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A B S T R A C T   

Throughout much of the world’s oceans, life is organized around seasonal cycles of feast and famine. Here we 
seek to understand the life-history strategies by which marine organisms contend with seasonal variations 
through a range of adaptations and traits, including overwintering stages, dormancy, investment in reserves, and 
migration. Our perspective is broad, spanning across marine food webs, from unicellular plankton to whales, and 
covering all latitudes, from the equator to the poles. The analysis is organized around a simple mechanistic life 
history optimization model. The model generates several general hypotheses: (i) small organisms should cope 
with winters by making resting stages or by dormancy; (ii) medium-sized organisms should build reserves and 
perform seasonal vertical migration to reduce predation; (iii) large organisms should primarily employ lat-
itudinal migrations to follow seasonal peaks in production. Subsequently, these hypotheses are tested against a 
large assemblage of observations and data reported in the literature. Body size, trophic level, and the intensity 
and duration of seasonal highs and lows appear to be closely related to seasonal strategies. Some, but not all of 
these hypotheses are borne out by our analysis of data. In particular, we find that organisms with a lifespan on 
the order of the seasonal length employ a multitude of strategies.   

1. Introduction 

If the earth’s axis were not tilted there would be no seasons. There 
would be climate; hot tropical deserts, pleasant temperate regions and 
frigid polar wastes, but there would be no seasonal waxing and waning 
of temperature and primary production. Throughout much of the 
world’s oceans, marine organisms are confronted by this seasonal 
variation in light, temperature and food availability. This seasonal 

variation creates a temporal pattern into which organisms must syn-
chronize the timing of all vital processes in order to grow, survive and 
reproduce. 

In the marine environment, seasonality is first and foremost evident 
in the annual cycles of primary production, indicated by the ”green 
flush” of blooming algae that sweeps across the world’s oceans as seen 
from space. This is particularly evident in polar and temperate envi-
ronments with the annual advance and retreat of sea ice (Ackley et al. 
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1979; Bunt 2013; Varpe 2017), and the cycles of vertical stratification 
and mixing associated with solar heating (Riley 1946; Sverdrup 1953; 
Behrenfeld 2010), but also in some tropical and equatorial regions 
driven by seasonally shifting wind patterns and upwelling events 
(Broerse et al. 2000). This seasonal boom in primary production ulti-
mately fuels nearly all subsequent biological processes in the oceans, 
and its annual cycle imprints itself throughout the marine food web, 
from the pelagic to the benthos, from plankton, pathogens and parasites 
to fish, marine mammals and birds, and eventually to humans societies 
whose activities are regulated by the very same seasonality (e.g., 
fishing). 

In this seasonally changing environment, there is a dynamic coupling 
between production and consumption, the subtleties of which drive 
patterns of abundance in different trophic guilds (Longhurst 1995). 
Within each trophic guild, a succession of species plays out as changing 
conditions promote certain adaptations to the detriment of others 
(Hutchinson 1941). How well an organism can navigate through this 
seasonal gauntlet of food availability and predation risk is a strong 
evolutionary driver that shapes the emerging patterns of life history 
strategies observed in nature (McNamara and Houston 2008; Mathias 
and Chesson 2013; Varpe 2017). Importantly, optimality of an annual 
routine is not simply a question of surviving adverse periods, but also 
making best use of the ephemeral opportunities for growth and repro-
duction, when and wherever they occur. 

In this study, our primary motive is to understand the general pat-
terns of life history strategies by which a broad range of marine or-
ganisms – from microbes to megafauna - contend with seasonal 
variations in resource availability. We note that specific life-history 
strategies selected for can have wide ranging implications for the 
structure and function of marine ecosystems (Fussmann et al. 2007). We 
build our case by identifying and formally testing three fundamental 
strategies that an individual organism can employ in the face of pro-
longed periods of reduced resource availability. Namely it can: (i) enter 
dormancy (hibernation) or a state of reduced activity to conserve en-
ergy; (ii) store energy in the form of reserves, or (iii) migrate somewhere 
else where conditions are more suitable for growth, reproduction and 
survival. We acknowledge that these strategies are not mutually exclu-
sive and may be employed in combination. 

Each of these overwintering strategies – dormancy, storage and 
migration – come with associated benefits, risks and costs that together 
define the strategy’s success in terms of Darwinian fitness. For instance, 
investment in reserves diverts resources away from somatic growth and/ 
or reproduction (van Noordwijk and de Jong 1986). Hence, the choice of 
allocating resources to different life processes is central to all life history 
strategies (Stearns 1989). This allocation becomes particularly acute 
when faced with abrupt seasonal changes in resource availability (e.g. 
light, nutrients, food). Reducing metabolic costs and mortality risk 
through reduced activity, dormancy or resting stages (e.g. cysts, resting 
eggs) provides a respite from adverse conditions. Migrations are ener-
getically costly, not only in a direct sense through powering locomotion, 
but also in terms of lost feeding opportunities, and reduced growth. In 
addition, they are risky (Hugie and Dill 1994), especially since syn-
chronized mass migrations (e.g. the “sardine run” of the coast of South 
Africa; (Van Der Lingen et al. 2010)) become extremely attractive for 
predators (e.g., sharks, marine birds and mammals), whose own 
evolutionary imperatives will seek to optimize this boom in resource 
availability. 

As mentioned previously, organisms can employ a combination of 
strategies to contend with seasonality. For instance, the zooplankton 
species Calanus finmarchicus, which constitutes a crucial trophic link 
between primary production and higher trophic levels in the North 
Atlantic, lays down prodigious reserves of lipids (Jónasdóttir et al. 
2015), migrates to the ocean’s depths as a pre-adult stage (Heath et al. 
2004) where it goes into dormancy during winter months (Hirche 1996). 
The following spring it ascends and re-emerges using left-over reserves 
to moult, produce eggs and spawn. This provides its successive 

generation a head start over competitors for the approaching spring 
bloom. It is this specialized seasonal strategy – based on the combination 
of reserves, dormancy and vertical migration – that has made 
C. finmarchicus arguably the most abundant mesozooplankton in the 
North Atlantic. This example of a highly successful, seasonally driven, 
life history strategy, that impacts both fisheries production (Kaartvedt 
2000) and carbon sequestration (Jónasdóttir et al. 2015) illustrates the 
cascading effects of seasonality across multiple aspects of the marine 
environment and into key marine ecosystem services. 

To frame the analysis we develop a simple mechanistic life history 
optimization model using body size as the key trait that characterizes the 
trade-offs associated with seasonal strategies (Andersen et al. 2016). For 
instance, metabolic rate and its relationship to body size follows a near 
universal power law (Kleiber 1932) and is particularly robust when 
applied within taxa (Kiørboe and Hirst 2014). Furthermore, body size is 
a good predictor of trophic level, since predation in marine environ-
ments is largely based on the rule that larger organisms eat smaller ones 
with a typical predator-prey mass ratio of around 1000 (Barnes et al. 
2008). Body size is integrated into an seasonal optimization model 
(Varpe 2012) to generate null hypotheses about seasonal strategies that 
can be tested with empirical data and observations. A particularly 
important life history characteristic related to size and seasonal strate-
gies is the time it takes to grow from an egg or a larvae to a reproducing 
adult (Fig. 1). Organisms with a life span of around one year are 
particularly challenged by seasonal variations. The efficacy of a partic-
ular strategy can only be assessed when played out over a lifetime, 
where the net outcome of trade-offs becomes apparent. Hence, the most 
important factors determining the effectiveness of these strategies are: 
(i) the degree of seasonality an organism faces, both in terms of ampli-
tude in resource variability and duration; (ii) the body size of the or-
ganism, which determines its metabolic requirements; and (iii) its life 
span. 

Fig. 1. Age at maturation (am) of aquatic animals as a function of their body 
mass at maturation (wm). The regression model reveals the power law rela-
tionship am∝wm

0.25. There is a somewhat conspicuous gap (weight of matura-
tion between 1 mg and 10 g) occupied only by krill (Euphasidacea). On a day- 
to-day basis, there are of course many marine organisms in this size range, 
larval fish for instance, but the scarcity of mature individuals with age to 
maturation of several months to a year, indicates that there perhaps is a 
seasonality-reproduction synchronization barrier that is not readily overcome. 
Data collected from various data sources; see supplementary 8. 
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In this study, we describe seasonal cycles in terms of the availability 
of resources for different classes marine organisms. The key questions 
we address are: Which strategies do organisms of different sizes and at 
different latitudes employ to deal with a seasonally fluctuating resource? How 
well can the strategies be described and understood from first principles based 
on a set of simple optimization models? 

In the following sections we first establish how the resource envi-
ronment varies over the seasons, how it differs according to latitude and 
trophic level, and how it is influenced by temperature variations. The 
resource environment is then used as a basis for simple life-history 
optimization models that provide hypotheses on how the main strate-
gies vary with latitude and the size (trophic level) of organisms. Finally, 
we test how these model predictions are borne out in nature by 
comparing with observed patterns in the strategies related to investment 
in dormancy, reserves, and migration across trophic levels and latitude. 

2. Seasonality patterns in resource availability (growth 
potential) 

Life in the oceans is ultimately fuelled by the production of organic 
carbon through photosynthesis, conditioned on the key limiting factors 
of light and nutrients. Since both light and seasonal stratification (and 
hence nutrient availability) tend to vary systematically with latitude, so 
too does the seasonal pattern of primary production. This is clearly seen 
in the “greening” of the world’s oceans where, as the season progresses, 

the peak of the spring phytoplankton bloom sweeps into higher lati-
tudes, where it represents increasing fraction of the total annual primary 
production. The amplitude of the seasonal variation in sea surface colour 
(and inferred primary production) is clearly a function of latitude 
(Fig. 2) and the timing of the onset of the bloom becomes progressively 
later the further poleward you go (Fig. 3). 

