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round the world, coral reefs provide important
habitats to a diverse range of organisms. This
vibrant ecosystem also supplies important
resources to humans. Reef-associated fish
provide a vital source of protein for the people of many
island nations in the Pacific and Indian oceans. Reefs
help to protect coastal areas from damage caused by
storms and tidal waves. These globally important ecosys-
tems are currently at risk of catastrophic damage due to
climate change and human impacts (see Figure 1).
The factors contributing to these threats include
decreases in water quality due to pollution, increased
seawater temperature and acidification due to climate
change, over-fishing, and over-development of coastal
areas. These factors are already having a negative impact
on reef ecosystems around the world with a decline in

the abundance of reef corals and
Coral ek fish observed over the past three
Photosynthesis decades.
Photobleaching Coral reefs mostly develop in E
Calvin cycle environments with high light 3
Symbiosis intensity and seawater tempera- e
Climate change tures between 16 and 30°C. ¢

Under these conditions, reefs
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from surrounding oceanic waters and efficiently recycle
them through complex pathways.

Reef growth depends on sunlight

Corals build the framework of the reef ecosystems. Each
coral is a colony of many individual units called polyps,
which generate limestone to form the colony skeleton.
Although coral polyps are animals that are related to
jellyfish, they owe much of their success to their part-
nership — a symbiosis with microscopic algae, which
are referred to as zooxanthellae when in symbiosis
(see Figure 2). Coral symbioses benefit both partners
in the arrangement: the coral host receives compounds
the algae make from photosynthesis and the algae
receive nutrients and carbon dioxide from the coral. The
symbiosis strongly promotes the growth of corals and
> reefs. Although corals can obtain carbon from feeding on
marine plankton, most of their energy comes from algal
photosynthesis. This enhanced energy supply allows
symbiotic corals to grow several times faster than non-
symbiotic species and is critical for reef growth.

During photosynthesis light energy is used to convert
can develop into extremely large and complex struc- carbon dioxide into carbohydrates and other organic
tures. For example, the Great Barrier Reef in Australia compounds, and photosynthesis of coral algae involves
stretches over a distance of 2600 kilometres and is the same general processes as in green plants. In
visible from outer space. Reef ecosystems provide summary, the reactions of photosynthesis are divided
energy and habitats that support a wide diversity of into two categories, referred to as the light-dependent
organisms that are linked together in a complex food reactions (LDR) and the light-independent reactions
web. At the base of the chain, microscopic phyto- (LIR) (see BIOLOGICAL SCIENCES REVIEw, Vol. 23, No. 1,
plankton are food for larger zooplankton, which pp. 20-21). Photosynthesis begins when light-sensitive
are in turn preyed upon by small fishes. These fishes pigments called chlorophylls, which are attached to
provide a food source for larger fishes, reef-sharks protein complexes called photosystems, absorb light.
and seabirds. Within the reef, sea cucumbers, crus- This initiates the LDR — a series of reactions that first
taceans and worms consume the organic matter that generates electrons by splitting water, transfers electrons
falls to the sea floor. Overall, reefs are highly produc- between several carriers and synthesises the energy
tive ecosystems that trap nutrients and organic matter transfer molecule ATP. The LIR — also called the Calvin
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Figure 2 (A) The stony coral
Cladocora caespitosa, which
lives in the Mediterranean

Coral animal tissue (host)

Sea. The golden-brown colour Carbon dioxide _---==~< Organic
of its tentacles is due to the Nutrients 7 N casbon
presence of zooxanthellae Zooxanthella \“

(algal symbionts) living in its . .

cells. (B) The coral supplies -

carbon dioxide and nutrients to ety

the algal symbionts, which use
light to photosynthesise and
supply organic carbon to the
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Symbiodinium kawagutii under a light microscope. These
coral animal. Host membrane surrounding algal symbiont cell zooxanthellae live in most types of coral polyps.
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Figure 3 The rate of photosynthesis (y-axis) depends on light
intensity (x-axis) but the shape of this relationship varies
according to average light levels in the environment.

cycle — involves an enzyme called RuBisCO, which
catalyses the reaction between carbon dioxide (CO,)
and ribulose bisphosphate (RuBP). These reactions use
the ATP generated by the LDR to convert the product
of the CO,~RuBP reaction (glycerate 3-phosphate) into
carbohydrates and to regenerate RuBP.

