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About this collection

Antarctica is our southernmost continent. It is nearly double the size of Australia. Antarctica is covered almost entirely by land ice called the Antarctic Ice Sheet and is surrounded by the Southern Ocean.

The Southern Ocean influences climate by taking up heat and carbon dioxide
from the atmosphere and storing it in deep waters. The cloud processes and aerosols over the Southern Ocean are complex and are important challenges for climate models.

To understand the climate of the past, polar scientists drill ice cores through the Antarctic Ice Sheet. The ice core is a powerful tool that we can use to determine how the Earth’s climate has changed and the information provided by historical ice cores has become extremely valuable for predicting the future scenarios of our planet. This ice is the largest reservoir of fresh water on Earth.

The Antarctic Ice Sheet flows down into the Southern Ocean where parts of it start to float. These large floating platforms of ice are called ice shelves. Knowledge of the sensitivity and interaction of ice shelves to changes in atmosphere and ocean is important to understand the contribution of Antarctica to global sea level rise and the Southern Ocean, and global marine ecosystems. If melted, the Antarctic Ice Sheet would be a major contributor to global sea level rise.

In winter, the surface of the ocean around Antarctica freezes and sea ice forms.
At the height of winter, the area of sea ice that forms is as large as Antarctica itself but it melts back to the continent every summer. The amount of sea ice that forms in winter and melts back each summer is different. We examine this annual fluctuation of sea ice area around Antarctica for indications of climate change.

Sea ice provides important habitats for primary producers, such as sea ice algae, and Antarctic krill, a keystone species of the Southern Ocean ecosystem. Sea ice is also an important habitat for penguins and seals.

This collection aims to inform young readers about fundamental knowledge and digested cutting-edge science that will help increase their understanding of Antarctica and its central role as a global climate driver.

In addition to the Editors hosting, we would acknowledge the coordination and organization efforts of Pat Wongpan.
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Did you know that ecosystems support the wellbeing of humans by simply existing? An ecosystem describes the living things in an area, their interactions, and their environment. The ways that ecosystems benefit the wellbeing of humans are called ecosystem services. There are several types of ecosystem services: supporting (they support animals and their homes), provisioning (they provide food and other materials), cultural (they support our hobbies and cultural activities, such as tourism and arts), or regulating (they regulate our climate, for example by taking up carbon dioxide). Understanding the importance of an ecosystem through its ecosystem services helps guide decisions regarding the environment, such as how much fishing or ship traffic should be allowed in an area, or if an area or species should be protected. In this article, we describe the specific ecosystem services of the sea ice and Southern Ocean around Antarctica.


THE SOUTHERN OCEAN SEA-ICE ECOSYSTEM PROVIDES MANY SERVICES TO HUMANS

The Southern Ocean (the ocean around Antarctica) is largely covered by sea ice which expands each winter and retracts in summer. The sea ice supports a thriving ecosystem which provides many services to humans. In the sections that follow, we describe the various types of ecosystem services that are related to sea ice in the Southern Ocean (Figure 1).


[image: image]

Figure 1

Ecosystem services are the many ways that an ecosystem benefits the wellbeing of humans. Ecosystem services can be (a) supporting (they support animals and their homes or habitats), (b) cultural (they support our hobbies and cultural activities such as tourism and art), (c) provisioning (they provide humans with food, such as seafood), or (d) regulating (they regulate the Earth’s climate and help us keep climate change under control).





SUPPORTING ECOSYSTEM SERVICES

Supporting services (Figure 1a) allow organisms—from tiny bacteria to large animals—to grow, by providing them with a place to live (habitat), raise their young (nurseries), and eat (feeding grounds). When sea ice forms, channels and pores develop in the ice, filled with cold, salty seawater. In these pores and channels, microscopic organisms (viruses, bacteria, algae, and fungi) manage to live, despite extreme conditions.

Ice algae are tiny, single-celled plants that grow near the bottom of the sea ice (Figure 2a). Most ice algae are photosynthetic, which means they “eat” by using sunlight, carbon dioxide, and water to produce their own food (for more information on photosynthesis in the ocean, see this article). Ice algae are eaten by other organisms like zooplankton (microscopic sea animals), which are themselves eaten by fish, seabirds (including penguins), seals, and whales (Figure 2). Ice algae contribute an enormous quantity of food to Southern Ocean ecosystems—they make up between 10 and 50% of the available food in ice-covered regions! The remaining food comes from other microscopic algae, called phytoplankton, in the open ocean. Phytoplankton are also important to humans because they produce about half of the oxygen that we breathe.
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Figure 2

(a) Ice algae at the bottom of sea-ice, so abundant that they turn the ice brown. (b) Humpback whale feeding at the ice edge, Weddell Sea. (c) Elephant seals and king penguins in South Georgia at Gold Harbor. (d) Antarctic krill, Kong Haakon VII Sea, Southern Ocean. Krill form huge swarms and provide food for many animals. (e) Fur seal at Shingle Cove, Coronation Island. Elephant and fur seals seasonally migrate to the sea ice to feed. (f) Gentoo penguin chicks, South Shetland Islands. Gentoo penguins feed at the edge of the sea ice, where marine life is most productive [photo credits: Finn Steiner—(a, b, c, e, f) Rudi Caeyers, Norwegian Polar Institute—(d)].



Sea ice provides a habitat for small animals like zooplankton or larval and juvenile (young) fish. One of those is Antarctic krill (Figure 2d), a shrimp-like animal that can live 5–6 years and grow up to 6.5 cm long. Did you know that Antarctic krill is the animal with the highest biomass on our planet? There are 400 million tons of Antarctic krill on Earth, which is more than 2.5 million blue whales! Krill are distributed throughout the Southern Ocean; their largest concentration is around the Antarctic Peninsula. In late summer, adult krill lay eggs in deep water. Once the eggs hatch in autumn, they go through several development stages with the funny names, like calyptopis and furcilia. During development, they move up to the sea ice where they graze on ice algae and small zooplankton and grow into young adults. In the summer, they spread out in the water to feed on other zooplankton. Krill are an essential food for fish, seabirds, and whales. Because of their strong association with sea ice, Antarctic krill are highly sensitive to sea-ice changes caused by climate change [1].

Sea ice also supports larger animals. Many penguins, flying sea birds, and coastal Antarctic seals use sea ice for critical parts of their life cycles, such as reproducing or eating. Others, like southern elephant seals and Antarctic fur seals, and some whales, like Antarctic minke, humpback, and blue whales, occasionally migrate to the sea ice to feed.



PROVISIONING ECOSYSTEM SERVICES

Provisioning services (Figure 1c) provide humans with food and other materials through fisheries and harvesting of marine mammals and algae. Humans do not permanently live in Antarctica but come to the Southern Ocean on large fishing vessels and collect many tons of krill, toothfish, and other species.

Provisioning services also include bioprospecting, which means the search for novel substances. Since ice organisms tolerate very cold temperatures and high saltiness, they can be a source of cold-adapted enzymes and antifreeze proteins, which can benefit food-preservation, for example. Polar microorganisms can also be sources of medicines and beauty products.



REGULATING ECOSYSTEM SERVICES

When sea ice melts in summer, ice algae detach from the ice. Some of these algae are eaten by zooplankton, but the majority sink toward the seafloor, bringing food to organisms that live there (like sea urchins, sea cucumbers, and sea stars). This process also transfers the carbon (or CO2) contained in the ice algae away from the atmosphere, into the deep ocean. The carbon can remain there for thousands of years, helping humans to control climate change. Without the oceans, the CO2 in the atmosphere could be double what it is nowadays!

Many humans think of bacteria only as causes for diseases. However, in the oceans bacteria recycle (“eat”) organic material that is released e.g. when animals and plants die. While “eating” organic material, bacteria can convert nutrients into a chemical form that can be used again by other organisms, such as algae. This is a very important service since—without it, dead material from organisms would fill up the ocean.

Ice algae also produce a compound involved in forming clouds. That compound has the super complicated name dimethylsulphoniopropionate, but we call it DMSP for short. Bacteria can transform DMSP into the gas dimethylsulfide (DMS), which gets emitted into the atmosphere. There, DMS can help to form clouds that protect Earth from the sun’s incoming radiation and help humans to reduce the greenhouse effect and, thus, climate change. Without these algae, there would be less clouds over the Southern Ocean.

Due to its special physical and chemical properties, sea ice holds exceptionally high concentrations of iron, which is otherwise very scarce in the Southern Ocean. All living organisms need iron, even if just a tiny amount. Iron first helps ice algae to grow and, when it is released into the ocean, the iron helps phytoplankton to grow.



CULTURAL ECOSYSTEM SERVICES

Cultural services (Figure 1b) support human interests through tourism, science, and the arts. Sea-ice ecosystems can inspire humans to explore, paint, compose music, or make movies. Many people visit Antarctica every year on tourist ships, hoping to follow in the footsteps of polar explorers and see the abundant life around the Antarctic continent. They may have been inspired by books or movies and they may ask questions related to what they have heard. Tourists often travel to the Antarctic region with an incomplete understanding of the Antarctic ecosystem and its function. Antarctic tourism guides are like interpreters or educators. They help fill knowledge gaps, explain the impact humans have on the ecosystem, and tell people what they can do to limit these impacts.



WHAT THREATENS SOUTHERN OCEAN ECOSYSTEM SERVICES?

Climate change is known to impact ecosystems and ecosystem services all over the world. In the Southern Ocean, climate change has especially been felt in Western Antarctica where temperatures are rising rapidly [2]. When higher temperatures melt the sea ice, ice algae and other sea-ice organisms lose their habitats, penguins and seals lose their platform, and marine organisms get exposed to changing environmental conditions. This impacts the species of algae and phytoplankton that live there, as well as their ability to absorb CO2 from the atmosphere [3]. Temperatures are now also rising faster in East Antarctica, and sea ice is decreasing more abruptly, as it is in the Arctic Ocean.