While primary production and the spring bloom are perhaps the most 
conspicuous seasonal variations in the ocean, we are interested across a 
broad range of trophic levels and marine organisms. Hence, we speak of 
the seasonal variation of resource availability. For phytoplankton this is 
light and nutrients, for zooplankton grazers this is primary production, 
for larger zooplankton and larval fish this is secondary production and 
so forth (Fig. 4). Specifically, all higher trophic level organisms are in 
some way dependent on primary production. The production of het-
erotrophic protists is tightly coupled to primary production (Calbet and 
Landry 2004) since these organisms are similar in size and generation 
time to their phytoplankton prey. The size fraction of small marine 
plankton is also populated by mixotrophs (Stoecker et al. 2016), sug-
gesting that the entire protist community ranging from auto-, mixo-, and 
hetero-trophic components respond to the seasonal variation in light, 
nutrients and primary production. Multi-cellular zooplankton (mainly 
copepods) feed on the peak of primary production, but due to their 
longer lifespan, the population level response will be lagged with respect 
to the unicellular protists (Bainbridge 1953). Organisms at even higher 
trophic levels whose lifespan extends over several seasonal cycles will be 

Fig. 2. Global amplitude: Latitudinal and spatial patterns in the amplitudes of the drivers of primary production. a) Zonal statistics of seasonal amplitude of 
chlorophyll a concentration (CHL). b) Standard deviation of monthly photosynthetically active radiation (PAR). c) Standard deviation of monthly climatology of sea 
surface temperature (SST). d) Distribution of seasonal amplitudes of CHL. In panels a-c central central lines represent medians, boxes represent the range bracketed 
by 5th and 95th percentiles are shown as shaded areas, while the median value is shown as a heavy solid line. whiskers represent 95% confidence intervals. CHL and 
PAR observations are based on the GlobColour product (http://globcolour.info) merging multiple ocean-colour satellite sources over the period Sep 1997- Feb 2017. 
SST data is derived from the HadISST product (Rayner et al. 2003) for the period 1960–2010. 
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even less affected by the seasonality in their prey populations and we 
expect their abundances to fluctuate on longer time scales than the 
seasonal time scale. Therefore, one can surmise that further up the food 
chain, the effects of a pulse of primary production becomes dampened. 

Taken together, the effect of seasonality in resources will be greater 
for shorter-lived organisms at lower trophic levels compared to long- 
lived organisms at higher trophic levels. 

This is supported by a case study examining the degree of seasonal 
variation in biomass across four trophic levels in the North Sea (Fig. 4, 
see Supp. 1 for details). This example shows a clear dampening in the 
seasonal variation at higher trophic levels, as seen by the absence of 
seasonal variation in biomass of planktivorous- and predatory fish, 
compared to the 2–4-fold variation in phytoplankton biomass. However, 
somewhat unanticipated, the variation in the meso-zooplankton com-
munity is larger than that of the phytoplankton community. This is likely 
due to seasonal bias in sampling zooplankton populations. The most 
frequent sampling depths for zooplankton is 50–100 m, which is suffi-
cient to cover most all zooplankton during spring and summer. How-
ever, while dormant copepods enter diapause at great depths 
(600–2000 m) (Hirche 1996; Heath et al. 2004) the main population is 
out of reach of the most frequent sampling depths and therefore under 
sampled. In addition to the decline in amplitude there is also a phase 
shift in the seasonal maximum. Primary production has a peak in spring 
and a second one in autumn, while zooplankton peaks in summer, in 
phase with the light. Peaks in biomass forage fish peaks later, probably 
as result of feeding on the summer zooplankton peak. Predatory fish 
peaks even later, however, this seasonal variation is weak. 

Along with light and resource availability, temperature also varies 
seasonally (Fig. 2c). In the terrestrial environment, temperature is a 
strong driver of seasonal primary production cycles, where plant growth 
is as much limited by the seasonal cycles of frost and snow cover as it is 
by length of daylight (Cleland et al. 2007). In the oceans, temperature 
differences are considerably smaller than in air because of waters’ 
higher heat capacity. Specifically, maximum seasonal variations in the 
surface ocean rarely exceed 10 ◦C even in polar regions (Fig. 2c) 
compared to 3–5 times that range on land. As a consequence, phyto-
plankton growth is largely driven by sunlight (and nutrients), and 
generally starts earlier compared to comparable seasonal cycles of 
terrestrial ecosystems at the same latitude. 

Temperature does however regulate the pace of life in terms of ac-
tivity and metabolism. This is particularly true in the oceans where most 
organisms are heterotherms, meaning that their metabolism and activity 
level scale with temperature. The variation with temperature is typically 
such that a 10 ◦C change leads to a doubling of metabolic rates (i.e., Q10 
= 2). The temperature variation of metabolism and its effects on activity 
implies that heterotherms perceive time differently than homeotherms. 
Hence, if time was to be measured in terms of heartbeats (or their 
metabolic equivalents), a heterotherm would perceive a winter month as 
shorter (fewer heartbeats) than a summer month. To illustrate the effect 
of seasonal variations in temperature on metabolism, we use the concept 
of “thermal time” (Box 1), which in essence is the time measured in units 
of heartbeats. 

While the annual variation of the biotic conditions experienced by a 
marine organism is a consequence of a complex interplay of several 
process, there are a few general features we can identify. Firstly the 
spring bloom, the primary source of organic carbon fuelling the entire 
marine ecosystem, has an increasing amplitude (Fig. 2) and an advance 
of the phase (i.e. the bloom peak comes later in the year) at higher 
latitude (Fig. 3). While this cycle represents the resource availability for 
primary consumers, higher trophic levels will experience a similar cycle, 
albeit with a lower amplitude (Fig. 4). These general features, together 
with thermal time (Box 1) allow us to design a general function that 
roughly describes the resource environment R relative to the mean Rmean 

as a function latitude ϕ and thermal time t in units of a season: 

R(ϕ, t)
Rmean

= 1 − ρsin(ϕ)cos[2πt − p|ϕ| + αsin(ϕ)sin(2πt − p|ϕ| ) ] (1) 

The constant α ≈ 0.5 determines the temperature variation with 
latitude (thermal time) while the constant p ≈ 1.5 determines how the 
phase varies with latitude. These parameter values are chosen to be 
consistent with the pattern of annual variation of estimated chlorophyll 
in the North Atlantic (Fig. 3). The constant ρ is the amplitude of the 
resource variation, which is expected to decline with trophic level. 
Indeed, here you can think of R(ϕ, t)/Rmean as representing normalized 
resource availability as depicted in successive panels in Fig. 4, each with 
an amplitude ρ dependent on trophic level. Clearly, the function in Eq. 
(1) is a rough representation of how resource availability varies over the 
season, but it captures the main characteristics outlined above (Fig. 5). 

Fig. 3. Satellite estimates of Chl-A along the Atlantic ridge as a function of time (top) with examples of annual cycles at three latitudes (60◦N, 45◦N and 30◦N) shown 
to the right. Data source as in Fig. 2. 
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3. Model of optimal seasonal routines 

An organism’s annual routine is shaped by its day-to-day strategic 
options; whether to reproduce or store away resources, whether to enter 
dormancy or not, and whether to remain resident in an area or migrate. 
The optimal annual routine is that which returns the highest lifetime 
reproduction, i.e., fitness. We use a simple generic fitness optimization 
model to assess the most suitable strategy for an individual adult or-
ganism faced with a seasonally fluctuating food (energy) supply (Thy-
gesen et al., 2020). We use this model to explore how an organism’s 
strategy varies with seasonality, how it depends on the shape of the 
seasonal cycle, and how the optimal strategy is influenced by body size. 
Specifically, we ask:  

(1) What is the optimal allocation of harvested resources between 
storage and reproduction?  

(2) What is the optimal time allocation between foraging and 
resting/dormancy?  

(3) Given a global variation in resource seasonality, when does it 
become beneficial to migrate, how does this depend on size and 
latitude (seasonality amplitude) and what is the optimal range? 

The model is driven by the resource variability described in Eq (1). 
The organism is described by its body mass w, which defines much of its 
physiology: consumption rate, metabolic rate, predation risk and 
consequently its expected life span. Body size also defines the organism’s 
trophic level through the rule that big organisms feed on smaller or-
ganisms with a fixed predator-prey ratio (Cohen et al. 1993; Barnes et al. 
2008). This means that larger organisms will experience a smaller 
amplitude of resource variation (smaller value of ρ in Eq. (1)). In addi-
tion to body mass, the organism has a state – its current level of reserves 
– and two traits: activity level (foraging effort), and energy allocation 
between accumulating reserves or investing in reproduction (i.e., go-
nads). The optimal scheduling of strategies is that which maximizes the 
lifetime energy devoted to reproduction. The optimization problem is 
solved with the technique of dynamic programming using the Hamilton- 
Jacobi-Bellman theorem (Houston and McNamara 1999; Clark and 
Mangel 2000; Bertsekas 2005). The model assumptions are described in 
Box 2. 

The model is intentionally kept as simple as possible. There are 
several aspects of life history we do not seek to model, although these are 
likely important. For instance, we make no representation of ontoge-
netic development; neither do we include the option of capital breeding, 
nor account for seasonal fluctuations in predators or the seasonal in-
vestment in finding and/or attracting a mate. Furthermore, we ignore 
that the strategy may depend on the population density or the strategy of 
other individuals – in other words, we ignore density dependence and 
frequency dependence. These are all demonstrably important processes, 
but they require a more complex modelling approach that cannot handle 
the breadth of the case we aim to cover (all trophic levels and latitudes). 
Our aim is to present a minimal realistic model, predicated only on 
allocation and activity traits, allometric scaling of vital rates with body 
size, where performance is judged on expected lifetime reproduction, i. 
e., fitness. To that end, we use the model to generate testable hypotheses 
to guide our empirical analysis of global life history strategy patterns 
based on available data and information from literature.  