Light intensity atfects the rate of photosynthesis and
therefore has a fundamental effect on coral growth. As
light levels increase, photosynthesis increases up to a
maximum rate (see Figure 3). Photosynthesis is also
affected by carbon dioxide concentrations. When CO,
levels are low, availability of this molecule can become
the limiting factor for photosynthesis. For corals, Co,

TERMS EXPLAINED

Acidification (oceans) An increase in the acidity of the
oceans due to increased uptake of carbon dioxide
from the atmosphere.

ATP Adenosine triphosphate, the primary energy
storage and transfer molecule involved in metabo-
lism of all organisms.

Ecosystem All the organisms living in a particular area,
as well as all the non-living, physical components of
the environment with which the organisms interact,
such as air, soil, water and sunlight.

Photoacclimation Adjustment of various components
of the photosynthetic machinery in accordance with
environmental light intensities.

Photosystem A protein complex that uses light to

reduce molecules.
Phytoplankton Tiny photosynthetic aquatic organisms.

Sedimentation The deposition of sediment from
suspension in water onto live or dead substratum.

Symbiosis A persistent, long-term biological interaction
between organisms from different species.

Zooplankton Tiny non-photosynthetic aquatic
organisms.

Zooxanthellae The term used for unicellular algae
called dinoflagellates (Protoctista) when they are in
symbiosis with a range of invertebrate species.
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FURTHER READING

For more information about coral bleaching and other threats to coral reef

ecosystems, visit the following websites:

www.ghrmpa.gov.au/

http:/coralreefwatch.noaa.gov/satellite/bleachingoutlook/index.htm!
The European Project on OCean Acidification: www.epoca-project.eu

Click on What is ocean acidification?
www.aims.gov.aw/

limitation of photosynthesis can arise when water flow
over the reef is very slow. This is because CO, dissolved
in seawater must first pass from the water into the
coral tissue and then diffuse across a membrane that
surrounds each algal cell (see Figure 2). When water
flow is slow, such as in deep water or on reefs that
are sheltered from waves, little CO, is delivered to the
algae and this can limit rates of photosynthesis. The
requirement for both light and CO, exchange means
that the outer edge of the reef, or reef crest, is generally
the most productive section of a coral reef.

Environmental conditions affect coral
photosynthesis

Coral reefs are complex environments. Environ-
mental variables such as light intensity and water flow
change with depth below the water surface. Light
levels decrease with depth, and water flow is generally
higher on reef crests exposed to breaking waves than
in protected or deep waters. Reefs in different locations
grow in seawater that differs in temperature and
sedimentation. Sediment suspended in seawater
reduces the amount of light reaching the algae. The
amount of sediment is usually highest in water closest
to the land. Temperatures are typically higher closer to
the equator and in areas where tidal exchange of water
is low. Ocean temperature also varies seasonally and
sediment levels tend to be higher during the tropical
rainy season, when heavy rains cause flooding and the
export of soil from land into the ocean.

The complex growth forms of coral colonies (see
Figure 4 on p. 36) mean that environmental condi-
tions can be very different in different parts of the same
colony. Living within such variable environments has
ed natural selection to produce corals with a number
of physiological tricks that enable them to cope with
environmental change.
ates of photosynthesis depend not only on the
ight intensity at a particular time and place but
also on the average light intensity in an organism’s
habitat. Typically, when a coral develops in a location
with high light intensity it will adapt to have a high
maximum rate of photosynthesis, but will approach
that rate slowly as light intensity increases. A coral
rom a dark environment will have a lower maximum
rate of photosynthesis, but will rapidly approach this
evel in response to a small increase in light intensity





[image: image4.jpg]Figure 4 Coral colonies develop a wide variety of different growth forms, ranging from
massive brain corals such as Oulophyllia crispa (A), branching staghorn corals such

as Acropora nasuta (B), table-forming Acropora clathrata (C) and folise plate corals like
Montipora monasteriata (D). Environmental variables including light and water flow can
vary strongly from one part of a colony to another.

