Jonasdottir et al. 2015). Recent carbon flux estimates for
diapausing copepod species range from 2-9 gC m-2 y-1 for Neocalanus tonsus (Bradford-Grieve et
al. 2001), or 3-5 gC m2 y-1 for Calanus hyperboreus (Visser et al. 2016). Model-based estimates of
the extent of the marine liposphere can help to scale these numbers up to global estimates. As a
lower-bound estimate, we can use the biogeography predicted by Model I and include pixels
where diapause viability is equal to one during at least one month of the year. If we assume only
one diapausing species at the lowest reported flux estimate (2 g€ m2 y'1), and include regions of
depth greater than 1000 m, the yearly flux is 0.031 Pg C, roughly twice previous estimates



(Longhurst & Williams 1992). A more moderate estimate—using a middle value of 5 gC m2 y-1,
assuming two diapausing species, and lowering the diapause viability threshold to 0.5—gives a
global annual flux estimate of 0.25 Pg C. Such estimates imply that diapause is an important
process to include in global biogeochemical models.

Our exercise in globally extending diapause models suggests a possible role for operational
modeling and climate modeling of the marine liposphere. All of these models rely primarily on
input variables that are measured operationally (temperature and chlorophyll-a) and could
potentially be modified to produce real-time or forecasted maps of the marine liposphere. The
fact that the simplest (both computationally and in parameterization) of the models best
reproduces biogeographic patterns is encouraging in that it might be possible to represent
diapause in global ecosystem models without a prohibitive computational cost.

Ecosystem models tend to diversify over time as new hypotheses and processes are included and
as new mathematical, computational, and theoretical approaches are developed. This
diversification is partly due to the perspective that models should be species-centered (deYoung
et al., 2004) or question-specific (Franks, 2009). Diversification of models is important because it
allows us to test the boundaries of our knowledge. The danger of such diversification is that there
are often many models that can produce good fits to data (Franks, 2009), and the addition of new
models does not always imply improved knowledge. This dilemma is expressed in the paradox of
increasing model diversity: while each new model may add knowledge, a very high diversity of
models can obscure understanding of the true underlying processes (Record et al,, 2013b). The
converse to model diversification—convergence of models—is therefore just as important. In a
strict sense, we could reject any of these models based on a failure to fit data to a desired level. A
failed model, however, may still have useful elements. For example, Model III performs worse
than Model I at reproducing the broad biogeography, but by bringing the community interactions
from Model III into Model I or II, we could introduce richer community structure and have the
ability to predict a wider range of interacting diapause strategies. We advocate for a synthesis of
models rather than a selection among models. As a first step, as an outcome of an ICES working
group meeting, we piloted a repository of code and commentary for zooplankton models
(http://code.google.com/p/zooplib/wiki/Introduction). This repository has been archived, and
there is a need for a collaborative forum for discussion and improvement of models, establishing
a common baseline for building toward a theoretical unification of models. The next step is a
collective effort by the modeling community to work out how to generalize species-focused
models, to run different diapause models in different environments, to evaluate which model
components are the most transportable between regions, and ultimately to synthesize the body
of knowledge into a comprehensive and predictive global model of the marine liposphere. This
synthesis will be key to predicting where and when productive, lipid-rich food webs will persist
in future oceans.

ACKNOWLEDGEMENTS

This review evolved from discussions at the International Workshops on Trait-based Approaches
to Ocean Life (Centre for Ocean Life, Copenhagen, Denmark 2013 and New Hampshire USA 2015)
and at the International Council for the Exploration of the Sea working group on Integrated,
Physical-biological and Ecosystem Modelling (ICES WGIPEM 2014).



FUNDING

This work was supported by Bigelow Laboratory institutional funds, the National Science
Foundation Biological Oceanography Program [grant number OCE-0962074], and the National
Aeronautics and Space Administration [grant number NNX16AG59G] to NRR; the National
Oceanic and Atmospheric Administration Cooperative Agreement [grant number
NAO90AR4320129] to RJ; the National Science Foundation Polar Program [grant number PLR-
141767] to RJ; the Natural Sciences and Engineering Research Council of Canada Discovery Grant,
and the inter-institutional oceanography research group Québec-Océan to FM; the Research
Council of Norway [grant number 227046 and 216537] to @V; and the National Science
Foundation Biological Oceanography Program [grant number OCE-1459087] to JAR.