Parameter Value 

Basal critical feeding level1 f0 = 0.1  
Activity feeding level1 fτ = 0.1  
Basal mortality2 a0 = 0.3  
Activity mortality2 aτ = 0.3  
Mean scaled resource level3 Rmean/Cmax = 1.5  
Pace-of-life constant4 c = 0.025 g− 1/4  

1For fish, metabolic requirements are typically 0.2 of maximum consumption (Hartvig 
et al. 2011). Assuming that this is a general rule, and on average an even split 
between basal and activity metabolism gives 0.1 for the two feeding levels.2The 
mortality should be less than the specific maximum assimilated consumption should 
be less than one to allow for closure of the life cycle. Values of the total scaled 
mortality (a0 +aτ) range from 0.25 (Andersen, K. H. 2019) to 0.8 (Andersen and 
Beyer 2006). We here use values which are closer to the more recent and lower 
estimate.3A value of Rmean/Cmax means that feeding is exactly at the half-saturation 
constant of the functional response. We assume that on average food conditions are 
a little higher.4See text.   

The model predicts differences in optimal seasonal strategies in terms of 
foraging activity and allocation to storage for different sized organisms 
(Fig. 7). In a typical year at 70◦ latitude, the foraging activity is lowest 
during summer when resources are abundant (see Fig. 5). Winter stra-
tegies depend on latitude and organism’s size. At low latitudes, the 
resource variation is low, which makes it possible to survive the winter 
just by increasing foraging activity, even for small organisms. Surviving 
winter in high latitudes, on the other hand, requires more specialised 

Fig. 4. Annual variation in light (PAR; orange, bottom) and biomass of four 
trophic levels in the North Sea: phytoplankton (green), zooplankton (dark 
green), forage fish (light blue) and piscivorous fish (dark blue). These are 
plotted as normalized values relative to their annual mean. The shaded areas 
represent the inter-annual variation. Data sources and processing described in 
Supp 1. 
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strategies. Small organisms experience zero fitness during winter 
months (dark areas in Fig. 7a). Therefore, even at optimality, fitness is 
less than 1, and an individual’s only choice for over-winter survival is to 
produce a resting stage (either the individual itself, or its progeny). 
Larger organisms allocate storage to survive the winter (Fig. 7b), by 
increasing their foraging activity in late summer and early fall. Storage 
accumulated for winter survival is therefore largest in late autumn. Even 
larger organisms also allocate energy to storage but need only a small 
allocation to survive the winter (Fig. 7c). 

From these model outcomes we identify three general strategies. The 
outcome of fitness less than 1 in the winter means that the individual 
cannot survive. Instead it must develop a durable resting stage that can 
reappear next season, e.g. overwintering cysts or eggs that survive 
during the winter and hatch in spring. We refer to this strategy as resting 
stage (dark grey shading in Fig. 7). The other strategy is having no ac-
tivity in the winter (grey shading). We interpret this as the development 
of a dormancy period, such as occurs by seasonal vertical migrating or-
ganisms. In this strategy the individual survives. Finally, the amount of 
storage represents the strategy of building lipid reserves as storage to 

survive the winter (blue shading in Fig. 7). The strategies of dormancy 
and storage often appear together, while the strategy of dormancy is 
exclusive. 

The model further suggests how the three strategies - resting stages, 
storage, and dormancy - vary with latitude and body size (Fig. 8). 
Resting stages are increasingly adopted by very small organisms at lat-
itudes above 40◦ (less than 0.001 g). Organisms larger than the 
threshold for resting stages build up storage, with larger organisms using 

Box 1 
Thermal time 

The pace of life increases with temperature. This is a consequence to thermodynamics and the kinetics of biochemical processes (Arrhenius 
1889). Thermal reaction norms describe how the rate of biological processes depend on temperature (Dam 2013). In general, all vital rates 
increase with increasing temperature as chemical kinetics speed up. In any event, as temperatures drop below an optimum, rates decrease, and 
the organism’s metabolic clock will slow down. This coupling between temperature and time is sometimes captured in the concept of degree 
days (Charnov and Gillooly 2003; Trudgill et al. 2005), when an organism perceives winter as being shorter in terms of its metabolism, 
compared to the same time spent at warmer temperatures. 

We can define a thermal time tT (measured as a fraction of a year) distributing the years’ metabolism evenly over the year: 

tT(t) =
∫ t

0 QΔT(t’)/10
10 dt’

[ ∫ 1
0 QΔT(t’)/10

10 dt’
]− 1

,

where tand t’ are time variable (also measured in fractions of a year) and ΔT is the temperature difference relative to a reference temperature T0. 
We illustrate the difference between time and thermal time (Fig. 6), assuming that metabolism scales with Q10 = 2, so that the metabolic rate 
relative to that at T0 is given by QΔT(t’)/10

10 . In this example, perceived resource availability for heterotherms is advance about 2–3 weeks, not 
significant on an annual basis, but a significant fraction of the life span of small organisms.  

Fig. 5. Normalized resource variability function R(ϕ, t)/Rmean (Eq. (1)) as a 
function of thermal time as a fraction of the year (x-axis; see Box 1) and ab-
solute latitude (y-axis). Note that this is a non-dimensional function that cap-
tures the three essential patterns of resource variation: the amplitude increases 
with latitude, the phase changes with latitude, and the length of the summer 
seasons increase with latitude. The example here is for an amplitude factor ρ =

0.9. The horizontal dotted line shows the latitudes used to draw Fig. 7. 

Fig. 6. Illustration of how the effect of temperature on metabolism changes the 
perceived time for heterotherms. A) The temperature variation as a function of 
time; B) The relative change of metabolism with time; C) the resource variation 
as a function of absolute (real) time (blue), and as a function of thermal time 
(red dashed). 
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increasing smaller fraction of body for storage. The maximum storage is 
found to be approximately 40% of the body weight. Storage is closely 
associated with dormancy. In the following we will systematically 
explore whether these simple hypotheses are applicable for marine or-
ganisms based on available data and knowledge. 

4. Resting stages and dormancy 

One way to deal with a period of depleted resources is to produce a 
resting stage or enter a state of substantially lowered metabolic cost and 
predation risk. Resting stages are integrated into a life history strategy, 
where the adult dies, but first produces resting life stages, e.g., cysts or 
resting eggs, whose reappearance can be timed to coincide with subse-
quent periods of abundant resources. Dormancy – the ability to enter a 
reversible state of low metabolic activity – provides organisms an effi-
cient means to conserve energy during periods of lowered resource 
availability. The reduction in metabolism can be facilitated by lowering 
activity levels, through dormancy or diapause (a state of delayed 

development), often in combination with entering colder (deeper) 
habitats, where the resting-metabolism is further reduced and predation 
risk is lower. The model (Fig. 8) indicates that resting egg/cysts for-
mation strategies are optimal for small organisms, w < 300 µg, e.g., 
protists and small copepods, and at high latitudes. Dormancy of some 
type can be an optimal strategy for organisms up to 1 g, i.e., large co-
pepods, poleward of 25◦ N/S. In the following, we summarize obser-
vations of resting stages and dormancy in various taxa in terms of the 
seasonality they experience. 

4.1. Microbes – dormancy, cyst formation and reduced metabolic rates 

Cyst formation is widespread among most – if not all – protist groups, 
including dinoflagellates (Zonneveld et al. 2013), diatoms (Hallegraeff 
and Bolch 1992; Lotter et al. 1997), chrysophytes (Lotter et al. 1997) 
and others (Decelle et al. 2013; Li et al. 2015). Most of these groups can 
form both temporary (short term) and resting (long term) cysts, and, as a 
strategy, it may be directed towards environmental fluctuations at a 

Box 2 
Model of optimal seasonal strategy 

An organism is defined by its body weightw. It has two strategy variables: its feeding activity τ and its allocation between reserves and 
reproduction σ. Taken together, the strategy variables define how fitness u and storage s (both scaled with body weight) vary over time. 

The feeding activity τ, defined as the fraction of time the organism spends feeding, provides access to resources, but also incurs costs in terms of 
energy as well as increased risk of mortality. The available energy is scaled with maximum assimilated consumption rate Cmax: 

E = Cmax
(
f − f0 − fττ

)
,

where the feeding level f is given by a functional response type II: 

f = τR
τR+1,

and the basal metabolic cost is Cmaxf0 and the activity cost of feeding is Cmaxfττ. 

In a similar fashion, mortality consist of a basal risk and a feeding risk: 

m = Cmax
w (a0 +aττ)

Mortality is scaled with Cmax/w (the maximum specific consumption rate) which has the advantage that the two central parameters that control 
mortality risk, a0 and aτ, are dimensionless. 

The governing equation of dynamic programming gives the fitness u scaled with body weight w as: 

cw1/4∂u
∂t + sup

τ,σ

[(
∂u
∂s σ + (1 − σ)

)
(
f − f0 − fττ

)
− (a0 + aττ)u

]

= 0 (2)

where s is the size of the reserves relative to body mass. The parameter c is a pace-of-life factor given as the ratio between body weight w, the 
length of the season T = 1 yr, and maximum consumption rate: 

c = w
TCmax

.

Using a metabolic scaling of maximum consumption rate, Cmax = hw3/4 we can write c = 1/(hT). With h ≈ 40 g1/4/yr we get c ≈ 0.025 g− 1/4.

Values of the parameters are given in the table below. The differential equation (2) is solved numerically to give the optimal strategy τ*(t) and 
σ*(t) that determines the variation in fitness u(t) and reserves s(t).

Fig. 7. Optimal seasonal strategies for 
organisms with sizes 0.1 mg (a), 1 mg 
(b), and 10 g (c) at 70◦ latitude. The 
seasonal strategy is described by the 
foraging activity level (red lines) and the 
allocation to storage (blue lines), with 
the storage indicated by the blue patch. 
The dark grey patch in panel A are time 
periods where the fitness is below 0, and 
the organism develop resting stages (see 
text). Light grey patches show time pe-
riods where the organisms do not forage 
(zero activity level) and hibernates. The 
resource environment is described by 
Eq. (1) and shown in Fig. 5.   
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Fig. 8. Seasonal strategies as a function of body mass and latitude; a) fraction of year spent hibernating, with the black patch to the left indicating development of 
resting stages. b) Fraction of body mass used for reserves. 