36

(see Figure 3). This tuning of photosynthesis to suit
environmental light intensities is referred to as photo-
acclimation, and it is beneficial because it allows corals
from dark environments to maximise their energy gain
atlow light intensities, whereas those growing in bright
light exploit conditions when light levels are high.
During photosynthesis many different chemical steps
must proceed in a specific way for successful synthesis
of carbohydrates. However, this multi-step procedure
does have some in-built flexibility and it is this flex-
ibility that allows photoacclimation to occur. First, coral
algae can vary the amount of chlorophyll that they
have. Usually, algae from dark environments, either
in deep water or in shaded areas within colonies, have
more chlorophyll per cell, thereby allowing them to
capture the available light more effectively. Photoaccli-
mation is also driven by changes in the efficiency with
which light is used for photosynthesis. When corals
grow under high light conditions they need to protect

the photosystems from being overloaded with energy.
To do this they dissipate the light energy by synthe-
sising other pigments that are able to absorb the excess
energy. The stronger dissipation of the light energy
explains why, for corals grown under high light levels,
rates of photosynthesis increase only slowly when light
intensity increases (see Figure 3).

Light can be toxic

Photosynthesis can only occur within a certain temper-
ature range. When temperatures are very low, rates
of photosynthesis are limited because the molecules
involved require energy to collide and react. When
temperatures are too high, the cellular repair mecha-
nisms that maintain photosystem function are inhibited
— this causes a reduction in rates of photosynthesis. Such
inhibition of photosynthesis destabilises the coral-algae
symbiosis and leads to a reduction in coral pigmenta-
tion. This phenomenon is known as coral bleaching and
it is seen either as expulsion of the algae from corals or
a reduction in the chlorophyll content (see Figure 1).
Prolonged periods of elevated temperatures cause severe
bleaching, greatly reducing the energy supply of coral
colonies, resulting in widespread coral mortality.
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[image: image5.jpg]Coral bleaching happens because high tempera-
tures impair photosynthesis through several different
mechanisms. When the pigments associated with
photosystems absorb light they become energised and
this generates pressure on the photosystem. If light
energy cannot be transferred, either through the LIR
or by dissipation to pigments other than chlorophyll,
proteins in the photosystem are damaged. Under
normal conditions, damage of this kind does happen
but it is rapidly repaired. However, under high temper-
atures repair rates are reduced, damage accumulates
and the LDRs are deactivated. High temperatures can
also damage the cellular membranes, destabilising the
sites where the LDRs take place. In addition, RuBisCO
can be deactivated at high temperatures, preventing the
Calvin cycle reactions from taking place.

Unfortunately, these different mechanisms reinforce
each ather. Initial damage to photosystems and
membranes impedes the Calvin cycle and this increases
the pressure on the photosystems and causes further
damage. Unless temperatures return to normal levels
within a few hours, impairment of photosynthesis
begins to initiate coral bleaching. In 1998 abnormally
high ocean temperatures caused coral bleaching on a
global scale and led to the death of around 16% of the
world’s coral. Across the Great Barrier Reef average
coral cover has decreased by approximately 10% over
the past two decades. As seawater temperatures increase
due to climate change, coral bleaching is occurring

more frequently and represents an immediate threat
to the sustainability of coral reef ecosystems.

Dr Mia Hoogenboom is a research associate at the
University of Glasgow. Her research focuses on
incorporating physiological processes into models of
species ecology. She works on a range of different
organisms including tropical corals, temperate corals
and freshwater fish.

KEY POINTS

® Coral reefs provide important resources to humans, including food for
subsistence of the populations of many island nations.

® The growth of coral colonies depends critically on energy supplied by
photosynthesis of symbiotic algae that live inside the coral animals.

® Corals live in highly variable environments and the amount of energy
colonies have available to grow and reproduce depends on environ-
mental conditions.

® Corals and their algal symbionts have some physiological tricks that
allow them to adjust how they obtain energy. A process of photoaccli-
mation tunes photosynthesis according to the light levels under which
colonies grow.

® Despite physiological flexibility, photosynthesis is impaired when envi-
ronmental temperatures are too high. This causes a breakdown of the
coral-algal symbiosis (coral bleaching) and can result in widespread
mortality of coral colonies.