REFERENCES

Andersen, K. H,, Beyer, ]. E., 2013. Size structure, not metabolic scaling rules, determines fisheries
reference points. Fish and Fisheries. doi: 10.1111/faf.12042, 1467-2979.

Arashkevich, E. G., Drits, A. V., Timonin, A. G., 1996. Diapause in the life cycle of Calanoides
carinatus (Kroyer), (Copepoda, Calanoida). Hydrobiologia. 320 (1), 197-208.

Ardyna, M., Babin, M., Gosselin, M., Devred, E., Rainville, L., Tremblay, J., 2014. Recent Arctic
Ocean sea ice loss triggers novel fall phytoplankton blooms. Geophys. Res. Lett. 41 (17).

Banas, N. S. 2011. Adding complex trophic interactions to a size-spectral plankton model:
emergent diversity patterns and limits on predictability. Ecological Modelling, 222(15), 2663-
2675.

Barton, A. D, Pershing, A. ]., Litchman, E., Record, N. R,, Edwards, K. F., Finkel, Z. V., Kigrboe, T.,
Ward, B. A, 2013. The biogeography of marine plankton traits. Ecology letters 16 (4), 522-534.

Baumgartner, M. F., Lysiak, N. S., Esch, H. C,, Zerbini, A. N., Berchok, C. L., & Clapham, P. ., 2013.
Associations between North Pacific right whales and their zooplanktonic prey in the
southeastern Bering Sea. Marine Ecology Progress Series, 490, 267-28

Beaugrand, G., 2003. Long-term changes in copepod abundance and diversity in the Northeast
Atlantic in relation to fluctuations in the hydroclimatic environment. Fish Oceanogr 12 (4/5),
270-283.

Beaugrand, G., Luczak, C., Edwards, M., 2009. Rapid biogeographical plankton shifts in the North
Atlantic Ocean. Global Change Biology 15 (7), 1790- 1803.

Behrenfeld, M.]. 2014. Climate-mediated dance of the plankton. Nature Climate Change 4: 880-
887.

Behrenfeld, M.]., Boss, E.S. 2014. Resurrecting the ecological underpinnings of ocean plankton
blooms. Annu. Rev. Mar. Sci. 6: 167-194.

Bélehradek, J., 1935. Temperature and living matter. Protoplasma Monographien 8, 1-277.

Belton, B., & Thilsted, S. H. (2014). Fisheries in transition: Food and nutrition security
implications for the global South. Global Food Security, 3(1), 59-66.

Bopp, L., Resplandy, L., Orr, ., Doney, S., Dunne, J., Gehlen, M., Halloran, P., Heinze, C,, llyina, T.,
Sfrian, R., 2013. Multiple stressors of ocean ecosystems in the 21st century: projections with
CMIP5 models. Biogeosciences 10 (10), 6225-6245.

Bradford-Grieve, ]. M., Nodder, S. D., Jillett, ]. B, Currie, K., & Lassey, K. R. 2001. Potential
contribution that the copepod Neocalanus tonsus makes to downward carbon flux in the
Southern Ocean. Journal of Plankton Research, 23(9), 963-975.

Bucklin, A., Lajeunesse, T. C., 1994. Molecular genetic variation of Calanus pacificus (copepoda:
Calanoida): preliminary evaluation of genetic struc- ture and subspecific differentiation based
on mtDNA sequences. CalCOFI Rep 35, 45-51.

Chust, G., Castellani, C., Licandro, P., Ibaibarriaga, L., Sagarminaga, Y., Irigoien, X., 2013. Are
Calanus spp. shifting poleward in the North Atlantic? A habitat modelling approach. ICES
Journal of Marine Science: Journal du Conseil.

Clark, J. R, Lenton, T. M., Williams, H. T., Daines, S. J., 2013. Environmental selection and resource
allocation determine spatial patterns in picophytoplankton cell size. Limnol. Oceanogr 58 (3),
1008-1022.

Conover, R.].,, 1988. Comparative life histories in the genera Calanus and Neocalanus in high
latitudes of the northern hemisphere. Hydrobiologia 167-168 (1), 127-142.