Fig. 9. Latitudinal and spatial patterns of resting strategies in the plankton. Ratio between cyst-forming and non-cyst-forming dinoflagellate species as a function of 
latitude (a). Weight-fraction of hibernating taxa in communities of small (≤2 mm) and large copepods (b), and weight-fraction of taxa with the potential to produce 
resting eggs in combined copepod communities (c) binned by latitude. The spatial distribution of fractions of hibernating taxa within communities of large copepods 
is shown in panel (d). Observation-based estimates are shown in solid colour while dashed areas represent model extrapolations. Communities were defined, and 
weight fractions were estimated as in Brun et al. 2016. (for details see Supplementary Material). 
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variety of frequencies (e.g. tidal to inter-annual; El Nino) as well as 
seasonality. The most widely reported cases of encystment are for di-
noflagellates, and in order to test the hypothesis emerging from the 
optimization model we have collated data on encystment of species at 
different latitudes (Fig. 9a; see Supp 2 for details). The analysis shows a 
higher frequency of cyst forming species at high latitudes (50–80◦) 
particularly in the Southern hemisphere. However, the fraction of spe-
cies that employ this strategy is globally quite low. 

A large fraction (40%) of marine bacteria are dormant at any given 
time (Colwell et al. 1985; Oliver 2005; Lennon and Jones 2011). This is 
partly considered as a defence strategy (Våge et al. 2014) but also an 
adaptation to reduce metabolism during periods of low food availability 
(Koch 1971). Likewise, most heterotrophic protists are adapted to a feast 
and famine existence by reducing their metabolic rate by up to several 
orders of magnitude during harsh periods (Fenchel 1989). However, we 
have been unable to find any general data that can be used to explore the 
correlation between seasonality and the degree of dormancy in 
microbes. 

4.2. Copepods – Resting eggs and diapause 

Copepods adopt a myriad of strategies to cope with the seasonality of 
their environment (Varpe 2012). Many small coastal copepods and 
cladocerans produce resting eggs, also called embryonic diapause, 
(Baumgartner and Tarrant 2017) that can survive in the sediment for 
decades and hatch when conditions improve (Hairston 1996). The 
production of resting eggs is exhibited by at least 49 species of copepods 
(Holm et al. 2017) all belonging to the same superfamily, Cen-
tropagoidea. In many instances, the emergence of resting eggs relies on 
resuspension from the benthos by waves and currents and are thus 
generally confined to coastal and shelf seas. The resting-egg strategy is 
thus not very evident in our analysis (Fig. 9c), as it does not occur 
beyond the continental shelf regions. Resting eggs do seem to be more 
prevalent at higher latitudes, though only in the Northern hemisphere. 

Diapause, i.e., a period of delayed development, is adopted by 
several species of copepods to promote their overwintering survival. 
Depending on the species, and on how their life cycle meshes with the 
annual progression of the seasons, diapause can be initiated at different 
– or indeed multiple—life stages, from egg, nauplii, copepodites, or 
adults (Dahms 1995). Conspicuous examples of diapause in late life 
stages (copepodites and adults) among larger copepods include Calanus 
finmarchicus and Calanus hyperboreus in the North Atlantic (Conover 
1962; Hirche 1996; Record et al. 2018), Neocalanus plumchrus, Neo-
calanus cristatus and Eucalanus bungii in the North Pacific (Miller et al. 
1984), Calanoides carinatus and Eucalanus monachus in the Indian Ocean 
(Smith 1995), Calanoides acutus, Rhincalanus gigas and Calanus pro-
pinquus in the Southern Ocean (Bathmann et al. 1993; Atkinson 1998) 
and many others. In tropical oceans, copepods also enter diapause in 
response to seasonal variations in monsoon driven upwelling/down-
welling and subsequent annual cycles in primary productivity (Idrisi 
et al. 2004). While this list is by no means exhaustive, it is evident that in 
their respective ocean basins, these species make up a significant frac-
tion of the total zooplankton biomass (Heinrich 1962). Our compilation 
of diapausing copepod species (Fig. 9b, d; see Supplementary Material), 
show that diapause is the predominant strategy among large copepods at 
high latitudes, while it is virtually absent at low latitudes. Smaller co-
pepods also employ diapause at high latitudes, but the strategy is less 
prevalent than it is among the larger copepods (Fig. 9b). 

4.3. Higher trophic levels 

Unlike many of their terrestrial counterparts, marine mammals do 
not hibernate. While there are examples of fish hibernating (Campbell 
et al. 2008), as well as some benthic molluscs (Storey and Storey 2017), 
and some jellyfish (cnidarians) that have benthic polyps and can form 
resting stages (Schnedler-Meyer et al. 2016), these examples are rather 

exceptional, and we can safely say that large organisms (w > 1 gC) rarely 
adopt resting stages or dormancy as their primary strategy for coping 
with seasonality. 

4.4. Global patterns in dormancy strategies 

Overall, we see that some of the qualitative predictions of resting 
stages or dormancy by the model are supported by empirical evidence: 
very small organisms become dormant (bacteria), form cysts (some 
protists), or resting eggs (smaller copepods on the shelves); larger or-
ganisms perform diapause (in particular large copepods), while very 
large organisms typically do neither (fish and marine mammals), and 
finally resting/dormancy is more prevalent in high than in low latitudes. 
There are though notable deviations: Cyst formation is not very preva-
lent (in terms of species numbers) among dinoflagellates, and we are 
currently unable to understand why this large group does not seem to 
have a clear seasonal strategy. Likewise, counter to the model, large 
copepods, e.g., Calanus finmarchicus w ≈ 120 µgC and Neocalanus 
plumchrus w ≈ 200 µgC, appear much more likely to adopt diapause as a 
seasonal strategy than smaller copepods, e.g., Arcatia tonsa w ≈ 5 µgC, 
whose preferred option is to produce resting eggs. This difference is most 
likely related to the storage and utilization of lipids, which we will 
discuss in the next section. 

5. Reserves 

The storage of lipids and other high energy compounds is a common 
strategy adopted by many groups of marine organisms (e.g., copepods, 
krill, fish, marine mammals) to cope with seasonal changes in resources. 
The scheduling of income allocation to somatic growth, reproductive 
growth or energy reserves is a key contributor to life-history strategy 
success. What complicates the story about lipids and seasonality is that 
stored lipids are not solely overwintering reserves: they can also fuel 
capital breeding (copepods, fish, marine mammals; (Sainmont et al. 
2014)), insulate (marine mammals), and regulate buoyancy (Visser and 
Jónasdóttir 1999) during periods of dormancy. 

Lipids come in different forms, with wax esters and triacylglycerides 
being the two main lipid types. In the marine environment, lipids are 
exclusively produced by phytoplankton. Higher trophic levels (hetero-
trophic protists, copepods, fish) can modify the lipids to some degree by 
transforming fatty acid chains into compound molecules, including wax 
esters or triacylglycerides. The different kinds of lipids generally serve 
different purposes. Specifically, wax esters are predominantly long-term 
energy storage, while triacylglycerides serve more immediate energy 
requirements (Lee et al. 2006). We can therefore expect that over-
wintering reserves in diapausing organisms are primarily in the form of 
wax esters, while those that remain active – albeit at a reduced rate – 
would store reserves in the form of triacylglycerides. 

The predicted pattern of optimal reserves laid down by an organism 
in terms of its size and exposure to seasonal fluctuations in resource 
availability (Fig. 8) can be interpreted in terms of metabolic re-
quirements (Box 3). Specifically, the reserves accumulated by an indi-
vidual preceding a period of famine, should be at least sufficient to cover 
its metabolic requirements through that period. Thus, based on meta-
bolic arguments and in accordance with the model predictions, this 
suggests that lipid reserves, as a fraction of total weight should:  

(1) Decrease with increasing size of the individual  
(2) Increase with length of resource replete period – essentially 

latitude  
(3) There is a minimum body size below which it is no longer feasible 

to accumulate sufficient reserves to survive. 

To compare these hypotheses with observations, we collected 
available data on the fraction of body mass used for lipids in marine 
organisms, from protists to large fish (Figs. 10 and 11; see 
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Box 3 
Allometric scaling and the use of reserves 

In the modelling framework, we have assumed that reserves fuel metabolic costs during winter. We can make a simple metabolic argument for 
the fraction of the body weight that must be allocated to reserves in order to survive a resource depleted period – for example a winter. The 
metabolic requirements for survival (M) scale with body size was: 

M = aw3/4,

where a is a constant. Over a duration T the total amount of reserve mass wrneeded to support metabolism is wr = MT. Inserting the metabolic 
rate, we can write the fraction of body mass used for reserves as: 
wr
w = aw− 1/4T.

Thus, the fraction of reserves decreases with body mass – large organisms need fewer reserves (relative to their size) to survive the same period 
as smaller organisms. The size of the reserves increases proportionally to the length of the period.  

Fig. 10. Latitudinal pattern of lipid content in percent of dry weight for (a) protists, (b) small copepods (<500 µg), (c) large copepods (≥500 µg), (d) small pelagic 
fish (Lmax < 35 cm) and (e) large pelagic fish (Lmax ≥ 35 cm) (See Supplementary Material). Solid lines show significant relationship (p < 0.05) between % lipid 
content and absolute latitude based on bootstrapped regression analysis (dotted lines are not significant). 