In addition to climate change, increasing human activities including fisheries, tourism, and scientific research may harm vulnerable polar ecosystems. Therefore, these activities need to be regulated to protect the ecosystems, prevent pollution, and prevent overfishing.



WHAT CAN WE DO?

These threats can sound scary, but there are potential solutions. Solutions range from global efforts to reduce greenhouse gas emissions to local protections of marine ecosystems, along with regulations regarding fisheries, tourism, and shipping. Globally, the countries of the world are trying to tackle climate change by committing to reduce their national greenhouse gas emissions, for instance, by helping industries and households to be more energy efficient or by encouraging people to reduce automobile and air travel. Some global efforts are coordinated through the Paris Agreement, an international treaty developed in 2015 and signed by nearly 200 countries that aim to limit global warming.

In Antarctica, an international commission is responsible for regulating marine protected areas and fisheries. Several marine protected areas have been proposed to the commission to protect the most important ecological areas of the Southern Ocean. Of these protected areas, two have been approved, and others are still being discussed (Figure 3). Fisheries are usually regulated by how many fish are allowed to be caught, which depends on how many fish there are in the first place. The idea is to take only as many as the ecosystem can rebuild, so the ecosystem can sustain itself over years to come.
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Figure 3

Existing and planned/proposed marine protected areas (MPAs) in the Southern Ocean around Antarctica. The Ross Sea MPA and the South Orkney Islands Southern Shelf MPA already exist. The other MPAs are in various stages of planning. It can take many years from a proposal to the final establishment of an MPA.



Tourism in Antarctica is regulated by an international tourism association. Their regulations include how many ships are allowed to visit and how many people are allowed to go on land. The association also promotes education. By demonstrating the beauty of southern polar regions, tourism can inspire visitors to become ambassadors and caretakers of Antarctic ecosystems.



SUMMARY

The Southern Ocean around Antarctica is an incredible place. Like a pulse, large areas of sea ice form and melt each year. Sea ice supports an abundance of life and provides multiple ecosystem services to humans. However, climate change and other human activities threaten the health and stability of the sea-ice and ocean ecosystems as well as the ecosystem services they support. By reducing our carbon emissions globally, protecting ecologically important areas, and limiting our impacts in the Antarctic, we can help the ecosystem support us for many years to come.



GLOSSARY

BIOMASS

The total quantity or weight of organisms in an area or volume.

BIOPROSPECTING

The search for novel biological or biochemical substances.

COLD-ADAPTED ENZYMES

Enzymes which are specifically adapted to function in cold and/or frozen environments.

ANTIFREEZE PROTEINS

Proteins produced by certain organisms that permit their survival in freezing temperatures.

ORGANIC MATERIAL

Carbon-based material from plants and animals.

DIMETHYLSULPHONIOPROPIONATE (DMSP)

An organic sulfur compound with the complicated chemical formula (CH3)2S CH2CH2COO which is produced by some phytoplankton and ice algae in the ocean.

DIMETHYLSULFIDE (DMS)

An organic sulfur compound with the chemical formula (CH3)2S. DMS is a gas with a smelly odor.

ECOSYSTEM SERVICES

The services an ecosystem provides to humans.

OVERFISHING

Taking too much fish out of the ocean so there are hardly any left.

MARINE PROTECTED AREAS

Regions of the ocean where governments have restricted human activities to conserve the ocean and ocean ecosystems.
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In East Antarctica, warm ocean water travels toward the Totten Ice Shelf. This water melts and thins the ice shelf, and speeds up the rate at which ice moves into the sea, leading to sea-level rise. Scientists often get on board ships called icebreakers to study the ice and water in these regions. However, sea ice and icebergs are major obstacles to navigation and scientific operations. For example, American, Australian, and Japanese icebreakers tried but could only observe a small area where sea ice was more broken up. So, we used a helicopter to measure the ocean during one of our research expeditions. Helicopters can travel faster than icebreakers. They can fly over sea ice and icebergs, and trained workers can drop sensors into small gaps in the ice. In 6 days, we observed ocean temperatures at 67 sites, covering a large area that could not be studied before. We identified wide pathways of warm water flowing toward the Totten Ice Shelf.


WARM OCEAN TEMPERATURES ARE MELTING ICE SHELVES

When snow falls on Antarctica, it slowly becomes ice as it is buried beneath subsequent snowfall. The resulting ice moves slowly toward the coast and flows out into the ocean, where it starts floating and forms an ice shelf (Figure 1A). Ice shelves get smaller when ocean water melts them and when icebergs break off, which is called calving. If ice accumulation (snowfall) equals ice loss (melting and calving), the total amount of Antarctic ice does not change, and there is no impact on sea level. However, many scientists predict that Antarctic ice may be lost rapidly in the future. Why might this happen?
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Figure 1

(A) As ice forms, it flows toward the ocean. The ice that overhangs ocean water is called an ice shelf. When warm ocean water flows under the ice shelf, the ice melts and icebergs can break off. (B) As warm water flows underneath the ice, the ice begins to move across the land faster, causing ice to be lost into the ocean more quickly.



Glaciers and ice shelves are rivers of ice flowing from the land into the ocean. When the ice moves against the rocky surface of the Earth or the seafloor, the land can hold it back and friction slows down and stabilizes the ice flow. However, when warm water flows beneath the ice shelf, the ice shelf thins and the water reduces the friction (Figure 1B). This allows the ice to speed up and move toward the ocean faster, contributing to ice loss and sea-level rise [1]. Since the air is very cold in most regions of Antarctica, almost all ice loss is due to melting that happens in the oceans. So, we need to understand how warm ocean water travels toward the Antarctic ice shelves.



OBSERVATIONS NEAR THE ANTARCTIC COAST ARE DIFFICULT

Sea ice is frozen ocean water. Cold air temperatures and strong winds freeze seawater and form large areas of floating sea ice. In summer, some of the sea ice melts. Icebergs are large chunks of ice that break off from glaciers due to calving. Icebergs can be huge. For example, one of the largest icebergs has an area of about 300 km by 40 km!

As you can see from the satellite image in Figure 2A, there are two ice shelves in this region. One is the Totten Ice Shelf (TIS) and the other is the Moscow University Ice Shelf (MUIS). Figures 3A, B give you a close look at the ice-covered regions in Figure 2, in front of the TIS and MUIS, respectively. Huge areas of sea ice cover the ocean surface close to the front of the TIS. Such a large area of sea ice is formed when smaller pieces of sea ice join together and accumulate snow on top of them. Since such a huge plate of sea ice can be 5–10 m thick, there is no chance for exploratory boats called icebreakers to travel into this region.
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Figure 2

(A) Satellite image from December 2019, off the TIS and MUIS. Regions in white are sea ice or icebergs. Regions in black are the ocean surface with little sea ice cover. Blue circles show regions where sea ice fully covers the ocean surface and the icebreaker Shirase could not travel. Pink circles show areas where there was little sea ice. (B) Helicopter used for ocean observations. (C) Sensors dropped from helicopters into cracks in the sea ice. (D) Vertical sections of ocean temperature along line A. The red-orange color indicates warm ocean heat pathways toward the TIS.
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Figure 3

(A) Zoomed-in shot of Figure 2A, for the region in front of the TIS. You can see TIS, thick sea ice, icebergs, and ice cracks. (B) Zoomed-in shot of Figure 2A, for the area near the MUIS. You can see thick sea ice and icebergs. (C) Aerial photo showing an AXCTD sensor falling into a sea-ice crack. (D) Photo taken from the helicopter showing sea ice, ice crack, and icebergs.



In Figure 3B, you can see the region in front of the MUIS, showing a big difference between the east and the west. In the west, one big piece of sea ice covers the ocean surface. This condition is similar to the TIS. However, in other locations, we find hundreds of huge icebergs—each a few km2 in size and about 300–400 m thick. The aerial photo in Figure 3D shows a few icebergs with heights (from the ocean surface to the top) of about 20–30 m. This means that about 200–300 m of ice is hidden in the seawater.

Our research group took part in the 61st Japanese Antarctic Research Expedition (JARE61). We sailed on the Japanese icebreaker Shirase between December 2019 and March 2020. Icebreakers are designed with hulls strong enough to push sea ice away or break the ice by ramming into it. Icebreakers can easily move forward when sea ice is not thick or does not fully cover the ocean surface. When the sea ice is thick (about 1 or 2 m) and forms a solid sheet, it is difficult for icebreakers to move forward. In the case of the JARE61 expedition, we sometimes spent an entire day trying to move forward in a region with thick ice; sometimes we only moved a few 100 m or less in 24 h. We found very thick sea ice covering most of the ocean surface near the TIS, so Shirase could not make progress there. Thus, the Shirase decided to remain in a nearby area with less sea ice for all of December 2019.

In the past, American, Australian, and Japanese icebreakers attempted to observe larger regions in front of the TIS [2], but they failed because there is usually thick sea ice covering the areas in front of the TIS and MUIS. Therefore, no one could observe what was happening in the ocean in the areas where warm ocean water was likely flowing toward the key ice shelves in this region.



USING HELICOPTERS TO FIND HEAT PATHWAYS

The icebreaker Shirase is equipped with CH-101 helicopters (Figure 2B). We flew from the ship to the target sites and dropped sensors called Airborne eXpendable Conductivity, Temperature, and Depth sensors (AXCTD) and Airborne eXpendable Bathy-Thermograph sensors (AXBT) from the rear door of the helicopter. The sensors are enclosed in a protective case and a small parachute attached to the sensors opens quickly after they are released (Figure 2C). The sensor descends in a controlled manner and lands in the water. At the ocean surface, the sensor is released from the protective case. The system consists of a floating buoy and a sensor, connected to each other by 1,000 m of very thin wire. The sensor sinks to the seafloor, measuring temperature and salinity along the way. The floating buoy transmits the data to the helicopter overhead. Using this method, within 6 days we surveyed temperature, salinity, and ocean depth at 67 stations.