Daase, M., Falk-Petersen, S., Varpe, @., Darnis, G., Sgreide, J. E., Wold, A., Leu, E., Berge, |., Philippe,
B., Fortier, L., 2013. Timing of reproductive events in the marine copepod Calanus glacialis: a
pan-Arctic perspective. Canadian Journal of Fisheries and Aquatic Sciences 70 (6), 871-884.



Daines, S. ], Clark, J. R, Lenton, T. M., 2014. Multiple environmental controls on phytoplankton
growth strategies determine adaptive responses of the N:P ratio. Ecology letters 17 (4), 414-
425.

deYoung, B., Heath, M., Werner, F., Chai, F., Megrey, B., Monfray, P., 2004. Challenges of modeling
ocean basin ecosystems. Science 304, 1463-1466.

Edwards, K. F,, Thomas, M. K,, Klausmeier, C. A., Litchman, E., 2012. Allometric scaling and
taxonomic variation in nutrient utilization traits and maximum growth rate of phytoplankton.
Limnol. Oceanogr 57 (2), 554-566.

Fiksen, @., & Carlotti, F. 1998. A model of optimal life history and diel vertical migration in
Calanus finmarchicus. Sarsia, 83(2), 129-147.

Fiksen, @., 2000. The adaptive timing of diapause-a search for evolutionarily robust strategies in
Calanus finmarchicus. ICES Journal of Marine Science, 57(6), pp.1825-1833.

Flynn, K.J., 2005. Castles built on sand: dysfunctionality in plankton models and the inadequacy
of dialogue between biologists and modellers. Journal of Plankton Research, 27(12), pp.1205-
1210.

Follows, M. |., Dutkiewicz, S., Grant, S., Chisholm, S. W., 2007. Emergent biogeography of
microbial communities in a model ocean. Science 315 (5820), 1843-1846.

Forster, ., Hirst, A. G., 2012. The temperature-size rule emerges from ontogenetic differences
between growth and development rates. Functional Ecology 26 (2), 483-492.

Franks, P.]. S., 2009. Planktonic ecosystem models: perplexing parameterizations and a failure to
fail. J. Plankton Res. 31 (11), 1299-1306.

Friedland, K.D., Stock, C., Drinkwater, K.F., Link, ].S., Leaf, R.T., Shank, B.V., Rose, ].M.,

Pilskaln, C.H., Fogarty, M.]., 2013. Pathways between primary production and fisheries yields of
Large Marine Ecosystems. PLoS ONE 7: e28945, d0i:10.1371/journal.pone.0028945.

Friedland, K.D., Record, N.R., Asch, R.G., Kristiansen, T., Saba, V.S., Drinkwater, K.F., Henson, S.,
Leaf, R.T., Morse, R.E,, Johns, D.G. and Large, S.I., 2016. Seasonal phytoplankton blooms in the
North Atlantic linked to the overwintering strategies of copepods. Elementa: Science of the
Anthropocene, 4(1), p.000099.

Friedrichs, M. A., Dusenberry, M., J. A., Anderson, L. A,, Armstrong, R. A,, Chai, F., Christian, J. R,
Doney, S. C,, Dunne, J., Fujii, M., Hood, R., McGillicuddy Jr., D.]., Moore, ]. K., Schartau, M., Spitz, Y.
H., Wiggert, ]. D., 2007. Assessment of skill and portability in regional marine biogeochemical
models: Role of multiple planktonic groups. Journal of Geophysical Research 112 (C08001), 1-
22.

Gaardsted, F., Tande, K. S., Basedow, S. L., 2010. Measuring copepod abundance in deep-water
winter habitats in the NE Norwegian Sea: intercomparison of results from laser optical
plankton counter and multinet. Fisheries Oceanography 19 (6), 480-492.

Gaardsted, F., Tande, K. S., Pedersen, O.-P., 2011. Vertical distribution of overwintering Calanus
finmarchicus in the NE Norwegian Sea in relation to hydrography. Journal of plankton research.

Gabrielsen, T. M., Merkel, B., Sgreide, ]., Johansson-Karlsson, E., Bailey, A., Vogedes, D., Nygard, H.,
Varpe, 0., Berge, J., 2012. Potential misidentifications of two climate indicator species of the
marine arctic ecosystem: Calanus glacialis and C. finmarchicus. Polar biology 35 (11), 1621-
1628.

