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Dark survival in a warming world

A. McMinn and A. Martin

Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia

Most algae regularly experience periods of darkness ranging from a few hours

to a few days. During this time, they are unable to photosynthesize, and so

must consume stored energy products. However, some organisms such as

polar algae and some microalgal cysts and spores are exposed to darkness

for months to years, and these must use alternative strategies to survive.

Some taxa, such as dinoflagellates, form cysts and become dormant. Others

use physiological methods or adopt mixotrophy. The longest documented

survival of more than a century was for dinoflagellates buried in sediments

in a Norwegian fjord. Seasonal changes in daylight hours are naturally unaf-

fected by climate change. This means that polar microalgae will in the future

need to survive the same period of seasonal darkness but at higher tempera-

tures, and this will require a greater drawdown of stored energy. Recent

experimental work has shown that both Arctic and Antarctic phytoplankton

are able to survive increases of up to 68C in the dark.
1. Introduction
Most phototrophic organisms regularly experience periods of darkness. For

many, this is a daily occurrence experienced during night-time but for others,

such as phytoplankton cells in deeply mixed oceans, it can occur over periods

of hours to days. Organisms in some terrestrial habitats can, as a result of inun-

dation or burial, experience episodic periods of more prolonged darkness that

can last for days to weeks or even longer. In polar areas also, many photo-

trophic organisms routinely survive periods of several months in the dark

during the long polar winter. Perhaps the longest periods of darkness that

have been endured by phototrophs are those experienced by some algal cysts

or spores, examples of which have germinated after more than a century in

darkness (figure 1) [1].

To remain viable in the dark, cells must be able to retain membrane,

organelle and DNA integrity. Damage is constantly occurring naturally through

exposure to environmental stresses such as heat and oxidation [2]. Active cells

are able to repair this incremental damage as it happens, but dormant cells are

not. While there is some evidence that some dormant bacterial spores can repair

DNA damage, there is as yet no evidence that eukaryotic cells have this

capacity [3]. Cells that become dormant, though, can reduce this damage by

production of a resistant wall covering such as in some dinoflagellates and

chrysophytes. Alternatively, cells can settle in environments where external

stresses are minimized. This includes very cold, dark and anaerobic environ-

ments. In these environments, the accumulation of damage can be reduced to

very low levels, and some cells are able to survive for long periods.

Plants have different physiological responses to low light than they have to

darkness. Therefore, it is important to define the difference between very low

light and darkness in natural environments. Midday photosynthetically active

radiation (PAR; 400–700 nm wavelength) at the Earth’s surface is approxi-

mately 2000 mmol photons m– 2 s– 1. However, some light can still be detected

at the Earth’s surface on the darkest of nights, but then values are less than

1 mmol photons m– 2 s– 1. The compensation irradiance—that is, the light inten-

sity at which oxygen consumption (respiration) is equal to oxygen production

by photosynthesis—determines cell viability at low irradiances, and is thus an

appropriate threshold to consider for dark survival. For phytoplankton, this

value is typically 1–4 mmol photons m– 2 s– 1, although for some light-adapted
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Figure 1. Duration of dark survival by phytoplankton, dinoflagellate/diatom
cysts/spores and terrestrial plants buried by sand or snow.
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cells it can exceed 30 mmol photons m– 2 s– 1, and for some

extreme shade-adapted cells it is less than 1 mmol

photons m– 2 s– 1 [4].

Here, we examine the different strategies used by photo-

trophs, predominantly marine algae, for surviving long

periods in the dark. We comment on the environmental

implications of this capacity and speculate on what are the

likely effects of surviving in the dark as global climate

change causes winter temperatures to rise.
2. Mechanisms of surviving the dark
Organisms use different strategies to survive long periods of

darkness. Some produce cysts or resting stages, others are

facultatively heterotrophic (i.e. mixotrophic) and others are

able to adjust their metabolic rates or rely on energy storage

products [5,6]. Temperature also plays an important role in

dark survival [5,7], with increasing temperatures causing a

reduction in long-term cell viability.