Helicopters can travel faster than ships. They can fly over very thick sea ice and icebergs. They can hover while workers prepare and drop sensors into gaps in the sea ice. Helicopters allowed us to travel to previously unreachable areas and observe the ocean beneath thick sea ice and some icebergs. We could also drop sensors into a 20-m-wide crack in the sea ice off the TIS (Figure 3A) and a 15-m-wide crack surrounded by icebergs and sea ice near the MUIS (Figures 3C, D).

We observed an inflow of warm water traveling toward the TIS (Figure 2D). The inflow is about 150 km wide. We also observed warm water deep in the ocean, at temperatures of about 0.5–1°C. In the salty water of the ocean, the freezing point is about -2°C. Although this sounds cold by non-Antarctic standards, the water is very warm for the ice. Using helicopters, we identified wide pathways of warm water flowing toward the TiS for the first time. This warm water flows in a thin layer only 50–100 m thick. In contrast, previous studies found a thicker layer of warm ocean water flowing toward Antarctic ice shelves in the highest ice shelf-melting region in Antarctica [1]. This finding suggests that, if the warm water inflow we observed thickens, the melting of the TIS might greatly increase.



THE FUTURE

Now that we know how warm ocean water is traveling toward the TIS, the next step is to develop a computer model of the ocean in this region, to simulate the warm water inflow [3]. Scientists can use computer models to understand the mechanisms of warm ocean flow and to predict future changes. This information can help policymakers to make decisions about how we can prevent and adapt to climate change and rising sea levels.
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GLOSSARY

ICE SHELF

When a glacier flows into the ocean, it forms a floating extension called an ice shelf.

ICEBERG

A large floating mass of ice detached from a glacier or ice shelf.

SEA ICE

Frozen seawater.

ICEBREAKER

A ship designed to move through waters covered with ice, by breaking through it.

AIRBORNE EXPENDABLE CONDUCTIVITY, TEMPERATURE, AND DEPTH (AXCTD) SENSOR

A sensor that can be dropped to the bottom of the ocean from a helicopter or a plane and can send back information about ocean depth, temperature, and salinity.

AIRBORNE EXPENDABLE BATHY-THERMOGRAPH (AXBT) SENSOR

Like AXCTD, but it can only send back the ocean depth.

SALINITY

The concentrations of salts in seawater.

COMPUTER MODEL

A computer program that is designed to simulate ocean circulation.
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Sea ice, frozen seawater, is more than a “white desert” in the Earth’s polar regions. The solid part of sea ice is mostly pure ice, similar to what you could make by putting tap water in a freezer. It also contains an intricate network of pores, pockets, and channels—known as a brine network—which develops each season. The brine network is filled with a very salty solution that contains nutrients that ice-associated organisms (bacteria, algae, and small animals) use as food. Algae are especially important because they remove carbon dioxide from the atmosphere and provide some of the oxygen we breathe every day. However, ice organisms are witnessing the consequences of human pollution and climate change. Although the polar regions are located far from human areas, the ocean circulation carries pollutants to the poles. This article examines what is happening in the seemingly inhospitable but crowded brine network, including the latest observations on the accumulation of human pollution.


SEA-ICE: A CONSTANTLY CHANGING ENVIRONMENT

During Antarctic wintertime, a large part of the Southern Ocean is covered with a white “blanket”, called sea ice. Sea ice is frozen seawater, containing so little salt that you would hardly notice if you tasted it. When water freezes, most of the salt from seawater does not become part of the ice itself, but ends up inside channels and pockets within the ice, called a brine network. Brine is the name for water with a lot of salt dissolved in it, and the saltier the brine, the lower the temperature required to freeze it. Saltiness is the reason why seawater freezes at -1.8°C, while pure water freezes at 0°C.

Temperature varies within sea ice, and so does the structure of the brine network. Small brine pockets are stable in winter, when ice can get as cold as -30°C due to very low air temperatures. In spring, sea ice warms up, reaching approximately 0°C, and pockets open into channels [1]. The resulting structure has tree-like branches (Figure 1a). While sea ice is growing during autumn and winter, these channels exist in the 10–20 cm of ice closest to the water [2]. It is relatively warm in this bottom layer because the seawater below the ice can usually only get as cold as -1.8°C [3]. When the upper parts of the sea ice warm up in spring, channels can extend from the top of the ice all the way to the bottom. The channels grow from the top of the ice to the bottom due to saltiness: salt is heavier than water, which means that brine is heavier than both ice and seawater. As the ice warms, brine melts it and moves downwards due to gravity. Some seawater can move upward to replace the downward moving brine, bringing nutrients, dissolved gases, and small organisms, into the ice. Sea ice is thus a very active, constantly changing environment (Figure 1b).
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Figure 1

(a) A piece of sea ice, called an ice floe, with brine channels (the string-like structure) and pockets (any enlargement along the channels) near the bottom. (b) A zoomed image shows two copepods moving across a brine channel, reaching other organisms in a brine pocket. Sizes do not represent the real dimensions of the organisms—they are actually extremely tiny.





WHO LIVES INSIDE SEA ICE?

Each season, the cycle of freezing and melting and the formation of the brine network means that only tiny organisms that are very flexible to changes in temperature, salinity, and light can grow in sea-ice channels. Since the temperature in sea ice is very low, organisms produce anti-freeze compounds to prevent their cells from freezing—the same compounds we use to soften ice cream! Other organisms produce substances that help them cope with changing salinity. But why would any organism want to live in sea ice? Well, the brine pockets are very small and larger organisms cannot get in, so they can provide shelter for tiny organisms. The community within brine pockets consists of invertebrates, such as very tiny copepods, or worm-like organisms known as nematodes. We also find microorganisms such as microalgae, bacteria, or viruses (Figure 1b). While copepods are big enough to be spotted with the naked eye, other organisms are so small that you need a microscope to see their fascinating shapes. When a chunk of ice is tipped over, its underside appears brown (Figure 2a). The brown color comes from tiny ice-associated algae called diatoms. To slide through the brine channels, diatoms eject slimy stuff through an opening in their shells. Some diatoms build long chains (Figure 2b) or produce mucus around small single cells (Figure 2c) or have shells with interesting shapes (Figure 2d).
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Figure 2

(a) A flipped-over piece of sea ice reveals a brown color underneath, due to growth of sea-ice microalgae, likely diatoms; (b) a typical chain-forming type of diatom; (c) foam algae, in which very tiny cells live in a ball-shaped colony; (d) a small dinoflagellate with little “horns”; (e, f) “baby” copepods; (g) a copepod eating diatoms; and (h) sea-ice bacteria stained with a red dye to make them more visible (image credits: (a) Mareike Bach; (b–g) Ilka Peeken (@AWI); (h) Eeva Eronen-Rasimus).





THE IMPORTANT ROLE OF SEA-ICE ALGAE

Algae are important because they remove carbon dioxide from the atmosphere and provide about half of the oxygen we breathe every day. Algae are the base of the polar food web. Through photosynthesis, they “eat” sunlight, carbon dioxide, and water to produce food for themselves—and eventually for other organisms that eat them. Algae are eaten by small animals called zooplankton, like copepods (Figures 2e–g), and zooplankton are then eaten by fish. When there are not enough nutrients in the brine channels, algae eventually die; bacteria (Figure 2h) and fungi start eating the dead material, such as the slimy stuff released by diatoms. This process is called decomposition, and it provides fresh nutrients that can then be used again by organisms living nearby. This efficient recycling system within the ice is called a microbial loop, and it is a very important way to bring carbon back to other organisms in the food web. Overall, sea-ice organisms have an important role in polar marine ecosystems as a rich food source, forming the base of the polar food web.



MICROPLASTICS: A MAJOR THREAT FOR MICROORGANISMS AND THE ENVIRONMENT

The sea-ice ecosystem is under threat from man-made pollution. The polar regions are far away from cities and factories, but we find pollution from other parts of the world within the ice. One of these is plastic, recently identified as a major threat to aquatic (water-based) ecosystems worldwide. About 40% of plastic in the oceans is single-use plastic (bottles, cutlery, bags, etc.). The remaining 60% is mostly waste from our homes (washing), factories, or fishing gear. Cities and coastal areas have the highest amounts of plastics; however, rivers, groundwater, ocean currents, and currents in the atmosphere can carry plastics all the way to remote polar areas (Figure 3). During this travel, physical and chemical processes (sunlight, high temperatures, wind and wave action, and microbial decomposition) break down plastics, resulting in very small plastic fragments. When the fragments are smaller than 0.5 cm, they are called microplastics. When sea ice forms, microplastics can end up accumulating within it [4].
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Figure 3

Plastics and persistent organic pollutants can make their way from their production sites to the oceans. Lots of single-use plastic can be found wherever humans are found. Breakdown produces microplastics (colored polygons), which meet up with more plastics and persistent organic pollutants (hexagons) that come from industrial processes, as well as washing and farming. Microplastics and persistent organic pollutants found in land, rivers, and groundwater can reach the polar ocean and enter the ice. Microplastics and persistent organic pollutants can also be transported through the atmosphere and the oceans, reaching the polar regions and entering the ice.