Fig. 11. Latitudinal pattern of % lipid storage for (a) small benthic invertebrates (Lmax < 5 cm), (b) large benthic invertebrates (Lmax ≥ 5 cm), (c) small demersal fish 
(Lmax < 35 cm) and (d) large demersal fish (Lmax ≥ 35 cm) (Supplementary Material). Solid line show significant relationship (p < 0.05) between % lipid content and 
absolute latitude based on bootstrapped regression analysis (dotted lines are not significant). 
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supplementary material for details). The overall trends predicted by the 
model are generally well supported by the data. First of all, the lipid 
fraction peaks for small organisms and decreases with increasing body 
size. Interestingly, large copepods show an average lipid content of 
around 40% of total body mass, which is just the maximum value pre-
dicted by the model. Note, that the lower lipid contents in even smaller 
organisms is due to their different survival strategy (see previous section 
on resting stages). Furthermore, the fraction of lipids increases with 
latitude, however, the pattern is much weaker than predicted by the 
model. Finally, we do not see a minimum size of accumulation of lipids, 
even though protists do have lipids. However, as mentioned above it is 
difficult to know the exact function of lipids; they could be stored for 
surviving shorter term fluctuations than seasonal fluctuations. In the 
following sections, we explore these results in more detail for each group 
in light of available literature. 

5.1. Protists 

Our discussion here is largely based on reserves as reported for 
autotrophic protists. Actively growing phytoplankton contain 10–20% 
of their dry weight as total lipids, mainly consisting of polar glycolipids 
(membranes) and neutral triacylglycerols (membrane-bound oil drop-
lets in cytoplasm; (Falk-Petersen et al. 1998; Jónasdóttir 2019)). How-
ever, the lipid content of phytoplankton is influenced by the availability 
of nutrients, temperature, and light intensity (Kattner et al. 1983), fac-
tors that vary spatially and with seasons. There appears to be some ev-
idence that when certain phytoplankton species become stressed (i.e. 
due to lower nutrients, lower light, lower temperatures) they increase 
lipid production. This has been seen, for instance in diatoms (Taguchi 
et al. 1987), the Antarctic phytoplankton community (Smith and Morris 
1980) and for Arctic ice algae (Smith et al. 1989), the implication being 
that this increase in lipid production is to accumulate reserves for 
worsening conditions. However, this is by no means universal. The 
Arctic phytoplankton community for instance, unlike its Antarctic 
counterpart, exhibits no perceptible increase in lipid production when 
confronted by decreased light and nutrients (Li and Platt 1982). Like-
wise, lipid allocation in phytoplankton from the Barents Sea (75◦N) and 
Amundsen Sea (75◦S) is less than 30% of total assimilated carbon, and 
the production appears to be independent of temperature and irradiance 
(Henderson et al. 1991; Jung Song et al. 2016). A similar proportion of 
lipids in phytoplankton is also reported from the tropical (20% – (Morris 
et al. 1981), temperate (25% – (Morris and Skea 1978), and subpolar 
areas (17% – (de Madariaga and Joint 1994); 40% – (Smith and Morris 
1980)), suggesting that there is no correlation between lipid production 
and latitude. This lack of correlation is indeed observed in our compi-
lation of observational data (Fig. 10a). 

5.2. Zooplankton 

Many zooplankters, particularly copepods (Lee et al. 1971b; Hagen 
and Auel 2001) and euphausiids (krill) (Saether et al. 1986; Hagen et al. 
1996) are able to accumulate large amounts of lipids. At high latitudes, 
calanoid copepods are capable of storing lipids (Lee et al. 1971a) 
constituting in some cases up to 90% of the carbon content of individuals 
(Kattner and Hagen 2009). At low latitudes copepods are adapted to 
continuous food availability, making structures for lipid storage un-
necessary (Lee and Hirota 1973). Along with high temperatures, and 
thus high metabolic rates, this results in lipid-poor zooplankton species 
(Arts et al. 2009). Although our data analysis demonstrates a significant 
increase in lipid content with latitude (Fig. 10b,c) the observed degree of 
change is considerably weaker than that predicted in the model. A likely 
reason is that stored lipids provide energy for various purposes, 
including survival during periods of low food availability not due to 
seasonal variations as well as for reproduction (Kattner and Hagen 
1995). 

5.3. Fish 

In fish, lipids play multiple roles as (i) sources for metabolic energy 
for locomotion (Moves and West 1995; Richards et al. 2002) and 
migration; (ii) energy reserves in preparation for reproductive events 
and periods where resources are scarce; (iii) and as a means to regulate 
buoyancy. On a seasonal scale, species that experience annual fluctua-
tions in prey availability may store fatty acids to cope with resource- 
scarce periods. This is typical of many small forage fish, e.g., Atlantic 
silversides (Schultz and Conover 1997) and sandeel (van Deurs et al. 
2011; Danielsen et al., 2016; Lindegren et al. 2018). Before winter be-
gins, the lipid content in these and similar small species reaches a 
maximum, and they become an attractive target for commercial 
exploitation in the fish oil and fish meal industry. 

Storage of lipids may also have multiple reproductive purposes. First 
of all, lipids play a major role in spawning migrations in multiple fish 
species, including many salmonids, clupeids (herrings) (Slotte 1996), 
and scombroids (mackerels) (Wallace 1991; Jansen et al. 2012). Sec-
ondly, many fish species build up lipids to be used for the formation of 
ovaries and their constituent eggs (Marshall et al. 1999; van Deurs et al. 
2016). Aside from being used as an energy source to produce these 
reproductive tissues, fish also transfer a significant amount of lipids to 
their eggs in the form of yolk, to be metabolized by the embryos and 
eventually larvae during their early development (Tocher 2003). 
Finally, lipids can serve as a buoyancy-regulating substance in fish that 
do not possess a swim bladder, such as sharks, where they may, serve an 
additional purpose of providing fish with a source of metabolic energy 
(Phleger 1998). The multiple purpose of lipids in fish, with seasonal 
reserves only being one, is probably the reason why the latitudinal 
variation in lipid content is relatively weak (Fig. 10d, e; Fig. 11c, d). 
There is a weak signal of increased reserves among small pelagic fish at 
higher latitudes, which is most likely due to reserves for winter survival. 
As expected from the model, larger fish do not seem to produce lipid 
reserves at high latitudes. 

5.4. Benthos 

Lipids are stored in all major organism groups of bottom-living in-
vertebrates, from annelid and sipunculid worms, echinoderms (echi-
noids and asteroids) to molluscs (bivalves and gastropods) and 
crustaceans (lobster, crabs and barnacles). Benthic invertebrates store 
lipids mainly for two reasons: i) energy reserves during periods of 
reduced feeding and nutrient intake, and ii) prolonged situations of 
increased energetic or synthetic requirements, such as reproduction and 
migration (Lawrence 1976). During periods of reduced feeding, many 
benthic organisms use their lipid reserves while exhibiting dormancy 
(Fish 1967). Dormancy and lipid storage is not necessarily driven by 
latitude, as food shortage in warmer waters (e.g. Mediterranean Sea) has 
been shown to even cause summer dormancy (Coma et al. 2000; Coma 
and Ribes 2003). Inability to feed and the utilisation of lipids also occurs 
during molting, although this is primarily observed in brachyuran spe-
cies (Scheer 1960). Besides molting, reproduction and migration require 
a lipid reserve to sustain long periods of high synthetic or energetic 
activity. For example, lipids are involved in spawning migrations of 
polychaetes, such as Nereis virens (Pocock et al. 1971). As shown in 
Fig. 11a + b, the amount of lipids shows a large variation, from close to 
0 up to 50%. A latitudinal signal in lipid storage is almost absent in 
benthic organisms, with just a small increase at high latitudes among the 
small benthos (Fig. 11a). As for copepods and fish, the multifaceted use 
of lipid storage, of which the seasonal strategy is just one, may limit the 
detectability of any latitudinal storage effect. 

6. Migration 

There are numerous examples of marine organisms undertaking 
substantial migrations including for instance fish, reptiles, and mammal 
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species (Polovina 1996; Block et al. 2011; Hays and Scott 2013). Con-
spicuous examples are the annual migrations of whales between the 
Southern Ocean and Brazil (Horton et al., 2011), sea turtles across the 
Atlantic and Pacific oceans (Polovina et al. 2000; Mansfield et al. 2009), 
sharks (Bonfil et al. 2005), tunas (Mather et al. 1995), eels (Miller et al. 
2015), small pelagic fish (Van Der Lingen et al. 2010; van Deurs et al. 
2016) and lobsters (Boles and Lohmann 2003). These migrations play an 
integral part of the seasonal ecology of the species in certain regions and 
are likely the result of the seasonality of their resources and/or 
favourable reproductive conditions at distant locations. Examples are 
the salmon runs in the North Pacific and North Atlantic (Quinn 2018), 
the annual migrations of herring along the Norwegian coast (Slotte and 
Fiksen 2000), bluefin tuna migrations in the Atlantic and Mediterranean 
Sea (Mather et al. 1995; Fromentin and Powers 2005). Many of these 
examples are well known to fishermen, and their predictable timings 
have facilitated exploitation, sometimes to the point of exhaustion. (e.g. 
tuna in the North Sea or sardine in the California Current (MacKenzie 
et al. 2009; Lindegren et al. 2013). 

6.1. Model of optimal migration 

To formulate hypothesis of seasonal migrations we have developed a 
simple model of optimal migrations. The model is based on the same 
principles and resource environment as the model in Box 2, but instead 
of solving for optimal foraging activity and allocation to storage, this 
model find the optimal allocation of time between foraging and migra-
tion. The model describes an organism that reproduces at a given lati-
tude and time (Box 4). The free parameter is the speed of migration U, 
which is linked to body mass – larger value of migration speed corre-
sponds to a larger organism. Varying migration speed (which represents 
body size) and the time and latitude of reproduction produces different 
optimal migratory behaviours (Fig. 12). Organisms migrate across lati-
tudes to follow the productivity peak. Once the production subsides at 
high latitudes, the organisms quickly migrate across the low productive 
regions to catch the start of the next wave. 