Gislason, A., Astthorsson, O. S., Petursdottir, H., Gudfinnsson, H., Bodvarsdottir, A. R., 2000. Life
cycle of Calanus finmarchicus south of Iceland in relation to hydrography and chlorophyll a.
ICES Journal of Marine Science 57, 1619-1627.

Golet, W], Record, N.R,, Lehuta, S., Lutcavage, M., Galuardi, B., Cooper, A.B., Pershing, A.]., 2015.
The paradox of the pelagics: why bluefin tuna can go hungry in a sea of plenty. Marine Ecology
Progress Series, 527, pp.181-192.



Greene, C. H., Pershing, A. ]., 2004. Climate and the conservation biology of North Atlantic right
whales: the right whale at the wrong time? Frontiers in Ecology and the Environment 2 (1), 29-
34.

Hairston Jr, N. G., Munns Jr, W. R,, 1984. The timing of copepod diapause as an evolutionarily
stable strategy. American Naturalist, 733-751.

Hansen, B., Bjornsen, P. K,, Hansen, P.]., 1994. The size ratio between planktonic predators and
their prey. Limnology and oceanography 39 (2), 395-403.

Heintz, R.A,, Siddon, E.C,, Farley, Jr., E.V.,, Napp, ].M. 2013. Correlation between recruitment
and fall condition of age-0 walleye pollock (Theragra chalcogramma) from the eastern Bering
Sea under varying climate conditions. Deep-Sea Res. I1 94: 150-156.

Huntley, M. E., Zhou, M., Lopez, M. D. G., 1994. Calanoides acutus in Gerlache Strait, Antarctica II.
Solving an inverse problem in population dynamics. Deep Sea Research Part II: Topical Studies
in Oceanography 41 (1), 209-227.

Irigoien, X., 2004. Some ideas about the role of lipids in the life cycle of Calanus finmarchicus. ]
Plankton Res 26 (3), 259-263.

Ji, R, 2011. Calanus finmarchicus diapause initiation: new view from traditional life history-based
model. Marine Ecology Progress Series 440, 105- 114.

Ji, R, Davis, C. S., Chen, C., Beardsley, R. C., 2009. Life history traits and spatiotemporal
distributional patterns of copepod populations in the Gulf of Maine-Georges Bank region.
Marine Ecology Progress Series 384, 187-205.

Ji, R, Jin, M., Varpe, @., 2013. Sea ice phenology and timing of primary production pulses in the
Arctic Ocean. Glob Change Biol 19 (3), 734-741.

Johnson, C. L., Leising, A. W., Runge, ]. A., Head, E. ]. H., Pepin, P., Plourde, S., Durbin, E. G., 2008.
Characteristics of Calanus finmarchicus dormancy patterns in the Northwest Atlantic. ICES ] Mar
Sci 65 (3), 339-350.

Joénasdottir, S. H., Visser, A. W,, Richardson, K., Heath, M. R. 2015. A seasonal copepod ‘lipid pump’
promotes carbon sequestration in the deep North Atlantic. bioRxiv dx.doi.org/10.1101/021279.

Kaartvedyt, S., 2000. Life history of Calanus finmarchicus in the Norwegian Sea in relation to fish
predators. ICES ] Mar Sci 57 (6), 1819-1824.

Kattge, ., Ogle, K., Bnisch, G., Daz, S., Lavorel, S., Madin, J., Nadrowski, K., Nllert, S., Sartor, K., Wirth,
C., 2011. A generic structure for plant trait databases. Methods in Ecology and Evolution 2 (2),
202-213.

Kigrboe, T., 2013. Zooplankton body composition. Limnology and Oceanography 58 (5), 1843-
1850.

Kigrboe, T., Hirst, A., 2008. Optimal development time in pelagic copepods. Mar Ecol Prog Ser 367,
15-22.

Langbehn,T.J., Varpe, @. 2017. Sea-ice loss boosts visual search: fish foraging and changing
pelagic interactions in polar oceans. Global Change Biology:doi: 10.1111/gcb.13797

Lee, R. F., Hagen, W,, Kattner, G., 2006. Lipid storage in marine zooplankton. Marine Ecology
Progress Series 307 (1), 273-306.

Leising, A. W., 2001. Copepod foraging in patchy habitats and thin layers using a 2-d individual-
based model. Marine ecology. Progress series 216, 167-179.