The microplastic particles in sea ice are the same size as diatoms and therefore can be eaten by very small animals, such as copepods. The consequences can be serious: due to their small size, microplastics can clog an organism’s internal pathways or act as food, filling the stomach and causing the organism to starve to death. Microplastics can harm algae so they cannot perform photosynthesis, microplastic particles can compete for space in brine channels. Microplastics also offer “free rides” to species that do not belong in the polar ocean and can compete with local species. Furthermore, plastics can release some chemicals that are harmful to animals. A recent United Nations report highlights that there are 51 trillion microplastic particles in the seas, and these numbers are increasing [5]. Researchers are still trying to understand the paths that microplastics take and the effects they can have. From what we know now, it is important to use less plastic so that less of it ends up in the environment.



OTHER DANGEROUS POLLUTANTS

Another type of life-threatening compound present in sea ice is called persistent organic pollutants. These compounds were first produced in the 1920s and 1930s for use in industries (e.g., burning of waste, steel industry, road transport) and agriculture (e.g., insecticides, pesticides). Air and ocean circulation carry persistent organic pollutants to the polar regions. These compounds can turn into vapor (gas) at high temperatures (near the equator) and then turn back to liquid at low temperatures (in polar regions). They are called “persistent” because they can remain in soil and water for long periods, and they are very difficult to get rid of [6].

Persistent organic pollutants are extremely dangerous to polar organisms because these substances can build up in fat and polar animals are very fatty—fat allows them to survive the long, cold winter. Small polar organisms have a low persistent organic pollutant content, but the concentrations found in larger organisms (e.g., super-predators like sharks, orcas, and even humans), which feed on smaller contaminated organisms, can be up to 200,000 times the ocean concentration! This process of increasing concentration along the food chain is called biomagnification, and it is very dangerous. Eating fatty tissues containing persistent organic pollutants can cause problems with the immune system, reproductive system, and nervous system, as well as behavioral abnormalities. As climate change and melting of Antarctic glaciers seems to be increasing the concentrations of these pollutants [6], 91 countries and the European community signed the Stockholm Convention in 2001, agreeing to reduce or eliminate the production of 12 key persistent organic pollutants. Although the number of pollutants in the agreement increased to 24 by 2017, developing countries are still producing these compounds for the rest of the world, so the problem is not solved.



CONCLUSION

Although sea ice is a very extreme habitat, many organisms are specifically adapted to live in this environment. Their ability to make homes in the tree-like structure of the sea-ice brine network is endangered, due to the accumulation of man-made pollution such as microplastics and persistent organic pollutants, as well as climate warming. Within sea ice, microplastics and persistent organic pollutants accumulate with as-yet unknown consequences for sea-ice organisms, which are an important food source in the Southern Ocean ecosystem. International agreements are trying to reduce the production of plastics and change industrial processes that produce dangerous pollutants. But people still act very carelessly—these pollutants and plastics are still accumulating in rivers and oceans. More “green” actions are needed, no matter where we live, to raise awareness of these threats and protect the sea ice and the organisms that live there.



GLOSSARY

BRINE NETWORK

Highway within the ice characterized by cold and salty water, and hosting nutrients, dissolved gases, and organisms.

SALINITY

Quantity (mass) of salts in a given volume of water.

COPEPODS

Tiny shrimp-like animals, part of the group of animals called crustaceans.

DIATOMS

One-celled organisms that are one of the most common types of phytoplankton (i.e., tiny, “light-eating” organisms floating in the surface ocean). Diatoms can be single cells, or form chains or small groups called aggregates.

MICROBIAL LOOP

Cycle of organic material that is produced and decomposed by different microbial organisms

MICROPLASTICS

Pieces of plastic material smaller than 5 mm

PERSISTENT ORGANIC POLLUTANTS

Substances present in concentrations that may harm humans, plants, and animals. Persistent organic pollutants can stick to fatty substances for a long time.

BIOMAGNIFICATION

Increase in concentration of a pollutant along the trophic chain.
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Antarctica’s ice sheet is constantly on the move, flowing from the deep, frozen interior of the continent toward the ocean, where it melts. In fact, because the oceans are getting warmer, the Antarctic ice sheet melts faster, and therefore, the sea level is rising. However, predicting how the ice sheet will flow differently from place to place is complicated. The landscape beneath the ice sheet helps to control how fast the ice moves. For example, the ice can stick and deform, or slide smoothly across the land under the ice. Naturally occurring heat from inside the Earth can cause the base of the ice sheet to melt and soften so that it flows more easily, sliding on the meltwater formed. The amount of this geothermal heat varies across Antarctica and is difficult to measure. However, scientists with various expertise can collaborate to understand how much heat there is and how it shapes the ice sheet.


WHY DOES THE BASE OF THE ICE SHEET MELT?

The Antarctic ice sheet covers most of Antarctica. It flows from the interior of the continent toward the surrounding ocean due to gravity (Figure 1). The speed at which the ice sheet flows depends on the slope of the surface and how easily the ice can move over the rocks, sand, and clay beneath it. The ice moves slowly, usually <50 m in a year, when the subglacial landscape is rough, and the ice is frozen to the rocks. However, the ice can move more easily if the subglacial surface is slippery. Water makes surfaces very slippery, so if ice melts at the base of the ice sheet, the ice can slide (Figure 2). Lakes can even form underneath a glacier, where meltwater is trapped under the ice sheet. Some lakes are connected with subglacial rivers that flow toward the ocean, not unlike lakes on other parts of the Earth [1].
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Figure 1

Several heat sources can contribute to melt the ice sheet from beneath. Warm ocean currents and friction impact the fast flowing glaciers. Geothermal heat under the ice sheet can come from, for example, radiogenic heat and volcanoes, causing the ice to melt at the base and the ice sheet to deform more easily.
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Figure 2

The impact of basal (bottom) melting, tested here using white chocolate on a slanted, heated plate. The upper row shows the position of the chocolate at the start of the experiment, and the lower row shows the position after 15 s. When heated, the bottom part of the chocolate melts, causing the block of chocolate to flow down the slope. The higher the heat, the more quickly it flows. The same mechanism applies to the Antarctic ice sheet.



Antarctica has the coldest air temperatures on Earth, but due to the geothermal heat, the base of the ice sheet can melt in some places. The melting temperature depends on the pressure, and under kilometers of ice, the base can melt at temperatures colder than 0°C [2, 3]. Even if the ice remains frozen, geothermal heat can still affect how easily it flows. If the ice is very cold, it is hard and rigid and does not flow well, but if it is less cold, ice can deform and start to move. This is similar to the way you may have seen honey flow more easily when it is heated.

Closer to the coast, the ice sheet forms ice rivers called glaciers. Glaciers flow fast, up to many meters a day! With such speed, the ice in the glacier grinds against the rocks beneath, generating heat from friction. The heat from friction is much greater than the geothermal heat and can melt a lot of ice, forming meltwater streams!

Once the ice sheet or glaciers reach the ocean, the ice starts to float and melt, and icebergs can break off. Ocean currents carry much more heat than geothermal heat can provide, so the melting of the ice sheet by the warmer ocean water is much more than the melting of the base caused by geothermal heat and friction. Due to global warming, the melting of ice is speeding up as the Earth’s oceans heat up and sea currents are changing.

Will the ice sheet collapse due to the increased melting at the coast, or will it respond slowly and remain fairly stable? Knowing how much geothermal heat there is at the base of the ice sheet helps us understand how the ice sheet is flowing and how it responds when the oceans and atmosphere get warmer. Geothermal heat is natural, but it impacts how the Antarctic Ice Sheet responds to climate change.



WHERE DOES GEOTHERMAL HEAT COME FROM?

It has been known for a long time that the interior of the Earth is warmer than the surface. People have observed hot lava from volcanoes and hot water from thermal springs. In deep mines, it can get very hot! Typically, for every 100 metres deeper into the Earth, the temperature increases by 2–3°C; however, the exact temperature depends on what kinds of rocks and sediments there are.

Heat is energy that makes something else warmer. For example, a hot radiator heats a cold room, and the sun heats the oceans. Scientists usually measure the amount of heat transferred in a certain time using the unit Watt, shortened to W. We can use this unit to measure, for example, the power of an electric kettle that can heat water for tea. For geothermal heat, which varies from place to place, we want to know the rate of heat transferred for every part of the surface area, and the unit we use is Watts per square meter (W/m2). In continental regions, the geothermal heat flow is small; on average, about 70 mW/m2 (one milli Watt is one thousandth of a Watt). This is similar to having a 1,000 W electric kettle every 120 m deep inside Earth to generate heat.

To map how much geothermal heat there is, we must first understand where this heat comes from. Like any form of energy, the natural laws of thermodynamics state that heat must have a source; it cannot appear from nowhere! Heat is either moved from a hotter location or generated from another kind of energy, like the friction of glaciers we described earlier. Geothermal heat comes from several sources (Figure 1); therefore, scientists with diverse skills must collaborate to understand what is generating geothermal heat under the ice.

Some geothermal heat originates deep inside the Earth’s mantle and core; it is left over from when the Earth formed from colliding gas and dust. Because the Earth is so large, the cooling is very slow and has been going on for the entire age of the Earth, about 4.5 billion years. However, this remaining primordial heat is probably not the most significant contribution to the heat under the Antarctic ice sheets today.

Most geothermal heat comes from rocks in the Earth’s crust that contain minerals with elements that can generate heat by low-level radioactivity, called radiogenic heat. The main heat producing elements are uranium, thorium, and potassium. The natural concentrations of these elements are generally low, but some rocks in the crust contain relatively large amounts. A typical value of crustal heat production in Antarctica is 1.3 microWatts per cubic meter (a micro–Watt is one millionth of a Watt) [4]. Assuming that the crust is 40 km thick and that heat production is constant throughout (which it is not!), the radiogenic heat generated in the crust would equal the same amount of heating power as one nuclear power plant every 310 km—that is a lot of heat! However, as radiogenic heat production varies with the type of rock, geologists try to understand which rocks generate the most heat and where those rocks might exist in Antarctica. This is somewhat tricky when the rocks are hidden under thick ice!