The key hypothesis generated by the migration model is that larger 
organisms perform longer migrations. To ground truth this hypothesis 
we collected and analysed the maximum migration distance of larger 
marine organisms (fish and larger) and find that the maximal migration 
distance scales roughly with the body weight to the power 0.36 (Fig. 13). 

7. Synthesis and conclusions 

In this study we have presented and used a simple life-history opti-
mization model to generate and empirically test hypotheses about how 
organisms of different sizes and at different latitudes should adjust their 
annual schedule to contend with seasonal variation in resource supply. 
The model framework generated two overall hypotheses valid across 
lifeforms, from bacteria to whales, and across latitudes, from equator to 
the poles. First of all, the larger and longer-lived the organisms become, 

the lower their metabolic requirements per body mass to survive the 
food shortage during winter. Consequently, larger organisms are less 
challenged in contending with seasonal variations than smaller ones. 
Secondly, these predictions get more pronounced at higher latitudes, 

Box 4 
Optimal seasonal migration model 

An organism may choose to forage on the resource R(ϕ(t), t) (Eq. (1)), or it may migrate latitudinally with a maximal speed of U. Migration thus 
comes at the cost of lost foraging opportunity. We let θ(t) denote its choice at a given time and assume that if the organism migrates with speed 
Usin(θ), then it forages with rate Ucos(θ). The organism aims to maximize the energy harvested over an entire year, i.e.: 

max
{ ∫

R(ϕ(t), t )cos(θ(t) )dt
}

where dϕ/dt = Usin(θ(t)). 

We assume that the latitude of the organism is fixed at time t = 0 to a prescribed spawning location. To identify the optimal path, we utilize that 
it must satisfy the so-called canonical equations of Hamiltonian dynamics (Liberzon 2011), which is a boundary value problem in the position 
θ(t) and the co-state λ(t), which measures the local fitness gradient and from which the instantaneous optimal velocity is found. See also 
(Thygesen et al. 2016).  

Fig. 12. Optimal migration tracks of individuals following the seasonal varia-
tion in growth potential over a seasonal cycle (light gray being high resources; 
see Fig. 5). A) low migration speeds (small organisms; U = 1); B) high migra-
tion speeds (large organisms; U = 3). Each track is fixed by an obligatory 
milepost in annual migrations, i.e., visiting a spawning site at a particular time 
of year, indicated by a circle at time = 0. The seasonal cycle is the same as 
described in Fig. 5. 

Fig. 13. Maximum migration distances observed for a range of marine species 
according to their dry mass. Data from (Hein et al. 2012) and (Hays and Scott 
2013). The regression line is a power scaling ∝weight0.36 (r2 

= 0.85). 
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with seasonal adaptation beginning to manifest at latitudes >40◦ N/S. 
Additionally, our modelling allows us to posit a number of detailed 
hypotheses (illustrated in Fig. 14) regarding the specific seasonal stra-
tegies employed by different organisms, where: 

(i) small and short-lived unicellular organisms benefit from invest-
ing in resting stages, rather than trying to survive the winter;  

(ii) small multicellular organisms benefit from employing a diapause 
stage with reduced activity, where they can survive on stored 
reserves; and  

(iii) larger multicellular organisms can allocate a smaller fraction of 
their body mass to reserves, and can therefore survive the winter 
on reserves without investing in diapause. 

Finally, we can on the basis of our migration model posit that sea-
sonal migrations can be used to follow the seasonal production peaks, 
provided that the organisms are sufficiently large to be able to follow 
and benefit from (i.e., in terms of foraging) the latitudinal changes in 
production. The model predictions and hypotheses presented above are 
crude caricatures of the complexity of real-world life-history schedules 
because they are based on a primitive description of the seasonal 
resource landscape. Nevertheless, our model predictions show the 
strong power of the seasonal signal to shape life-histories and make 
useful null-hypotheses testable with empirical data. A natural extension 
of our motivating question as to how the seasonality shapes an organ-
isms’ annual routines, is to ask to which degree observed annual rou-
tines follow our model predictions; and if not, the interesting question 
then arises: why not? 

Based on the empirical evidence gathered from literature and 
observational data we can show that indeed some life forms appear to 
follow and support the null hypotheses emerging from our simplified 
model. For instance, we find that most short-lived organisms, including 
bacteria and protists produce resting stages, rather than investing in 
storage for survival during winter. Moreover, we find that larger or-
ganisms, notably copepods show a higher investment in storage (i.e., 
fraction of lipids) and/or increasingly enter into dormancy, particularly 
at higher latitudes. For fish and other higher trophic level organisms, we 
find only a weak investment in storage, but a higher propensity to un-
dertake migrations with increasing body size. In contrast to the cases 
above, there are a number of instances where the empirical evidence and 
data clearly defy the null-hypotheses. For instance, we are unable to 
distinguish clear seasonal strategies among dinoflagellates, which, 
based on the model, would be expected to produce cysts or enter 
dormancy. Instead, they seem active during polar winters, possible 
because they can survive only on phagotrophy while they wait for light 
and the potential to photosynthesize during the coming spring (Berge 
et al. 2015). The ability to be mixotrophic means that the resource 
environment is more diverse and less variable over the season than the 
light environment. A less variable resource environment makes it less 
important to develop a seasonal strategy. 

Another example where our null-hypotheses are unsupported by 
empirical evidence is benthos, where we are unable to discern a lat-
itudinal gradient in seasonal strategies from observations. In general, 
one of the primary challenges of our modelling approach is the difficulty 
to categorize the strategies exhibited by organisms with a generation 
time of around 1 year, as these are most susceptible to seasonality 
(Fig. 1). For these organisms (e.g. copepods and krill), surviving the 
winter often requires a combination of strategies. The meshing together 
of all three seasonal strategies – resting, lipid storage and a migration to 
depth – is a remarkable outcome of evolutionary invention in the use of 
available resources. Diapause as a means of reducing metabolic costs 
during times of limited resource availability has a clear advantage, but it 
has even greater advantage if conducted at low temperatures and in a 
relatively quiescent and low risk environment. The deep oceans present 
such a habitat – it may not be entirely risk free, but it is cold and 
quiescent. Thus, a seasonal vertical migration in connection with 
diapause presents a double benefit. Lipid reserves present the third 
added benefit, as a means of both supporting neutral buoyancy in deep 
overwintering habitats and fuelling overwintering metabolism, albeit at 
a much reduced rate. To this end, investment in storage enables not only 
overwintering survival of adults but an early burst of reproduction, 
matching the timing of the spring bloom and ensuring an abundance of 
food for the early life stages to grow and survive. 

Longer lived organisms have less clearly discerned seasonal strate-
gies. The comprehensive analysis by Berge et al. (2015) showed that 
marine life in the polar winter is not inactive, but is driven by activity of 
higher trophic levels, such as birds, which need to sustain their ho-
meothermic metabolism, but also fish. However, much of the activity is 
expected to be maintained on stored energy. From the observational 
data we are unable to detect a clear latitudinal signal in the amount of 
energy stored for larger fish. However, they do, on average store energy. 
Furthermore, while larger organisms need relatively smaller lipid re-
serves to survive a winter than smaller organisms (Box 3), they also have 
the opportunity to remain active during the polar night, and feed on 
these smaller organisms with ample specific fat reserves (Berge et al. 
2015). 

A key challenge of our study has been obtaining representative data 
to compare with model predictions, especially for the reserve and 
migration strategies. Lipids have many uses, among which reserves for 
winter survival is just one. Consequently, we have been unable to 
disentangle the effect of lipids for storage from its many other uses, 
including investment in gonads and eggs, insulation and buoyancy 
control. The same is true for the observational data on migration that 
may be obscured by multiple underlying needs and processes, which 
could be driven by optimizing spawning success, just as well as feeding 
opportunities. 

Finally, we have used a caricature of seasonal variability in the 
resource environment that is of necessity a simplification of reality. This 
is because making broad predictions requires a simple and generally 
applicable representation of the seasonal resource environment used to 
force our model simulations. Real-world patterns of phytoplankton 
bloom dynamics are inherently complex and exhibit a myriad of 
different forms (Kavanaugh et al. 2014). Some systems, such as parts of 
the North Atlantic Ocean, exhibit a characteristic double-peak form with 
blooms occurring in spring followed by a smaller secondary peak in 
autumn. The mechanisms underpinning this variability are also diverse 
and can include the effects of mixed-layer dynamics, seasonal light cy-
cles and wind-driven upwelling (Siegel et al. 2002; Henson et al. 2006; 
Ferreira et al. 2015), and climate change (Sundby et al. 2016). Never-
theless, our model framework is generic and fully capable of using other 
more complex seasonal forcing functions in order to represent the sea-
sonal strategies in particular systems or environmental conditions. 

In summary, we have shown the importance of a number of key 
adaptations and strategies by which marine organisms, ranging from 
unicellular plankton to whales, can effectively contend with the seasonal 
waxing and waning of light and resources in our oceans While we are not 

Fig. 14. Schematic as to how organism’s size or age at maturation relates to the 
different seasonality options (see Fig. 1). Organisms with a generation time 
around 1 year (grey box) are particularly challenged with regards to seasonal 
routines, and it is here that we see the biggest variation in seasonal strategies. 
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entirely successful in fully testing and validating our simple model 
predictions and the hypotheses generated with empirical data and ob-
servations, it is clear that life history strategies and how they mesh with 
seasonal variations, need to be considered to understand and represent 
the complex organization, dynamics and variability of marine ecosys-
tems in both time and space. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by the Centre for Ocean Life, a VKR Centre 
of Excellence supported by the Villum Foundation. We wish to 
acknowledge many current and retired scientists at SAHFOS for their 
continuous efforts to maintain the Continuous Plankton Recorder sur-
vey. RvG was supported by the MARmaED project, which has received 
funding from the European Union’s Horizon 2020 research and inno-
vation programme under the Marie Skłodowska-Curie grant agreement 
No 675997. The results of this work reflect only the authors’ views and 
the Commission is not responsible for any use that may be made of the 
information it contains. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pocean.2020.102466. 