Leising, A. W., Franks, P.]., 2000. Copepod vertical distribution within a spatially variable food
source: a simple foraging-strategy model. J. Plankton Res. 22 (6), 999-1024.

Litchman, E., Klausmeier, C. A., 2008. Trait-based community ecology of phytoplankton. Annual
Review of Ecology, Evolution, and Systematics 39, 615-639.



Litchman, E., Klausmeier, C. A., Schofield, O. M., Falkowski, P. G., 2007. The role of functional traits
and tradeoffs in structuring phytoplankton communities: scaling from cellular to ecosystem
level. Ecology letters 10 (12), 1170-1181.

Litchman, E., Ohman, M. D., Kigrboe, T., 2013. Trait-based approaches to zooplankton
communities. Journal of plankton research 35 (3), 473-484.

Locarnini, R., Mishonov, A, Antonov, |., Boyer, T., Garcia, H., Baranova, 0., Zweng, M., Johnson, D.,
2010. World Ocean Atlas 2009, Volume 1: Temperature, edited by S. Levitus, 184 pp. NOAA
Atlas NESDIS 68.

Longhurst, A., & Williams, R. 1992. Carbon flux by seasonal vertical migrant copepods is a small
number. Journal of Plankton Research, 14(11), 1495-15009.

Maps, F., Pershing, A. ., Record, N. R., 2012. A generalized approach for simulating growth and
development in diverse marine copepod species. ICES Journal of Marine Science: Journal du
Conseil 69 (3), 370-379.

Maps, F., Plourde, S., Zakardjian, B., 2010. Control of dormancy by lipid metabolism in Calanus
finmarchicus: a population model test. Mar Ecol Prog Ser 403, 165-180.

Maps, F., Runge, ]. A, Leising, A., Pershing, A.].,, Record, N. R,, Plourde, S., Pierson, J.J., 2012.
Modelling the timing and duration of dormancy in populations of Calanus finmarchicus from the
Northwest Atlantic shelf. Journal of Plankton Research 34(1): 36-54.

Maps, F., Record, N. R,, Pershing, A.]., 2013. A metabolic approach to dormancy in pelagic
copepods helps explaining inter-and intra-specific variability in life-history strategies. Journal
of Plankton Research, fbt100.

Mauchline, J., 1998. The biology of calanoid copepods. Advances in Marine Biology 33, 1-710.

McGillicuddy., D. J., Lynch, D., Wiebe, P., Runge, ., Durbin, E., Gentle- man, W., Davis, C., 2001.
Evaluating the synopticity of the US GLOBEC Georges Bank broad-scale sampling pattern with
observational system simulation experiments. Deep Sea Research Part II: Topical Studies in
Oceanography 48 (1-3), 483 - 499.

McGinty, N., Barton, A.D., Record, N.R,, Finkel, Z., [Irwin, A. (in review) Traits structure copepod
niches in the North Atlantic and Southern Ocean.

Melle, W., Runge, ]., Head, E., Plourde, S., Castellani, C., Licandro, P., Pierson, ], Jonasdaéttir, S.,
Johnson, C., Broms, C., 2014. The North Atlantic Ocean as habitat for Calanus finmarchicus:
Environmental factors and life history traits. Progress in Oceanography 129, 244-284.

Meyer-Gutbrod, E.L., Greene, C.H., 2017. Uncertain recovery of the North Atlantic right whale in a
changing ocean. Glob Change Biol. 00:1-10.

Miller, C. B., Lynch, D. R,, Carlotti, F., Gentleman, W., Lewis, C. V. W., 1998. Coupling of an
individual-based population dynamic model of Calanus finmarchicus to a circulation model for
the Georges Bank region. Fisheries Oceanography 7 (3-4), 219-234.

Ohman, M. D., 1988. Behavioral responses of zooplankton to predation. Bulletin of Marine Science,
43(3), 530-550.

Parent, G. ]., Plourde, S., Turgeon, J., 2012. Natural hybridization between Calanus finmarchicus
and C. glacialis (Copepoda) in the Arctic and Northwest Atlantic. Limnology and Oceanography
57 (4), 1057.

Parsons, T.R. 1988. Trophodynamic phasing in theoretical, experimental and natural pelagic
ecosystems. ]. Oceanogr. Soc. Japan 44: 94-101.