Volcanoes and volcanic regions with geothermal hot springs also generate a lot of heat that causes the base of the ice sheet to melt and can even cause the ice to collapse above. Many such volcanoes exist in Antarctica. Some poke their heads up above the ice, while others lie below it https://zenodo.org/record/6535775.



STUDYING SUBGLACIAL GEOTHERMAL HEAT IN ANTARCTICA

Geothermal heat can be calculated by drilling a hole into the ground, measuring temperatures at various depths, and then using the thermal conductivity of the rocks and sediments to calculate the heat flow. However, it is not very easy (or cheap!) to drill through thick ice in Antarctica, so there has not been much data collected this way [5]. Instead, scientists are constructing computer models of the temperatures or heat transfer beneath the Antarctic Ice Sheet.

Some scientists use seismic waves from e.g., earthquakes to calculate how hot the Earth is at various depths. Seismic waves are vibrations similar to sound waves, and they can bounce, twist, and turn depending on the materials they travel through. Typically, seismic waves travel slower in warmer rocks, so by measuring how fast the seismic waves travel through the rocks, seismologists can map the temperature inside the Earth and compute how much heat reaches the surface. Other scientists use variations in Earth’s magnetic field to calculate temperature. When heated to about 580°C, rocks lose any magnetic properties, so measurements of the magnetic field taken by satellites or aircraft can help scientists calculate deep temperatures. Unfortunately, magnetic and seismic studies give, in some places, very different results [6]. The described methods cannot estimate variations in radiogenic heat or thermal conductivity in crustal rocks. We can, apparently, not capture variations in geothermal heat by only using one kind of observation [3].

To get the full picture of all the heat sources, some scientists try to combine seismic data, magnetic data, locations of volcanoes, and other observations to show how the geothermal heat might change from place to place [7]. Combining data from multiple techniques can produce more accurate, detailed results.

However, many places in Antarctica remain unexplored, so the amount of geothermal heat in those areas is uncertain. To get a better map, we need more and better data, we also need the combined knowledge from experts in several scientific fields. Mapping geothermal heat flow in Antarctica is a difficult task because even small variations in the underlying land can significantly impact how the ice sheet flows [8]. The effort is worthwhile because maps of geothermal heat are urgently needed to help us predict ice sheet flow and melting, and how it will change in the future. 
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GLOSSARY

ICE SHEET

An ice sheet is a big, dome-shaped layer of ice and snow covering entire lands, like a giant icy blanket, presently found only in Antarctica and Greenland.

SUBGLACIAL

Beneath the ice. The subglacial landscape contains rocks, sand, clay, and water and can be studied using ice-penetrating radar or seismic waves.

GEOTHERMAL HEAT

Heat from inside the Earth. “Geo” means Earth, and “thermal” relates to heat.

GLACIERS

Glaciers are massive rivers of ice that move relatively fast toward the oceans and shape the land.

FRICTION

The force created when two objects move against each other with resistance. Friction generates heat.

PRIMORDIAL HEAT

The leftover heat from the intense collisions and impacts of rocks, dust, and gas during the Earth’s formation about 4.5 billion years ago.

RADIOGENIC HEAT

Radiogenic heat is the heat produced deep within the Earth when elements in certain rocks undergo radioactive decay. This process gradually releases heat energy over incredibly long periods.

THERMAL CONDUCTIVITY

The ability of a material to conduct heat. Thermal conductivity varies for different kinds of rocks, depending on how much water they contain and how warm they are.
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Ice shelves are important because they act as a dam that regulates the amount of land ice that flows into the ocean. This means if Antarctica’s ice shelves were to break up, more ice would be melted into the ocean and global sea level would rise at a much faster rate. Because Antarctic ice shelves float in the ocean, they are not only sensitive to warming air temperatures but also to changes in the Southern Ocean. One such important factor is how ice shelves interact with sea ice. When sea ice attaches to the front of ice shelves, it can act as a glue, preventing ice-shelf break-up and promoting ice-shelf growth. In the open ocean, sea ice can also help protect ice shelves from damaging ocean waves formed during large storms. Sea ice will play an important role in determining the fate of Antarctic ice shelves in the coming decades.


WHAT ARE ICE SHELVES AND WHY ARE THEY IMPORTANT?

The Antarctic ice sheet is vast! Larger than the USA and United Kingdom combined, it is covered in a layer of ice that is over 4 km thick in places (Figure 1). If all the ice in Antarctica were to melt into the ocean, global sea levels would rise by 58 m. There is no chance of this happening anytime soon, but even relatively small contributions of 1 m to global sea-level rise in the next 100 years would cause significant coastal flooding and have important consequences for those who live near the coasts around the world.


[image: image]

Figure 1

The Antarctic continent is located at the South Pole and is covered by a giant ice sheet. Antarctica is bigger than the USA and many times the size of the United Kingdom. At its annual maximum in winter (September), the sea ice surrounding Antarctica effectively doubles the size of the continent!



Within the Antarctic ice sheet, large rivers of slow-moving ice form, known as glaciers. These glaciers flow from the middle of the ice sheet into the Southern Ocean, where they form floating platforms of ice called ice shelves. Ice shelves fringe most of Antarctica and are very important because they act as a dam and help slow down the rate of ice flow into the ocean. This means that if ice shelves are removed or get smaller, more ice can flow into the ocean and contribute to global sea-level rise. An example of this process happened in 2002, when an ice shelf called Larsen B completely broke up. This triggered the glaciers that formerly fed the ice shelf to speed up six-fold in just a few months, resulting in more ice melting into the ocean [1]. In fact, many of Antarctica’s ice shelves have been getting smaller over recent decades, causing an increase in Antarctica’s contribution to global sea-level rise [2]. This means the fate of Antarctica’s ice shelves has global importance.



WHAT CAUSES ICE SHELVES TO CHANGE?

A healthy ice shelf grows constantly because the glaciers that flow into the ice shelf are constantly moving forward. At some point in time, sometimes after several decades, large icebergs break away from the ice shelf through a process known as calving. This is a perfectly normal, natural cycle of ice-shelf advance and retreat. However, when warm ocean currents cause the ice shelf to melt more quickly and get thinner, the rate of calving increases and the ice shelves can retreat and get smaller. Generally, Antarctica is very cold and the air temperature rarely gets above freezing. This means there is very little melt on the surface of most ice shelves. But on some of the ice shelves furthest away from the South Pole, warmer air temperatures cause enough melt to form bright blue melt ponds on their surfaces. The weight of these melt ponds can help grow existing cracks in the ice shelf, leading to more rapid calving. But ice shelves can change for another reason: their complex interaction with sea ice [3–5].



WHAT IS SEA ICE?

At its maximum extent at the end of the Southern Hemisphere winter in September, sea ice around Antarctica covers up to 20 million km², almost 4% of the Earth’s surface or an area greater than China and the US territories combined! In contrast, during the Southern Hemisphere summer, Antarctic sea ice reduces its size to roughly 4 million km² (Figure 1). Unlike the Arctic sea ice in the Northern Hemisphere that has been shrinking for decades, Antarctic sea-ice extent has only recently started to decline in response to climate change. In fact, in September 2023, the maximum Antarctic sea-ice extent was over 1 million km2 lower than the previous low for this time of the year, and the magnitude of this decline in sea-ice extent has surprised scientists.

Did you know there are many types of sea ice? Newly formed sea ice is called new ice, and we call it multi-year ice once it has survived multiple summer melt seasons. Some of the sea ice surrounding Antarctica is fastened to the coastline: we call it landfast sea ice, or simply fast ice [6]. It acts as a glue between ice shelves, ice tongues, icebergs that have become stuck to the seafloor, and small islands (Figure 2). When sea ice is freely moving around Antarctica, we call it pack ice. Unlike pack ice in deep water, which forms and breaks up seasonally, landfast sea ice is mostly present year-round as a narrow band around the coast. It can form decades-old slabs of ice tens of meters thick!
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Figure 2

(A) As ice flows from the interior of the ice sheet into the ocean, it can form ice shelves—floating extensions of the ice sheet. Landfast sea ice attaches to the coastline and to the ice shelf, stabilizing the ice shelf. (B) It can also help protect ice shelves from damaging ocean waves during large storms. (C) The bright White Sea ice strongly reflects the sun’s rays, which helps to cool the atmosphere. (D, E) Areas of open water called polynyas are regions of high sea-ice production that create a cold, dense, salty water mass that helps drive global ocean circulation.





GLOBAL IMPORTANCE OF SEA ICE

To understand why sea ice is so important for Antarctic ice shelves, we must first look at its role in the global climate system. Sea ice is extremely important because it has a direct influence on Earth’s atmosphere and the global ocean circulation. First, sea ice acts as an insulating blanket by preventing heat transfer between the atmosphere and the ocean surface. The bright white surface of sea ice strongly reflects the sun’s rays, which helps to cool the atmosphere. Each winter when cold ocean water freezes and forms sea ice, a very cold, dense, salty seawater is formed. This water is much denser than the water at the surface, so it sinks deep into the ocean. When this water sinks, it drives the global ocean circulation (Figure 2). Even during the coldest parts of winter, there can be sea-ice-free regions near the coast, known as polynyas. Polynyas form when strong winds blow sea ice away from the coastline, into the open ocean. More sea ice quickly forms in its place because the open ocean is exposed to the cold air temperatures. For this reason, we sometimes call polynyas “sea-ice factories”.