(a) Cyst/spore production
Taxa from many algal divisions are known to produce resting

spores or cysts. For some species, this is only a short, transient

stage as part of their normal reproductive cycle. For other

taxa, however, resting cysts are produced in response to

adverse environmental conditions and can remain dormant

in sediments for many years. Some organisms use this strat-

egy to survive the winter in the sediments and then rely on

re-suspension in spring to resume their life cycle [8]. These

cysts, although retaining a photosynthetic capacity, remain

inactive during dormancy. This capacity to survive has

enabled some nuisance species to form blooms from cyst

beds deposited many years previously [9]. Many species of

diatoms, dinoflagellates and chrysophytes produce cysts at

the end of summer or in response to external environmental

stimuli, such as nutrient limitation, and remain dormant until

the following spring. Some dinoflagellates and chrysophytes

produce cysts with resistant cell walls that allow them to

remain buried in sediment, but viable for many years. The

resistant cell walls of some of these taxa can survive

degradation for thousands to millions of years, and these

have been used by geologists for palaeo-environmental
interpretations (figure 2). The longest documented survival

period for marine diatom spores or dinoflagellate cysts is

approximately a century for buried dinoflagellates [1].

Other reported extended survival periods include 3 years

for diatom spores [10] and 16.5 years for a freshwater dinofla-

gellate [11]. Kaefer et al. [12] estimated the half-life for buried

dinoflagellate cysts to be between 2 and 10 years.

Resting cysts and spores are mostly non-photosynthetic

[13], and are known to contain elevated levels of storage

lipids and glucose [14]. Spore and cyst formation is most

commonly induced by nutrient limitation, but also in

response to changes in salinity and temperature [15], and

they are known to germinate in response to light [12] or nutri-

ent addition [16]. Others have an endogenous cycle and

germinate after specific periods of time or in response to

photoperiod. In these organisms, melatonin (the hormone

that regulates sleep, sexual behaviour and circadian rhythms

in animals) has been found to play a key role [17]. Dark sur-

vival of most spores and cysts is achieved by minimizing

energy expenditure by becoming dormant. Cell viability

and survival is enhanced if the cyst resides in dark, cold or

anaerobic conditions. Each of these environmental conditions

reduces the oxidative damage that would otherwise cause

membrane and DNA degradation [18].

(b) Nutritional versatility
Mixotrophy is the use of both phototrophy (i.e. photosyn-

thesis) and heterotrophy (the use of organic carbon for

growth) by the same cell to obtain its necessary energy

requirements. In well-lit environments, phytoplankton pri-

marily use light energy for cell maintenance and growth.

However, in environments where light levels or nutrients

are low, many microalgal taxa are additionally able to use a

wide variety of organic substrates, including amino acids

and saturated fatty acids, to sequester their required carbon

[19,20]. While these active uptake mechanisms also operate

in the light, they have been shown to significantly upregulate at

low irradiances or in darkness [20]. For example, Palmisano &

Sullivan [21] and Rivkin & Putt [22] demonstrated that there

was a light-dependent uptake of amino acids and glucose in

extreme shade-adapted microalgae from Antarctic sea ice.

Other Antarctic phytoplankton cells have also been observed to

take up large organic molecules and particles, including bacteria,

to supplement their energy requirements in winter [23]. While

mixotrophy often provides a significant competitive advantage

in low-light or dark environments, it is unclear whether it is

ever sufficient to compensate for a complete lack of light and

allow long-term survival.

(c) Physiological changes
Two different physiological responses occur in phytoplank-

ton taxa in response to exposure to darkness: reduction

of their metabolic rate [24], and use of energy storage pro-

ducts (e.g. lipids, starch etc). Increased levels of starch and

other storage products have often been detected in polar

phytoplankton taxa in late autumn and winter [25,26].

Photosynthetic carbon allocation in phytoplankton is

strongly affected by both irradiance and nutrient levels [27].

At low temperatures and at low light levels (less than

20 mmol photons m– 2 s– 1) protein is the main product of

photosynthesis, and the proportion of polysaccharide and

lipid increases with radiation fluxes. High carbon fixation
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Figure 2. Cysts and spores. (a) Polarella glacialis, Antarctic dinoflagellate cyst; (b) Impagidinium sphericum, temperate marine dinoflagellate cyst; (c) Odontella sp.,
Antarctic diatom spore; (d) Eucampia antarctica, Antarctic diatom spore.

rspb.royalsocietypublishing.org
ProcR

SocB
280:20122909

3

into low-molecular-weight metabolites is also associated with

light-limited growth [28]. During darkness, protein synthesis

occurs at the expense of consumption of low-molecular-

weight compounds and carbohydrates [29–31], and this

may result in a more rapid drawdown of energy reserves,

which will consequently shorten the dark survival period

of many taxa.