References 

Ackley, S.F., Buck, K.R., Taguchi, S., 1979. Standing crop of algae in the sea ice of the 
Weddell Sea region. Deep Sea Res. Part Oceanogr. Res. Pap. 26, 269–281. https:// 
doi.org/10.1016/0198-0149(79)90024-4. 

Andersen, K.H., 2019. Fish Ecology, Evolution, and Exploitation. Princeton University 
Press. 

Andersen, K.H., Berge, T., Gonçalves, R.J., et al., 2016. Characteristic Sizes of Life in the 
Oceans, from Bacteria to Whales*. Annu. Rev. Mar. Sci. 8, 217–241. https://doi.org/ 
10.1146/annurev-marine-122414-034144. 

Andersen, K.H., Beyer, J.E., 2006. Asymptotic Size Determines Species Abundance in the 
Marine Size Spectrum. Am. Nat. 168, 54–61. https://doi.org/10.1086/521238. 

Arrhenius, S., 1889. Über die Reaktionsgeschwindigkeit bei der Inversion von 
Rohrzucker durch Sauren. Z. Für Phys. Chem. 4, 226–248. 

Arts, M.T., Brett, M.T., Kainz, M.J., 2009. Lipids in Aquatic Ecosystems. Springer, New 
York.  

Atkinson, A., 1998. Life cycle strategies of epipelagic copepods in the Southern Ocean. 
J. Mar. Syst. 15, 289–311. 

Bainbridge, R., 1953. Studies on the interrelationships of zooplankton and 
phytoplankton. J. Mar. Biol. Assoc. U. K. 32, 385–447. 

Barnes, C., Bethea, D.M., Brodeur, R.D., et al., 2008. Predator and prey body sizes in 
marine food webs. Ecology 89, 881. 

Bathmann, U., Makarov, R., Spiridonov, V., Rohardt, G., 1993. Winter distribution and 
overwintering strategies of the Antarctic copepod species Calanoides acutus, 
Rhincalanus gigas and Calanus propinquus (Crustacea, Calanoida) in the Weddell 
Sea. Polar Biol. 13, 333–346. 

Baumgartner, M.F., Tarrant, A.M., 2017. The Physiology and Ecology of Diapause in 
Marine Copepods. Annu. Rev. Mar. Sci. 9, 387–411. 

Behrenfeld, M.J., 2010. Abandoning Sverdrup ’ s Critical Depth Hypothesis on 
phytoplankton blooms. Ecology 91, 977–989. 

Berge, J., Daase, M., Renaud, P.E., et al., 2015. Unexpected levels of biological activity 
during the polar night offer new perspectives on a warming Arctic. Curr. Biol. 25, 
2555–2561. 

Bertsekas, D.P., 2005. Dynamic Programming and Optimal Control. Athena Scientic. 
Block, B.A., Jonsen, I.D., Jorgensen, S.J., et al., 2011. Tracking apex marine predator 

movements in a dynamic ocean. Nature 475, 86–90. https://doi.org/10.1038/ 
nature10082. 

Boles, L.C., Lohmann, K.J., 2003. True navigation and magnetic maps in spiny lobsters. 
Nature 421, 60. 

Bonfil, R., Meÿer, M., Scholl, M.C., et al., 2005. Transoceanic migration, spatial 
dynamics, and population linkages of white sharks. Science 310, 100–103. 

Broerse, A.T.C., Brummer, G.-J.A., Hinte, J.E.V., 2000. Coccolithophore export 
production in response to monsoonal upwelling off Somalia (northwestern Indian 
Ocean). Deep Sea Res. Part II Top. Stud. Oceanogr. 47, 2179–2205. https://doi.org/ 
10.1016/S0967-0645(00)00021-7. 

Bunt, J.S., 2013. Primary Productivity Under Sea Ice in Antarctic Waters: 1. 
Concentrations and Photosynthetic Activities of Microalgae in the Waters of 
McMurdo Sound, Antarctica. In: Biology of the Antarctic Seas. American Geophysical 
Union, Washington, D.C., pp. 13–26 

Calbet, A., Landry, M.R., 2004. Phytoplankton growth, microzooplankton grazing, and 
carbon cycling in marine systems. Limnol. Oceanogr. 49, 51–57. 

Campbell, H.A., Fraser, K.P., Bishop, C.M., Peck, L.S., Egginton, S., 2008. Hibernation in 
an Antarctic fish: on ice for winter. PLoS ONE 3, e1743. 

Charnov, E.L., James, F., Gillooly, 2003. Thermal time: body size, food quality and the 
10C rule. Evol. Ecol. Res. 5, 43–51. 

Clark, C.W., Mangel, M., 2000. Dynamic State Variable Models in Ecology: Methods and 
Applications. Oxford University Press. 

Cleland, E.E., Chuine, I., Menzel, A., Mooney, H.A., Schwartz, M.D., 2007. Shifting plant 
phenology in response to global change. Trends Ecol. Evol. 22, 357–365. 

Cohen, J.E., Pimm, S.L., Yodzis, P., Saldaña, J., 1993. Body sizes of animal predators and 
animal prey in food webs. J. Anim. Ecol. 62, 67–78. 

Colwell, R., Brayton, P., Grimes, D., Roszak, D., Huq, S., Palmer, L., 1985. Viable but non- 
culturable Vibrio cholerae and related pathogens in the environment: implications 
for release of genetically engineered microorganisms. Nat. Biotechnol. 3, 817–820. 

Coma, R., Ribes, M., 2003. Seasonal energetic constraints in Mediterranean benthic 
suspension feeders: effects at different levels of ecological organization. Oikos 101, 
205–215. 

Coma, R., Ribes, M., Gili, J.-M., Zabala, M., 2000. Seasonality in coastal benthic 
ecosystems. Trends Ecol. Evol. 15, 448–453. 

Conover, R.J., 1962. Metabolism and growth in Calanus hyperboreus in relation to its life 
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Lee, R., Nevenzel, J., Paffenhöfer, G.-A., 1971b. Importance of wax esters and other lipids 
in the marine food chain: phytoplankton and copepods. Mar. Biol. 9, 99–108. 

Lennon, J.T., Jones, S.E., 2011. Microbial seed banks: the ecological and evolutionary 
implications of dormancy. Nat. Rev. Microbiol. 9, 119. 

Li, W.K., Platt, T., 1982. Distribution of carbon among photosynthetic end-products in 
phytoplankton of the eastern Canadian Arctic. J. Phycol. 18, 466–471. 

Li, Z., Matsuoka, K., Shin, H.H., Kobayashi, S., Shin, K., Lee, T., Han, M.-S., 2015. 
Brigantedinium majusculum is the cyst of Protoperidinium sinuosum 
(Protoperidiniaceae, Dinophyceae). Phycologia 54, 517–529. 

Liberzon, D., 2011. Calculus of variations and optimal control theory: a concise 
introduction. Princeton University Press. 

Lindegren, M., Checkley, D.M., Rouyer, T., MacCall, A.D., Stenseth, N.C., 2013. Climate, 
fishing, and fluctuations of sardine and anchovy in the California Current. Proc. Natl. 
Acad. Sci. 110, 13672–13677. 

Lindegren, M., Van Deurs, M., MacKenzie, B.R., Worsoe Clausen, L., Christensen, A., 
Rindorf, A., 2018. Productivity and recovery of forage fish under climate change and 
fishing: North Sea sandeel as a case study. Fish. Oceanogr. 27, 212–221. 

Longhurst, A.R., 1995. Seasonal cycles of pelagic production and consumption. Prog. 
Oceanogr. 36, 77–167. https://doi.org/10.1016/0079-6611(95)00015-1. 

Lotter, A.F., Birks, H.J.B., Hofmann, W., Marchetto, A., 1997. Modern diatom, cladocera, 
chironomid, and chrysophyte cyst assemblages as quantitative indicators for the 
reconstruction of past environmental conditions in the Alps. I. Climate. 
J. Paleolimnol. 18, 395–420. 

MacKenzie, B.R., Mosegaard, H., Rosenberg, A.A., 2009. Impending collapse of bluefin 
tuna in the northeast Atlantic and Mediterranean. Conserv. Lett. 2, 26–35. 

Danielsen, N.S., Hedeholm, R.B., Grønkjær, P., 2016. Seasonal changes in diet and lipid 
content of northern sand lance Ammodytes dubius on Fyllas Bank, West Greenland. 
Mar. Ecol. Prog. Ser. 558, 97–113. https://doi.org/10.3354/meps11859. 

de Madariaga, I., Joint, I., 1994. Photosynthesis and carbon metabolism by size- 
fractionated phytoplankton in the southern North Sea in early summer. Cont. Shelf 
Res. 14, 295–311. 

Mansfield, K.L., Saba, V.S., Keinath, J.A., Musick, J.A., 2009. Satellite tracking reveals a 
dichotomy in migration strategies among juvenile loggerhead turtles in the 
Northwest Atlantic. Mar. Biol. 156, 2555. 

Marshall, C.T., Yaragina, N.A., Lambert, Y., Kjesbu, O.S., 1999. Total lipid energy as a 
proxy for total egg production by fish stocks. Nature 402, 288. 

Mather, F.J., Mason, J.M., Jones, A.C., 1995. Historical document: life history and 
fisheries of Atlantic bluefin tuna. 

Mathias, A., Chesson, P., 2013. Coexistence and evolutionary dynamics mediated by 
seasonal environmental variation in annual plant communities. Theor. Popul. Biol. 
84, 56–71. https://doi.org/10.1016/j.tpb.2012.11.009. 

McNamara, J.M., Houston, A.I., 2008. Optimal annual routines: behaviour in the context 
of physiology and ecology. Philos. Trans. R. Soc. B Biol. Sci. 363, 301–319. https:// 
doi.org/10.1098/rstb.2007.2141. 