Pendleton, D.E,, Sullivan, P.J., Brown, M.W,, Cole, T.V.N,, Good, C.P., Mayo, C.A., Monger, B.C,,
Phillips, S., Record, N.R,, Pershing, A.]. 2012. Weekly predictions of North Atlantic right whale
Eubalaena glacialis habitat reveal influence of prey abundance and seasonality of habitat
preferences. Endanger. Species Res. 18: 147-161.



Pershing, A.]., Greene, C. H,, Jossi, ]. W., O'Brien, L., Brodziak, ]. K., & Bailey, B. A. 2005.
Interdecadal variability in the Gulf of Maine zooplankton community, with potential impacts on
fish recruitment. ICES Journal of Marine Science: Journal du Conseil, 62(7), 1511-1523.

Pershing, A.J., Record, N.R., Monger, B.C.,, Mayo, C.A., Brown, M.W.,, Cole, T.V.N., Kenney, R.D,,
Pendleton, D.E., Woodard, L.A., 2009. Model-based estimates of right whale habitat use. Mar.
Ecol. Prog. Ser. 378: 245-257

Peterson, W.T., Morgan, C.A., Peterson, ].0., Fisher, ].L., Burke, B.]., Fresh, K., 2013. Ocean
ecosystem indicators of salmon marine survival in the northern California Current. U.S.
Department of Commerce, National Oceanic and Atmospheric Administration, National Marine
Fisheries Service, Northwest Fisheries Science Center. 77p.

Phillips, S. ., Anderson, R. P., Schapire, R. E., 2006. Maximum entropy modeling of species
geographic distributions. Ecological Modelling 190 (3-4), 231-259.

Pierson, ].]., Batchelder, H., Saumweber, W., Leising, A., Runge, ., 2013. The impact of increasing
temperatures on dormancy duration in Calanus finmarchicus. Journal of plankton research.

Record, N., Pershing, A, Runge, ]., Mayo, C., Monger, B., Chen, C., 2010. Improving ecological
forecasts of copepod community dynamics using genetic algorithms. Journal of Marine Systems
82 (3),96-110.

Record, N. R, Pershing, A.]., Maps, F., 2012. First principles of copepod development help explain
global marine diversity patterns. Oecologia 170 (2), 289-295.

Record, N. R, Pershing, A.]., Maps, F., 2013a. Emergent copepod communities in an adaptive trait-
structured model. Ecological Modelling 260, 11-24.

Record, N. R, Pershing, A.]., Maps, F., 2013b. The paradox of ‘the paradox of the plankton’. ICES
Journal of Marine Science.

Reygondeau, G., Beaugrand, G., 2011. Future climate-driven shifts in distribution of Calanus
finmarchicus. Global Change Biology 17 (2), 756-766.

Rose, K. A, Megrey, B. A.,, Werner, F. E.,, Ware, D. M., 2007. Calibration of the NEMURO nutrient-
phytoplankton-zooplankton food web model to a coastal ecosystem: Evaluation of an
automated calibration approach. Ecological Modelling 202 (1-2), 38-51.

Runge, ]. A, Ji, R, Thompson, C. R,, Record, N. R,, Chen, C., Vandemark, D. C,, Salisbury, J. E., Maps,
F., 2015. Persistence of Calanus finmarchicus in the western Gulf of Maine during recent
extreme warming. Journal of Plankton Research 37 (1), 221-232.

Saito, N., Kubota, T., 1995. Species composition of copepods related to surface water masses in
squid fishing grounds off Argentina. In: Proc. NIPR Symp. Polar Biol. Vol. 8. pp. 139-153.

Schmid, M. S., Aubry, C., Grigor, |, Fortier, L. 2016. The LOKI underwater imaging system and an
automatic identification model for the detection of zooplankton taxa in the Arctic Ocean.
Methods in Oceanography, 15-16, 129-160

Smith, S. L., 1982. The northwestern Indian Ocean during the monsoons of 1979: Distribution,
abundance, and feeding of zooplankton. Deep Sea Research Part A. Oceanographic Research
Papers 29 (11), 1331-1353.

Speirs, D. C., Gurney, W. S. C,, Heath, M. R,, Horbelt, W., Wood, S. N., de Cuevas, B. A., 2006. Ocean-
scale modelling of the distribution, abundance, and seasonal dynamics of the copepod Calanus
finmarchicus. Mar Ecol Prog Ser 313,173 - 192.