PILLAR OF STRENGTH

The Southern Ocean is very stormy and these storms often create large ocean swells far out at sea that travel toward the Antarctic coastline. Large ocean swells can cause ice shelves to bounce up and down, much like a ship during stormy seas. Bouncing up and down can cause cracks to form in the ice, making an ice shelf more vulnerable to breaking apart. Fortunately, sea ice in the open ocean often helps reduce the strength of ocean swells by acting as a crash barrier, absorbing much of the energy of the swell before it reaches the coastline. However, when large storms and sea-ice-free conditions coincide, it can be bad news for ice shelves. There is growing evidence that ice-shelf break-up events tend to occur during these conditions, especially if those ice shelves have already been weakened by melt and thinning [3].

At the coastline, landfast sea ice can directly prevent icebergs from breaking away and promote ice-shelf growth. This is because landfast sea ice acts as glue holding weak ice shelves together, along with protecting ice shelves from waves directly crashing into them. Unlike sea ice in the open ocean, which melts every summer, landfast sea ice can persist for multiple years and sometimes decades. Indeed, some ice shelves continuously advance for decades when landfast sea ice remains fastened to the ice-shelf front! However, sometimes, landfast sea ice can “break out” by rapidly breaking up and being carried away by ocean currents. This can happen for different reasons, like when strong winds from the Antarctic interior weaken the landfast sea ice and help blow it offshore. Once the landfast sea ice is gone, this can trigger ice tongues and ice shelves to break apart [4, 5]. An example of this was seen in 2020 when the Parker ice tongue [4], which had previously been growing for many years, broke apart over the course of a few days after the loss of its protective landfast sea ice barrier (Figure 3).
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Figure 3

(A) Landfast ice, also called fast ice, provides stability to long, thin fingers of floating ice called ice tongues. (B) The large Parker ice tongue broke off in 2020, following the break out of the landfast sea ice. You can see how it drifted over the course of a few months.





OUTLOOK FOR THE FUTURE?

The continued decline in sea ice in the Southern Ocean over the next 50–100 years in response to human-caused climate change seems inevitable, but by how much? Well, in many ways the future of sea ice in the Southern Ocean depends on us! If we limit global warming to 1.5°C, we will limit sea-ice loss to as little as 30%. However, if we continue to burn fossil fuels at current rates, we cannot rule out losses of up 90% of sea-ice extent by 2100 [7]. Less sea ice will be bad news for Antarctica’s floating ice shelves, and as a result we could expect a greater rate of iceberg calving and ice-shelf retreat as the protective barrier of sea ice diminishes. Future reduction in ice shelf extent will reduce the damming effect of ice shelves and lead to increased flow of inland ice into the Southern Ocean, raising global sea levels. Under current projections, melt from the the Antarctic Ice Sheet is projected to increase global sea level by up to 33 cm by 2100, but this is highly dependent on future emission scenarios.



GLOSSARY

ICE SHEET

A huge body of ice that covers vast expanses of the polar regions. Currently, Greenland and Antarctica are covered by ice sheets.

GLACIER

A slow-moving river of ice. The fastest flowing glacier in Antarctica is Pine Island Glacier, which flows at over 4 km year.

ICE SHELVES

A large platforms of ice that forms where an ice sheet flows into the ocean and starts floating.

ICEBERGS

Large floating blocks of ice that have broken away from a glacier, ice shelf, or ice sheet.

CALVING

The break-off of icebergs from the fronts of ice shelves and glaciers.

LANDFAST SEA ICE

Sea ice that has fastened to an ice-shelf front, coastline, islands, or icebergs that have become stuck to the seafloor.

ICE TONGUE

Similar to an ice shelf, a long narrow platform of ice that extends from a glacier flowing into the ocean.

POLYNYA

A stretch of open ocean water surrounded by sea ice.
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Antarctica is the least populated place on Earth, but the frozen continent and its surrounding Southern Ocean are still affected by human activities. Scientists have found large pieces of plastic such as fishing nets, and microscopic-sized pieces of plastic, too. Some plastics can be hundreds of times smaller than a grain of sand, and these are called nanoplastics. The Southern Ocean, which surrounds Antarctica, is also warming faster than other oceans and is becoming more acidic. Thus, Antarctic marine animals that have lived in an untouched, stable environment for millions of years are now being exposed to plastic pollution and human-caused climate change. We are studying how Antarctic marine life is coping with plastic pollution in this quickly changing ocean. We focus on Antarctic krill, a small crustacean that supports the Antarctic marine food web. Findings show that krill embryos subjected to ocean acidification and nanoplastics develop less than embryos in ordinary seawater conditions.


HOW DOES PLASTIC GET TO THE END OF THE EARTH?

Antarctica is the most remote place on earth, but it is not protected from plastic pollution which accidently enters the ocean. In the Southern Ocean which surrounds Antarctica, plastic can be very large such as lost fishing nets or very small particles, which are called micro- and nano-plastics.

As polar scientists working on plastic pollution, we are often asked the question: “Nobody lives in Antarctica, so where does all the plastic pollution come from?” This is a very good question. It is true that Antarctica does not have a permanent human population. But more and more people can now reach the South Pole, at the end of the Earth. People might be in Antarctica for science, for industry activities such as fishing, or even for tourism. The more people that visit Antarctica, the more potential there is for plastic to be released into the water by accident. Nobody wants our plastic waste to end up in the ocean, but plastic is in so many products, it is difficult to avoid. For example, plastic fibers can come off our clothes especially when they are being washed and paint chips from ships end up in the water, too.

Not all the plastic pollution in the Southern Ocean (the ocean that surrounds Antarctica) is from people who have traveled to Antarctica. Plastics can travel exceptionally long distances across the ocean. Previously, scientists thought that plastics would not be able to reach the Southern Ocean from other oceans because there is a strong current around Antarctica that acts as a barrier (Figure 1A). But scientists now believe plastics can pass through this strong current. Microscopic plastic particles can be carried by subsurface currents, by sticking to seaweed, or they can be carried within marine animals that have eaten plastic. This means that plastics that accidently end up in the oceans all over the world could eventually end up in Antarctica [1].
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Figure 1

(A) The strong ocean currents that surround Antarctica might impact how plastic pollution reaches the Southern Ocean but does not protect the Polar regions from plastic pollution passing through (Figure adapted from Armitage et al. [2]). (B) Antarctic food web showing the importance of Antarctic krill (blue arrows; all arrows indicate who eats whom). Carnivorous zooplankton eat other zooplankton, while herbivorous zooplankton eat algae (phytoplankton). You can see that Antarctic krill are at the base of the entire Antarctic food web, which is why it is important to understand how nanoplastics and other changes affect them.





WHAT TYPES OF PLASTICS ARE IN THE SOUTHERN OCEAN?

Plastics of all shapes and sizes are found in the Southern Ocean. Lost fishing nets or plastic bottles are examples of large macroplastics that break down in the ocean into smaller pieces. This can happen due to processes such as wind and waves, combined with the ultraviolet (UV) rays from the sun that make the plastics weak. The UV rays are very strong in Antarctica. When plastic pieces are smaller than 5 mm, they are called microplastics, and even smaller pieces, called nanoplastics, are <0.001 mm in size. That is at least 2,000 times smaller than a grain of sand! Nanoplastics are so tiny they are invisible to the human eye. Microplastics and nanoplastics can result from the breakdown of larger plastics, or they might be manufactured at those small sizes. Small plastic pieces are used in lots of products, such as face washes, cosmetics, and some medical supplies.

Small plastics have been found floating on the sea surface, throughout the water column, and on the seabed of the Southern Ocean [3]. These small plastics can also become trapped in sea ice. This means that when the sea ice melts, large amounts of collected plastics are released into the ocean, too [4].



ANTARCTIC ANIMALS ARE IN DANGER

It is easy to see the harm that macroplastics cause to ocean animals. For example, animals at the top of the Antarctic food web, such as seals and penguins, can get caught in lost fishing nets. The harm that microplastics or nanoplastics can cause is not as easy to see. But small animals such as the Antarctic zooplankton, which are food for the larger animals in the food web (Figure 1B), may mistake tiny plastic pellets for food [5]. Because sea ice has high concentrations of plastic pollution, melting sea ice can be worrying for zooplankton like Antarctic krill that feed on sea-ice algae.

Plastics are just one piece of the puzzle. The ocean is like a giant sponge it absorbs both heat and carbon dioxide from the Earth and the atmosphere. This leads to ocean warming and ocean acidification (in which the ocean becomes more acidic), both of which change the marine environment for the animals that live there. We must consider these changes when thinking about how animals will cope with plastics and other new pollutants in the environment (Figure 2). This is particularly important in Antarctica. The Southern Ocean has some of the fastest-warming areas on the whole planet. Ocean acidification is also more of a problem in Antarctica than in other places, partly because cold water absorbs more carbon dioxide than warm water, and the Southern Ocean is very cold compared to other oceans.
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Figure 2

Movement of microplastics and nanoplastics in the Southern Ocean and interaction with zooplankton. Other human influenced stressors to the Southern Ocean are also shown, including ocean acidification and ocean warming.



Antarctic marine animals are incredibly special. They have evolved over millions of years in an isolated environment. If you remember when you were 8, you would have to relive those 8 years 125 thousand times to reach just 1 million! Ancient Antarctic animals have lived in a stable and remote system for over 40 million years, which impacts their ability to adapt to environmental changes such as those caused by pollution and climate change. This is why it is so important to understand how Antarctic marine animals are coping in a changing ocean.

Antarctic krill are one of the most abundant animals on the planet, with swarms so huge they can be seen from space! They support the large populations of penguins, seals, whales, and other marine life in Antarctica. Plastic pollution, ocean warming, and ocean acidification are already known to impact the development of Antarctic krill, as well as their ability to lay healthy eggs, and their overall behavior [6]. Scientists currently know little about how these important animals will react to the other environmental changes like ocean warming and acidification that are happening at the same time.