Miller, C.B., Frost, B.W., Batchelder, H.P., Clemons, M.J., Conway, R.E., 1984. Life 
histories of large, grazing copepods in a subarctic ocean gyre: Neocalanus 
plumchrus, Neocalanus cristatus, and Eucalanus bungii in the Northeast Pacific. 
Prog. Oceanogr. 13, 201–243. 

Miller, M.J., Bonhommeau, S., Munk, P., Castonguay, M., Hanel, R., McCleave, J.D., 
2015. A century of research on the larval distributions of the Atlantic eels: a re- 
examination of the data. Biol. Rev. 90, 1035–1064. 

Morris, I., Smith, A., Glover, H., 1981. Products of photosynthesis in phytoplankton off 
the Orinoco River and in the Caribbean Sea 1. Limnol. Oceanogr. 26, 1034–1044. 

Morris, L., Skea, W., 1978. Products of photosynthesis in natural populations of marine 
phytoplankton from the Gulf of Maine. Mar. Biol. 47, 303–312. 

Moves, C.D., West, T.G., 1995. Exercise metabolism of fish. In: Biochemistry and 
molecular biology of fishes. Elsevier, pp. 367–392. 

van Noordwijk, A.J., de Jong, G., 1986. Acquisition and Allocation of Resources: Their 
Influence on Variation in Life History Tactics. Am. Nat. 128, 137–142. 

Oliver, J.D., 2005. The viable but nonculturable state in bacteria. J. Microbiol. 43, 
93–100. 

Phleger, C.F., 1998. Buoyancy in marine fishes: direct and indirect role of lipids. Am. 
Zool. 38, 321–330. 

Pocock, D.M.-E., Marsden, J.R., Hamilton, J., 1971. Lipids in an intertidal polychaete and 
their relation to maturation of the worm. Comp. Biochem. Physiol. A Physiol. 39, 
683–697. 

Polovina, J.J., 1996. Decadal variation in the trans-Pacific migration of northern bluefin 
tuna (Thunnus thynnus) coherent with climate-induced change in prey abundance. 
Fish. Oceanogr. 5, 114–119. https://doi.org/10.1111/j.1365-2419.1996.tb00110.x. 

Polovina, J.J., Kobayashi, D.R., Parker, D.M., Seki, M.P., Balazs, G.H., 2000. Turtles on 
the edge: movement of loggerhead turtles (Caretta caretta) along oceanic fronts, 
spanning longline fishing grounds in the central North Pacific, 1997–1998. Fish. 
Oceanogr. 9, 71–82. 

Quinn, T.P., 2018. The behavior and ecology of Pacific salmon and trout. University of 
Washington press. 

Rayner, N.A., Parker, D.E., Horton, E.B., Folland, C.K., Alexander, L.V., Rowell, D.P., 
Kent, E.C., Kaplan, A., 2003. Global analyses of sea surface temperature, sea ice, and 
night marine air temperature since the late nineteenth century. J. Geophys. Res. 108, 
4407. https://doi.org/10.1029/2002JD002670. 

Record, N.R., Ji, R., Maps, F., Varpe, Ø., Runge, J.A., Petrik, C.M., Johns, D., 2018. 
Copepod diapause and the biogeography of the marine lipidscape. J. Biogeogr. 45, 
2238–2251. 

Richards, J.G., Heigenhauser, G.J., Wood, C.M., 2002. Lipid oxidation fuels recovery 
from exhaustive exercise in white muscle of rainbow trout. Am. J. Physiol.-Regul. 
Integr. Comp. Physiol. 282, R89–R99. 

Riley, G.A., 1946. Factors contorlling Phytoplankton Populations in Georges Bank. 
J. Mar. Res. 6, 54–73. 

Saether, O., Ellingsen, T.E., Mohr, V., 1986. Lipids of North Atlantic krill. J. Lipid Res. 
27, 274–285. 

Sainmont, J., Andersen, K.H., Varpe, Ø., Visser, A.W., 2014. Capital versus income 
breeding in a seasonal environment. Am. Nat. 184, 466–476. 

Scheer, B., 1960. Aspects of the intermoult cycle in natantians. Comp. Biochem. Physiol. 
1, 3–18. 

Schnedler-Meyer, N.A., Mariani, P., Kiørboe, T., 2016. The global susceptibility of coastal 
forage fish to competition by large jellyfish. Proc. R. Soc. B Biol. Sci. 283, 20161931. 

Schultz, E.T., Conover, D.O., 1997. Latitudinal differences in somatic energy storage: 
adaptive responses to seasonality in an estuarine fish (Atherinidae: Menidia 
menidia). Oecologia 109, 516–529. 

Siegel, D.A., Doney, S.C., Yoder, J.A., 2002. The North Atlantic spring phytoplankton 
bloom and Sverdrup’s critical depth hypothesis. Science 296, 730–733. 

Slotte, A., 1996. Relations between seasonal migrations and fat content in Norwegian 
spring spawning herring (Clupea harengus L.). ICES. 

Slotte, A., Fiksen, O., 2000. State-dependent spawning migration in Norwegian spring- 
spawning herring. J. Fish Biol. 56, 138–162. https://doi.org/10.1111/j.1095- 
8649.2000.tb02091.x. 

Smith, A.E., Morris, I., 1980. Synthesis of lipid during photosynthesis by phytoplankton 
of the Southern Ocean. Science 207, 197–199. 

Smith, R.E., Clement, P., Head, E., 1989. Biosynthesis and photosynthate allocation 
patterns of Arctic ice algae. Limnol. Oceanogr. 34, 591–605. 

Smith, S.L., 1995. The Arabian Sea: Mesozooplankton response to seasonal climate in a 
tropical ocean: II. Regional interactions of physics and population dynamics. ICES J. 
Mar. Sci. 52, 427–438. 

Stearns, S.C., 1989. Trade-offs in life-history evolution. Funct. Ecol. 3, 259–268. 

A.W. Visser et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0079-6611(20)30203-2/h0300
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0300
https://doi.org/10.1098/rsbl.2011.0279
https://doi.org/10.1098/rsbl.2011.0279
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0305
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0305
https://doi.org/10.1006/jfbi.1994.1220
https://doi.org/10.1006/jfbi.1994.1220
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0320
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0320
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0325
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0325
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0325
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0330
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0330
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0330
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0335
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0335
https://doi.org/10.1073/pnas.1512110112
https://doi.org/10.1016/j.dsr2.2015.07.015
https://doi.org/10.1016/j.dsr2.2015.07.015
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0350
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0350
https://doi.org/10.1016/0304-4203(83)90038-5
https://doi.org/10.1016/0304-4203(83)90038-5
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0360
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0360
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0365
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0365
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0365
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0370
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0370
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0370
https://doi.org/10.1086/675241
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0380
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0395
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0395
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0410
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0410
https://doi.org/10.4319/lo.1973.18.2.0227
https://doi.org/10.1016/0011-7471(71)90023-4
https://doi.org/10.3354/meps307273
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0435
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0435
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0445
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0445
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0450
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0450
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0455
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0455
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0455
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0460
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0460
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0465
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0465
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0465
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0470
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0470
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0470
https://doi.org/10.1016/0079-6611(95)00015-1
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0480
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0480
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0480
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0480
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0485
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0485
https://doi.org/10.3354/meps11859
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0490
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0490
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0490
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0500
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0500
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0500
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0505
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0505
https://doi.org/10.1016/j.tpb.2012.11.009
https://doi.org/10.1098/rstb.2007.2141
https://doi.org/10.1098/rstb.2007.2141
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0535
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0535
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0535
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0535
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0540
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0540
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0540
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0545
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0545
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0550
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0550
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0555
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0555
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0560
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0560
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0570
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0570
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0585
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0585
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0590
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0590
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0590
https://doi.org/10.1111/j.1365-2419.1996.tb00110.x
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0600
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0600
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0600
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0600
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0605
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0605
https://doi.org/10.1029/2002JD002670
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0615
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0615
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0615
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0620
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0620
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0620
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0625
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0625
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0630
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0630
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0635
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0635
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0645
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0645
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0650
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0650
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0655
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0655
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0655
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0660
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0660
https://doi.org/10.1111/j.1095-8649.2000.tb02091.x
https://doi.org/10.1111/j.1095-8649.2000.tb02091.x
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0680
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0680
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0685
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0685
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0695
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0695
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0695
http://refhub.elsevier.com/S0079-6611(20)30203-2/h0700


Progress in Oceanography 189 (2020) 102466

16

Stoecker, D.K., Hansen, P.J., Caron, D.A., Mitra, A., 2016. Mixotrophy in the Marine 
Plankton. Annu. Rev. Mar. Sci. 9 https://doi.org/10.1146/annurev-marine-010816- 
060617. 

Storey, K.B., Storey, J.M., 2017. Molecular physiology of freeze tolerance in vertebrates. 
Physiol. Rev. 97, 623–665. 

Sundby, S., Drinkwater, K.F., Kjesbu, O.S., 2016. The North Atlantic spring-bloom 
system—Where the changing climate meets the winter dark. Front. Mar. Sci. 3, 28. 

Sverdrup, H.U., 1953. On conditions for the vernal blooming of phytoplankton. J. Cons. 
18, 287–295. https://doi.org/10.4319/lom.2007.5.269. 

Taguchi, S., Hirata, J.A., Laws, E.A., 1987. Silicate deficiency and lipid synthesis of 
marine diatoms. J. Phycol. 23, 260–267. 

Thygesen, U.H., Sommer, L., Evans, K., Patterson, T.A., 2016. Dynamic optimal foraging 
theory explains vertical migrations of bigeye tuna. Ecology 97, 1852–1861. 

Tocher, D.R., 2003. Metabolism and functions of lipids and fatty acids in teleost fish. Rev. 
Fish. Sci. 11, 107–184. 

Trudgill, D.L.a., Honek, D., Van Li, N.M., Straalen, N.M., Straalen, A., Honěk, D Li, Van 
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