Stearns, S. C,, 1992. The evolution of life histories. Vol. 249. Oxford University Press Oxford.

Stock, C.A., John, ].G., Rykaczewski, R.R., Asch, R.G., Cheung, W.W.L., Dunne, J.P.,

Friedland, K.D., Lam, V.W.Y., Sarmiento, ].L., Watson, R.A. 2017. Reconciling fisheries catch and
ocean productivity. Proc. Nat. Acad. Sci. d0i:10.1073/pnas.1610238114

Stokstad, E., 2017. Surge in right whale deaths raises alarms.



Svetlichny, L., Kideys, A., Hubareva, E., Besiktepe, S., Isinibilir, M., 2006. Development and lipid
storage in Calanus euxinus from the Black and Marmara seas: Variabilities due to habitat
conditions. Journal of Marine Systems 59 (1-2), 52-62.

Tanimura, A., Hoshiai, T., Fukuchi, M., 1996. The life cycle strategy of the ice-associated copepod,
Paralabidocera antarctica (Calanoida, Copepoda), at Syowa Station, Antarctica. Antarctic
Science 8, 257-266.

Tittensor, D. P., DeYoung, B., Tang, C. L., 2003. Modelling the distribution, sustainability and
diapause emergence timing of the copepod Calanus finmarchicus in the Labrador Sea. Fish
Oceanogr 12 (4-5), 299-316.

Unal, E,, Frost, B. W., Armbrust, V., Kideys, A. E., 2006. Phylogeography of Calanus helgolandicus
and the black sea copepod Calanus euxinus, with notes on Pseudocalanus elongates (Copepoda,
Calanoida). Deep Sea Research Part II: Topical Studies in Oceanography 53 (17), 1961-1975.

Varpe, @., 2012. Fitness and phenology: annual routines and zooplankton adaptations to seasonal
cycles. Journal of Plankton Research.

Varpe, @., Jorgensen, C., Tarling, G. A., Fiksen, @., 2007. Early is better: seasonal egg fitness and
timing of reproduction in a zooplankton life-history model. Oikos 116 (8), 1331-1342.

Varpe, @., Fiksen, @., & Slotte, A. (2005). Meta-ecosystems and biological energy transport from
ocean to coast: the ecological importance of herring migration. Oecologia, 146(3), 443-451.

Verheye, H., Hagen, W., Auel, H., Ekau, W., Loick, N., Rheenen, I., Wencke, P., Jones, S., 2005. Life
strategies, energetics and growth characteristics of Calanoides carinatus (Copepoda) in the
Angola-Benguela frontal region. African Journal of Marine Science 27 (3), 641-651.

Violle, C., Navas, M., Vile, D., Kazakou, E., Fortunel, C., Hummel], 1., Gar- nier, E., 2007. Let the
concept of trait be functional! Oikos 116 (5), 882- 892.

Visser, A. W,, Grgnning, |., Jonasdottir, S. H. 2016. Calanus hyperboreus and the lipid pump. Limnol.
Oceanogr. (in press)

Wagner, M., Durbin, E., Buckley, L., 1998. RNA: DNA ratios as indicators of nutritional condition in
the copepod Calanus finmarchicus. Marine Ecology-Progress Series 162, 173-181.

Wang, L., Wei, H., Batchelder, H. P., 2014. Individual-based modelling of Calanus sinicus
population dynamics in the yellow sea. Marine Ecology Progress Series 503, 75-97.

Wang, R,, Zuo, T., Wang, K., 2003. The Yellow Sea cold bottom water an oversummering site for
Calanus sinicus (Copepoda, Crustacea). Journal of Plankton Research 25 (2), 169-183.

Williams-Howze, ., 1997. Dormancy in the free-living copepod orders Cyclopoida, Calanoida and
Harpacticoida. Oceanography and marine biology 35, 257-322.

Wishner, K. F., Ashjian, C. ., Gelfman, C., Gowing, M. M., Kann, L., Levin, L. A., Mullineaux, L. S.,
Saltzman, J., 1995. Pelagic and benthic ecology of the lower interface of the eastern tropical
pacific oxygen minimum zone. Deep-Sea Research Part [-Oceanographic Research Papers 42 (1),
93-115.