NANOPLASTICS AND OCEAN ACIDIFICATION IMPACT ANTARCTIC KRILL

In the laboratory, scientists can mimic the expected water conditions of the Southern Ocean to learn about how marine animals will cope in the conditions of the future. We did experiments like this to understand how Antarctic krill embryos respond to nanoplastics and ocean acidification. To achieve this, we went to the Southern Ocean in search of female krill ready to spawn. Spawning is when aquatic animals release embryos into the water. We took krill embryos and mimicked various seawater conditions. Some embryos were in ordinary seawater, some were in seawater with nanoplastics added, and some were in seawater that we made more acidic. Some embryos were in seawater that was more acidic and had nanoplastics added, to see how the combination would affect them (Figure 3A).
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Figure 3

(A) In our experiment, we investigated the impact of nanoplastics and ocean acidification on Antarctic krill embryos by adding embryos to different seawater conditions with and without plastic and in water of different acidity. (B) The early life stages of Antarctic krill from a single cell to a newly hatched Krill.



Beginning as a single cell, Antarctic krill go through multiple development phases over ~6 days before they hatch (Figure 3B). In the laboratory, we watched embryos develop in the various seawater conditions. Embryo development is important to explore because early life stages can be the most sensitive to environmental changes.

What did we find? The good news is that the embryos with nanoplastics in the water and the embryos in water simulating ocean acidification conditions did not show any differences in development compared to those in ordinary seawater. The bad news is that, when embryos were in seawater that contained both nanoplastics and higher acidity, it was harder for them to develop. Fewer embryos developed limbs and hatched [7].



WHAT DOES THIS MEAN FOR THE FUTURE?

In this article, you learned about how plastic pollution can reach the isolated region of Antarctica, and how this pollution might impact the animals which live in the Southern Ocean surrounding the frozen continent. In the real world, many changes are happening to the Southern Ocean at the same time. It is important that we understand what impacts these combined changes might have on Antarctic animals like krill, so that we can do what we can to protect our oceans for the future.



GLOSSARY

MACROPLASTIC

plastic litter larger than ~5 mm (about the size of a grain of rice).

MICROPLASTIC

small plastic litter <5 mm, some might not be seen without the help of microscope because they are so small.

NANOPLASTIC

Tiny pieces of plastic even smaller than microplastic, they are below 0.001 mm (hundreds of times smaller than a grain of sand) and cannot be seen by eye.

WATER COLUMN

A stretch of water between the surface and the seafloor.

ZOOPLANKTON

Animals that only have weak swimming movements so drift with the ocean/wind driven currents.

OCEAN ACIDIFICATION

As the world’s oceans absorb fossil fuel derived CO2 from the atmosphere the water becomes acidic.



REFERENCES

1. Waller, C. L., Griffiths, H. J., Waluda, C. M., Thorpe, S. E., Loaiza, I., et al. 2017. Microplastics in the Antarctic marine system: an emerging area of research. Sci. Total Environ. 598:220–7. doi: 10.1016/J.SCITOTENV.2017.03.283

2. Armitage, T. W. K., Kwok, R., Thompson, A. F., and Cunningham, G. 2018. Dynamic topography and sea level anomalies of the Southern Ocean: variability and teleconnections. J. Geophys. Res. Oceans 123:613–30. doi: 10.1002/2017JC013534

3. Tirelli, V., Suaria, G., and Lusher, A. L. 2020. “Microplastics in polar samples,”. In Handbook of Microplastics in the Environment, eds T. Rocha-Santos, M. Costa, and C. Mouneyrac (Berlin: Springer International Publishing), p. 1–42. doi: 10.1007/978-3-030-10618-8_4-1

4. Kelly, A., Lannuzel, D., Rodemann, T., Meiners, K. M., and Auman, H. J. 2020. Microplastic contamination in east Antarctic sea ice. Mar. Pollut. Bull. 154:111130. doi: 10.1016/j.marpolbul.2020.111130

5. Jones-Williams, K., Galloway, T., Cole, M., Stowasser, G., Waluda, C., and Manno, C. 2020. Close encounters - microplastic availability to pelagic amphipods in sub-antarctic and antarctic surface waters. Environ. Int. 140:105792. doi: 10.1016/j.envint.2020.105792

6. Rowlands, E., Galloway, T., and Manno, C. 2021. A polar outlook: potential interactions of micro- and nano-plastic with other anthropogenic stressors. Sci. Total Environ. 754:142379. doi: 10.1016/j.scitotenv.2020.142379

7. Rowlands, E., Galloway, T., Cole, M., Lewis, C., Peck, V., Thorpe, S., et al. 2021. The effects of combined ocean acidification and nanoplastic exposures on the embryonic development of Antarctic krill. Front. Mar. Sci. 8:1080. doi: 10.3389/FMARS.2021.709763/BIBTEX

SUBMITTED: 11 November 2022; ACCEPTED: 11 December 2023; 
PUBLISHED ONLINE: 09 January 2024.

EDITOR: Eileen Elizabeth Hofmann, Old Dominion University, United States

SCIENCE MENTORS: Praveen Rao Juvvadi and Gustavo Fonseca

CITATION: Rowlands E, Galloway T, Jones-Williams K and Manno C (2024) How Might Plastic Pollution Affect Antarctic Animals? Front. Young Minds 11:1096038. doi: 10.3389/frym.2023.1096038

CONFLICT OF INTEREST: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

COPYRIGHT © 2024 Rowlands, Galloway, Jones-Williams and Manno. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




YOUNG REVIEWERS

[image: image]

ANVITHA, AGE: 11

My name is Anvitha and I think polar bears are awesome! I also love music; dancing to it, making it or just listening to it. I enjoy learning about what is going on in the world, so I am really happy to be a young reviewer for the journal Frontiers for Young Minds.

[image: image]

RAUL, AGE: 9

I live on the Brazilian coast, I like to draw, play the piano and play tennis. At school I love math classes.

[image: image]

SRINIKA, AGE: 11

My name is Srinika, and I love trying new things. I love playing chess, drawing, and biking. I also love the outdoors. My favorite subjects are math and science. I hope, that someday in the future, I become a doctor.






AUTHORS

[image: image]

EMILY ROWLANDS

Emily Rowlands is a marine biologist at the British Antarctic Survey. Most of Emily’s research focuses on plastic pollution, how much pollution is in Antarctica and what impact this has on the animals that live in the ocean surrounding Antarctica. To do this Emily has spent many months on a research ship in Antarctica where she enjoys watching the wildlife, especially the whales, when she is not working. In her spare time at home, Emily enjoys being on the water on her paddleboard with her rescue dog Bruno. *emirow@bas.ac.uk

[image: image]

TAMARA GALLOWAY

Tamara Galloway is Professor of Ecotoxicology (the study of how toxic chemicals affect animals) at the University of Exeter, UK. Tamara explores how animals adapt and survive in polluted environments and she studies the health effects of some of the most urgent global pollutants, including microplastics. Her research has helped to protect the environment by supporting global laws to control microplastics. She has won many awards and her work has been show in the news and on social media, helping millions of people across the world learn about microplastics.

[image: image]

KIRSTIE JONES-WILLIAMS

Kirstie Jones-Williams is a Sustainability Manager at a waste management company but before this, Kirstie completed her doctorate studying the impact of microplastics in the Arctic and Antarctic. From investigating impacts of plastic pollution in remote and fragile parts of the world, Kirstie now uses her skills to advise on how to recycle plastic and prevent pollution in the waste industry.

[image: image]

CLARA MANNO

Clara Manno dreamed of traveling the word and explore the nature since she was a child. She worked in Italy, France, Norway, and UK as Biological Oceanographer. Clara studies how zooplankton, tiny marine organisms, support the health of our planet by transporting part of human-produced atmospheric CO2 in the deep oceanic sediments. Zooplankton are in danger because of microplastic pollution and Clara’s work is to understand how this pollutant could be detrimental to the role of these organisms in fighting climate change. In her free time, Clara enjoys hiking and camping with the two daughters Aurora and Morgana.














	[image: image]
	BIODIVERSITY
Published: 08 December 2023
doi: 10.3389/frym.2023.1117392





[image: image]

THE IMPORTANCE OF DWARFS IN AN OCEAN OF GIANTS

Maria van Leeuwe1*, Janne-Markus Rintala2* and Jacqueline Stefels1

1Groningen Institute for Evolutionary Life Sciences, University of Groningen, Groningen, Netherlands

2Faculty of Science, Institute for Atmospheric and Earth System Research (INAR), University of Helsinki, Helsinki, Finland


YOUNG REVIEWERS:

[image: image]

LAURUS INTERNATIONAL SCHOOL OF SCIENCE

AGES: 10–11

[image: image]

LICEO MACHIAVELLI—CLASS 2C HUMAN SCIENCES

AGE: 15



The sea-ice and the oceans of Antarctica are full of life. The smallest organisms are tiny plants that consist of only one cell. These small cells come in large numbers: a single droplet of seawater may contain thousands of tiny plant cells called microalgae. Like all plants, they use carbon dioxide and produce oxygen when they grow. Together, the microalgae in the oceans produce 50% of the oxygen in the atmosphere. They also influence the global climate by producing a gas that causes clouds to form. In the oceans, especially along the underside of sea ice, microalgae make a colorful meal for plant-eating ocean animals. In this article, we will show you not only how beautiful microalgae can be in color and shape, but also how important these tiny organisms are for all life on Earth—from the small shrimps and large whales that feed on them to the humans that need oxygen to breathe.


ANTARCTIC ICE AND OCEANS ARE FULL OF LIFE

Antarctica is the southern-most continent of our planet, and it is about twice the size of Australia. The landmass is permanently covered with snow and ice that can reach 3 km in thickness. In winter the Southern Ocean, which surrounds the Antarctic continent, is almost completely covered with sea ice that averages about 2 m thick. The Southern Ocean is more than 20,000,000 km2 in size—approximately the size of the entire continent of South America.