Another long-term response to darkness is a decrease in

photosynthetic pigments and photosynthetic performance

[32]. Luder et al. [33], working with Antarctic seaweeds,

reported a decrease in the photosynthetic parameters ETRmax

and Fv/Fm after three months of darkness, degradation of

light harvesting antennae after four months, and degradation

of light harvesting complex 1 and/or reaction centres of PSII

and/or PSI after five months. Pigment content and photosyn-

thetic performance were at a minimum at the end of six

months. However, they were able to resume photosynthesis

within 24 hrs of the light returning. Most algae have some abil-

ity to acclimate to changes in light and temperature, but

relatively little is known about the extent of, or mechanisms

involved in, the downregulation of respiration [34].

Metabolic function is strongly temperature-dependent,

with all rates increasing to an optimum at higher temperatures

before declining if temperatures exceed this threshold. Higher

metabolic rates in the dark could lead to a more rapid draw-

down of stored energy products, and consequently shorter

dark survival times. Increased temperature can also raise the

compensation point irradiance [35], which might lead to

increased mortality and a decrease in biomass. Experiments

with polar algae, however, indicate that dark survival rates

are not affected at small to moderate temperature increases [36].
3. Dark survival scenarios
(a) Diurnal cycle (approximately 12 hrs)
All metabolic processes in algal cells require energy. During

the day, this energy is constantly made available using

solar energy to synthesize glucose during photosynthesis.

In the dark, however, cells continue to respire and so require

access to a continued source of energy. Normally, enough

glucose is produced and stored during the day for them to

easily survive the lack of light during the night. However,

most cells only have a limited storage capacity for glucose,

and consequently must convert excess energy into storage

products such as starch and lipids. Recently, the production

and use of these storage products for large-scale algal biofuel

production has become the focus of intense interest, as it is
hoped that in the future they might provide a carbon-neutral,

sustainable alternative to burning fossil fuels [37].

Circadian (daily) rhythms, which are ubiquitous in algae,

are known to regulate many cell functions, including cell div-

ision, photosynthetic capacity, gene expression and phototaxis

[38]. These rhythms are controlled by internal clocks and are

closely tied to the photoperiod, causing different physiological

responses in day to night. It is thought that circadian rhythms

provide an anticipation of environmental change (e.g. in

light), which provides an adaptive advantage [39]. Strong circa-

dian rhythms in oxygen production in continuous white light,

expression of light harvesting complex genes and nuclear div-

ision have all been demonstrated. Dark respiration has not

been found to vary with circadian rhythm, but effective quan-

tum yield (DF/Fm
0) and non-photochemical quenching have

[39]. The regulation of cellular processes such as photosynthesis

by circadian rhythms is thus an important short-term adaptive

response to daily darkness.
(b) Microphytobenthos (hours to days)
The microphytobenthos (MPB) is the community of micro-

algal cells, predominantly diatoms, living at the sediment

surface of shallow intertidal or subtidal environments.

These communities are constantly exposed to extremes of

light and temperature. At low tide, for instance, temperatures

can vary from below freezing point in winter to above 408C
in summer. Likewise, if low tide coincides with midday,

cells can be exposed to irradiances above 2000 mmol

photons m– 2 s– 1. Many of the cells in these communities

are motile and are able to migrate into the sediments to

avoid excessively high solar radiation. The light environment

within sediments is interesting. In sandy sediments, intense

scattering at the sediment surface can cause an increase in

light intensity by up to 280 per cent [40]. However, light is

rapidly attenuated with depth and in most sediment types

less than 1 per cent of the surface irradiance is present at a

depth of only 3 mm [41]. Consequently, most MPB cells

spend much of their time in the dark, but regulate their

energy absorption and usage by vertical migration to and

from the surface. The sediment–water interface in intertidal

and subtidal environments is highly dynamic, with active

resuspension. Furthermore, just a few millimetres beneath

the surface the sediment usually becomes strongly anaerobic

and thus hostile to normal cellular metabolism. Both physical

processes (such as sedimentation) and biological processes

(such as bioturbation by benthic infauna) can act to bury

MPB below the euphotic zone, often for extended periods.