Wishner, K. F., Gowing, M. M., Gelfman, C., 2000. Living in suboxia: Ecology of an Arabian Sea
oxygen minimum zone copepod. Limnology and Oceanography 45 (7), 1576-1593.

Wright, L. ]., Reich, P. B, Cornelissen, . H., Falster, D. S., Garnier, E., Hikosaka, K., Lamont, B. B,, Lee,
W., Oleksyn, |., Osada, N., 2005. Assessing the generality of global leaf trait relationships. New
Phytologist 166 (2), 485-496.

Zakardjian, B. A, Sheng, ], Runge, ]. A., McLaren, L., Plourde, S., Thompson, K. R, Gratton, Y., 2003.
Effects of temperature and circulation on the population dynamics of Calanus finmarchicus in
the Gulf of St. Lawrence and Scotian Shelf: Study with a coupled, three-dimensional
hydrodynamic, stage-based life history model. Journal of Geophysical Research - All series - 108
(11),1701-1722.



Zhang, L., Thygesen, U. H., Knudsen, K., Andersen, K. H., 2013. Trait diversity promotes stability of
community dynamics. Theoretical Ecology 6 (1), 57-69.



CAPTIONS

Figure 1: [llustration of different diapause life history strategies, depicted over two years,
including 13 developmental stages from egg to adult and showing a C5 diapause strategy, for
univoltine (top), semivoltine (middle), and multivoltine/flexible (bottom) life histories. Vertical
axis represents depth.

Figure 2: Northern hemisphere biogeographic patterns based on presence records in the Ocean
Biogeographic Information System (OBIS) database showing diapausing copepods and lipid-rich
higher trophic levels. (A) Diapausing copepod species (cf Table 1); (B) Cod species (Arctogadus
glacialis, Boreogadus saida, Gadus morhua, Gadus ogac, Gadus macrosephalus); (C) Lipid rich
forage fish (Mallotus villosus, Clupea harengus). Greyscale indicates log number of observations.
The OBIS database is an aggregation of surveys, so sampling is not consistent, and the range
maps shown have effort biases.

Figure 3: Nothern hemisphere biogeographic patterns of copepodid diapause taken from
literature estimates. (A) Diapause regions digitized from Lee et al. (Lee et al., 2006, figure 15); (B)
An aggregate of species ranges from Bucklin and Lajeunesse ( Bucklin and Lajeunesse, 1994)
(Calanus pacificus, Calanus sinicus) and Conover (Conover, 1988) (Calanus finmarchicus, Calanus
glacialis, Calanus hyperboreus, Neocalanus spp.); (C) Diapause regions digitized from Barton et al.
(Barton et al., 2013, figure 5).

Figure 4: (A) Model I: The biogeography of the copepodid diapause trait under the Ji (Ji, 2011)
model. Color indicates the proportion of the population, averaged over the year, entering
diapause under a long-term fitness maximization assumption. (B) Model II: The biogeography of
the copepodid diapause trait under the Maps et al. (Maps et al.,, 2012) model. Color indicates the
annual mean fitness, on a log scale, of adopting a diapause strategy. (C) Model III: The
biogeography of the copepodid diapause trait under the Record et al. (Record et al., 2013a) model.
Color indicates the proportion of the copepod community made up of species with a late-
copepodid (C4-C6) diapause. (D) The biogeography of the copepodid diapause trait under a
maximum entropy model. Color indicates the habitat viability rank based on the MaxEnt
algorithm.

Figure 5: Proportion of the large copepod community comprised of species that diapause for the
northern North Atlantic CPR data (A), and data from Saito & Kubota (1995) (B).

Figure 6: The strongest correlation between modeled and measured diapause biogeography:
Model I versus the North Atlantic CPR (r2 = 0.71, p < 0.001). Shading indicates concentration of
points.

Table 1: A summary of copepodid diapause strategies used by copepod species throughout the
global ocean, based on multiple reviews of the topic. X = Diapause recorded; x = Dormancy
recorded, but not true diapause; ? = Question mark indicated in original reference; * = Mixture of
Calanus finmarchicus and Calanus helgolandicus.

Table 2: Summary of correlation coefficients between modeled and measured diapause
biogeography for the four models in the two regions. Bold text indicates p < 0.001.



Model I
Model I1
Model III
Model IV

North
Atlantic
0.71
0.04
0.01
0.001

Falkland
Current
0.42
0.28
0.09
0.08