Cell survival has been observed to exceed 12 months,
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although the proportion of surviving cells is very low [42].

Survival is facilitated by spore production, although there is

also some evidence for heterotrophy [42,43]. In some of

these organisms, there also seems to be a strong correlation

between their dark survival capacity and their ability to

metabolize stored intracellular nitrate [44].
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(c) Ocean mixing (hours to days)
Deep mixing can expose cells to darkness on time scales of hours

to days. Convection cells in exposed water bodies, caused by

densification of surface waters through either cooling or

increased salinity, can mix surface waters to depths greater

than 500 m [45]. By comparison, the euphotic depth—the

depth to which there is sufficient light for photosynthesis to

exceed respiration (usually defined as 1% of surface irradi-

ance)—is rarely greater than 100 m. When this vertical mixing

is sustained for long periods, such as over winter, entrained

phytoplankton cells receive insufficient light to survive, and

this contributes to the typically low biomass levels in open

oceans during winter. Cells isolated from a deep chlorophyll

maximum (200 m) off the coast of California were found to

survive for up to eight weeks in the dark and then rapidly

resumed photosynthesis on re-exposure to light [46].
(d) Polar winter (months)
Polar marine plants need to survive long periods (up to several

months annually) of darkness during the polar winter. These

low levels of surface light are further exacerbated by the pres-

ence of a sea ice cover, which, together with snow, can cut

out 99.9 per cent of the remaining surface irradiance. Measured

midday light levels beneath the sea ice in summer are fre-

quently less than 5 mM photons m–2 s–1 (compared with

approx. 2000 mM photons m–2 s–1 at the surface) and are

usually below detection levels in winter [47]. Several studies

have reported on the ability of Antarctic phytoplankton and

sea ice taxa to survive long periods of darkness [48–50].

Some Antarctic phytoplankton taxa have been able to resume

photosynthesis after periods of up to 10 months in the dark,

and one seaweed species was able to resume photosynthesis

within 24 hrs after a six-month period of total darkness [33].

Bunt & Lee [50] reported cells remaining active after 2 years

in a refrigerator, although these were subjected to infrequent,

brief exposures light when the refrigerator was opened.

Polar phototrophic cells use different strategies to survive

long periods of darkness. Some produce cysts or resting

stages, others are facultatively heterotrophic and others are

able to adjust their metabolic rates or rely on energy storage

products [5,6]. Spore production is relatively uncommon in

Antarctic phytoplankton taxa, and seems to be limited to a

few Chaetoceros, Eucampia, Odontella and Thalassiosira diatom

species [51], and a small number of dinoflagellates, such as

Polarella (figure 2) [52]. Facultative heterotrophy, on the other

hand, is widespread, particularly among the dinoflagellates

and many of the smaller taxa [23,53].

Phytoplankton in some areas of Antarctica can survive

and even photosynthesize throughout winter. Laybourn-

Parry et al. [23] recorded mid-winter surface PAR of

approximately 9 mmol photons m– 2 s– 1 at lakes near Davis,

Antarctica (6883403500 S, 7785800800 E). They noted small

differences in morphologies in some species, which may

have been resting stages, but generally concluded that the
phytoplankton functioned throughout the year in lakes

mostly by using nutritional versatility (heterotrophy). As

phytoplankton compensation irradiances in these lakes are

less than 1 mmol photons m– 2 s– 1 [54], these responses,

although from an Antarctic winter, might better be con-

sidered a response to low light rather than darkness.

Effective understanding and modelling of polar ecosys-

tems requires knowledge of phytoplankton biomass and

primary production throughout all of the year. However,

very little winter biomass and productivity data exists for

either the Arctic or the Southern Ocean. Most of what little

Antarctic biomass data exists comes from the Weddell Sea

and adjacent Antarctic Peninsula. Here, winter biomass

levels were found to be between 10 and 60 mg C m– 2

[55,56], 20 mg chla m– 2 [57] and less than 0.1 mg chla m– 3

[58]. These values are approximately two to four orders of

magnitude less than summer values. Apart from a few

studies at coastal sites [59–61], no data exist for the remaining

90 per cent of the area. There are even fewer winter primary

productivity estimates and these are predominantly derived

from near-shore locations [60,62]. While satellites have

made a contribution to filling this gap (e.g. SeaWIFS), they

are unable to produce chlorophyll or productivity estimates

south of 508 S during the austral winter because of the high

solar angles and insufficient light [60,63].

Micronutrients such as iron are now generally considered

to limit primary productivity in much of the Southern Ocean

in summer [64], but it is still thought that productivity is

mostly light-limited in autumn and winter [65]. Significantly

higher temperatures are likely to raise the requirement for

light energy, mostly through higher respiration rates, and

this will exacerbate the effect of light limitation. Respiration

rates of phytoplankton are poorly known in any environment

[32], and in the low-chlorophyll Southern Ocean waters com-

munity respiration rates (as measured by O2 uptake) can be

high, and have been seen to periodically exceed photosyn-

thesis (O2 production), making these waters (temporarily at

least) a net source of CO2 rather than a sink [66]. This is pre-

sumably achieved through a high incidence of heterotrophy.

The shortage of winter data from the Arctic is equally dire.

While there are more biomass measurements from spring and

summer [67,68], winter data are almost non-existent. This has

made it very difficult to model ecosystem response to climate

forcing [65]. Unlike the Antarctic, which is surrounded by

deep and narrow continental shelves, more than 60 per cent

of Arctic seas are above relatively shallow continental shelves.

As in the Antarctic, many areas north of the Polar Circle still

receive diffuse surface light even though the sun does not

rise above the horizon. Water depth is an important factor in

maintaining phytoplankton stocks. Over shallow seas, con-

vective cells are able to constantly transport sinking and

settled cells back to the euphotic zone [8]. Even over deep

water these convective processes in winter are thought to be

responsible for maintaining a critical ‘inoculum’ of phyto-

plankton biomass and low levels of primary production

within the water column [8].

It is clear from the low-chlorophyll biomass levels docu-

mented that the quantity of phytoplankton able to survive

the Antarctic winter is extremely low. Very little, however,

is known about the physiological state of this surviving

inoculum, and winter survival of Southern Ocean phyto-

plankton is therefore likely to affect the capacity of this

ecosystem to initiate both spring and summer blooms.
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(e) Effect of increased temperatures on dark survival
There is likely to be an increase in global sea surface tempera-

tures of at least 28C by the end of the century [69], and this is

likely to lead to a reduced spatial and temporal distribution

of sea ice in polar areas [70]. For most of the year, seawater

temperatures around Antarctica remain close to the freezing

point of seawater, which is approximately 21.98C. Because

seawater temperatures cannot normally go lower than this

threshold, most marine organisms will never be exposed to

temperatures lower than this. However, with a loss of sea

ice, Antarctic organisms are increasingly likely to be exposed

to increased seawater temperatures. Currently, during winter,

seawater temperatures around Antarctica remain close to

freezing point, but as the sea ice disappears in the future

they are likely to increase.

While the biomass of phytoplankton and sea ice algal

communities at the end of winter are extremely low, they

are able to grow strongly with the return of the sun [61].

When Antarctic sea ice and phytoplankton species were incu-

bated at elevated temperatures in the dark, it was found that

there was no significant difference in survival between ambi-

ent temperature and 68C above ambient, but a significantly

poorer outcome at 128 above ambient [36,71]. In these exper-

iments there were no significant differences in the drawdown

in energy storage products or recovery rates at any
temperature. When Arctic phytoplankton collected from

Tromsø Sound in northern Norway (708 N) in winter were

incubated in the dark, the ambient and 68C above ambient

treatments recovered well, whereas the 148C above ambient

treatment failed to recover [71]. These experiments suggest

that both Arctic and Antarctic phytoplankton are resilient

when grown in the dark at temperatures up to 68C greater

than natural and are only seriously impaired when exposed

to temperatures greater than this.
4. Conclusions
Microalgae are able to survive extended periods of darkness

by using a diverse range of strategies. These include the pro-

duction of resting spores and cysts, obtaining nutrition from

alternative sources, using stored energy reserves and redu-

cing their metabolic rates. Cells naturally experience

darkness of varying length as part of the diurnal cycle (i.e.

night), through burial in sediments, deep ocean mixing and

as part of seasonal cycles, such as the polar night. While

most polar microalgae are able to survive periods of dark-

ness, exposure to elevated temperatures in the dark reduces

their viability. This reduction only occurs at temperatures

that are unlikely to be experienced in a few centuries as a

result of climate change.
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