This cold and pristine place hosts a wealth of wildlife. Whales and penguins are the most famous inhabitants, while the smallest organisms of Antarctica are less well-known. The ice and ocean around Antarctica are occupied by very small plants that consist of only one cell. These tiny plants are known as microalgae.

Individual microalgae cannot be seen with the naked eye—only through a microscope. They come in large numbers: a single droplet of seawater may contain thousands of cells. When conditions are perfect, microalgae can grow and multiply so much that they can turn the water green. Along the underside of the sea ice, they can form thick layers, with millions of cells per cm2, that create colors of green, brown, or red.



MICROALGAE AND THE AIR WE BREATHE

It may seem strange, but the microalgae that populate the oceans are of great importance for the atmosphere (for more information about climate gases, see this Frontiers for Young Minds article). Like all plants, microalgae use the sun’s energy to take up carbon dioxide (CO2) and turn it into materials to build their cells and to grow. At the same time, they produce oxygen (O2). This process is called photosynthesis. Together, the large numbers of microalgae in the oceans produce 50% of all the oxygen in the atmosphere (Figure 1). This is the same oxygen that we breathe, which shows how essential these algae are for all life on Earth.
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Figure 1

Microalgae live in the ocean and attached to and in sea ice. They produce gases that go into the atmosphere. When microalgae grow, they consume CO2 and produce O2. Many species also produce dimethyl sulfide (DMS) a gas that is important for cloud formation and can also attract animals that eat the microalgae (or animals that eat the animals that eat microalgae), like krill, birds, fish, seals, and whales.



The CO2 that microalgae take from the ocean is replenished with CO2 from the atmosphere. This means that, when a lot of microalgae are growing, large amounts of CO2 are transferred from the air into the oceans. In this way, microalgae remove part of the CO2 that humans put into the atmosphere when we burn fossil fuels like oil and gas. Since CO2 in the atmosphere results in global warming, the tiny algae in the ocean help us to reduce that.

Besides taking up CO2, microalgae also produce a gas that is important for Earth’s climate. This gas is called dimethyl sulfide (DMS in short). When DMS gets into the atmosphere, it can be converted into tiny particles that form clouds when water vapor condenses on them. Clouds shield the Earth from the sun, which prevents the Earth from heating up too much.

So, microalgae are important for Earth’s climate in two ways: by taking up CO2 from the atmosphere and by emitting DMS into the atmosphere. Both processes result in a cooler climate, which is very helpful now that humans are heating up the Earth. Many of the microalgae that produce DMS are found associated with the sea ice in Antarctica. So, who are they?



THE HIDDEN WORLD OF MICROALGAE

Microalgae exist everywhere in the oceans. They can be free living and drift with the currents (called phytoplankton), or they can live attached to surfaces like rocks or other ocean plants called macro algae, or they can live in the brine pockets and channels of sea ice, which contain very salty water. Brine pockets are created when sea ice forms. When the water freezes, the salt stays in tiny pockets that become more and more salty as the ice gets colder. These brine pockets provide an important habitat for some types of microalgae. The microalgae that live inside brine pockets are called sympagic algae [1, 2].

So far, ~50,000 species of sympagic microalgae have been described and it is estimated that there are probably more than 200,000 species of these microalgae on our planet. The shapes and sizes of these microalgae vary a lot (Figure 2). One of the most well-known groups of microalgae is the diatoms, which can live alone or in colonies. Diatoms have a thick cell wall, which is made out of silica (the same material as glass). This cell wall has unique structures, forms, and shapes for each species. Some species also have spines that can grow to be very large.
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Figure 2

(A–D) Pennate diatoms are long and thin. They can move in the ice by producing a slimy substance. (E–H) Centric diatoms look like little boxes with lids. From above, they have a round shape. They often have spines that sometimes link them together (pictures copyright Stefels). (I–L) Flagellate algae have one or more flagella, like a sweeping tail. Whereas most diatoms look brownish, flagellates can also be green and red. Microalgae often stick together, making large chains (A, B, C, E, H), or thick blobs (I) of cells. This helps protect them against grazing animals.



Another group of algae frequently found in sea-ice communities is called flagellates. This group has flagella, long, tail-like structures that can be used for swimming and feeding. Observations of live samples have revealed several types of “swimming” behavior. One species, called Pavlova, was named for its distinctive swimming motion, which resembles a famous ballet dancer, Anna Pavlova. They use their flagella to spin around at great speed, like the pirouettes of a ballerina.

Flagella can also be used for feeding. In addition to using the energy of the sun, many microalgae also feed on small molecules floating in the ocean water, including other microalgae and bacteria. These kinds of algae are called mixotrophs because they use a mixture of food sources. Dinoflagellates are an example of mixotroph microalgae. Some dinoflagellates can eat other microalgae and even use the organelles of their prey to perform photosynthesis. In the ocean, it is not always easy to tell plants apart from animals!



MICROALGAE PROVIDE FOOD FOR BIG ANIMALS

Because microalgae are so diverse, they can grow under many conditions (from -2 to +20°C, from almost complete darkness to full sunlight), and they can grow to very high densities. The underside of sea ice is like a rich grassland in spring, but upside down (Figure 3). These dense communities of microalgae provide a colorful meal for tiny animals that graze upon them, such as copepods (a kind of shrimp) and Antarctic krill. Here is another important role for DMS: not only is it important for the climate, but it is also smelly. You can smell it yourself when walking along the beach, especially in springtime. If you think “Now I smell the sea,” you are actually smelling DMS.
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Figure 3

Scientists that study sea ice use a big drill, a bit like an apple corer, to collect a column of ice. The brown color at the underside of the ice indicates high numbers of microalgal cells.



When krill eat algae, a lot of DMS is released. When that happens, larger animals like birds and maybe also seals and whales can smell it. This is called a chemical cue, and it helps ocean organisms to find their food, since they eat the krill and the fish that are eating the krill [3].

Antarctic krill is one of the most abundant species on Earth. Together with similar animals like copepods, krill form the basis of the whole food web in Antarctica, sustaining all the seals, birds, penguins, fish, and whales. Krill and copepods all eat microalgae, so this shows you just how important microalgae are. These microscopic algae are the dwarfs that are the food source for all the ocean’s giant animals. In addition to supporting the ocean food web, microalgae are important for their role in the global climate, since they can slow down global warming by moving carbon out of the atmosphere into the ocean. The Southern Ocean, specifically the sea ice around Antarctica, is an important habitat for these algae. They may be tiny, but they are vital for all life on Earth!



GLOSSARY

SEA ICE

The ice that is floating on top of the ocean. Some ice is only there in winter, but in many places the ice never thaws away.

MICROALGAE

They are small plants that exist of one single cell. There also exist macroalgae that are greater plants, consisting of many different cells that form a stem and roots.

PHOTOSYNTHESIS

The process by which plants can create small molecules from the energy of the sun and the uptake of carbon dioxide. During photosynthesis, oxygen is produced.

DIMETHYL SULFIDE

DMS is a gas with a sulfur compound. It is the typical smell of the sea. DMS is important for the climate, as it affects cloud formation.

BRINE POCKETS

They are small channels in the sea ice that are formed when ice freezes. Many small organisms find food and good shelter in these pockets.

DIATOMS

They are microalgae with a thick shell, which is made of silica. They have many different forms, from centric to elongated.

FLAGELLATES

They are microalgae without a silicate wall. They exist in many different colors, and have flagella that they can use to swim or to feed.

MIXOTROPHS

They are microalgae that use a mixture of food. They may use photosynthesis, but can also feed on small organic molecules, or even other microalgae.
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Although Antarctica is the most remote continent in the world, humans have had an impact there ever since the early 1800s. The first explorers were hunting seals and whales, which had decreased in number elsewhere. It was not long before seal and whale populations in Antarctica also suffered. To protect the continent and the surrounding Southern Ocean, several international agreements were signed and implemented. Despite this protection, Antarctica is under new pressures due to the growing numbers of visitors and the effects of climate change. In this article, I will describe new evidence showing how human activities are affecting Antarctica and I will also highlight some of the challenges faced in trying to protect this remote and fascinating continent.


THE DISCOVERY ERA

Antarctica is the most remote and untouched continent in the world, and by far the most unwelcoming one. Yet, thousands of people visit Antarctica every year. Why do they want to go there? How do they get there? Are there people living in Antarctica year-round? Most importantly, do all of these people generate the same kinds of pollution and environmental impacts that we see in cities and other coastal regions?

Antarctica was the last continent discovered, explored, and exploited. Around 1819, the first wave of visitors mapped the new continent and named the places now familiar to us, including Bransfield, Bellingshausen, and Weddell (Figure 1). However, the voyages of these early explorers were paid for by seal hunting, for the fur industry. The fashion business almost decimated Antarctic fur seals and other seals between 1820 and 1840, and the seal populations did not recover until the second half of the 20th century. These early encounters were followed by the golden age of Antarctic exploration. Many explorers tried to reach the South Pole during this period. Robert Falcon Scott, Ernest Shackleton, and Roald Amundsen led the exploration era, and there were also several scientific expeditions.
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Figure 1

(A) Map showing the Antarctic continent and the Southern Ocean. (B) An enlarged map of the boxed area in (A), with details of the Antarctic Peninsula region.



The development of the Antarctic whaling industry led to a new form of exploitation. The depletion of whales in the other oceans drove hunters to Antarctica. In a few decades, all great whales (humpback, fin, and blue whales) were almost extinct. We have only recently started to see signs of recovery.

As scientific studies of the Antarctic continent made people aware of its natural value, the Antarctic Treaty was signed in 1959, to reserve the continent for peaceful purposes and scientific research, and to ban any military activity. Scientific expeditions are now the leading activity in Antarctica. Despite the protection of the continent itself, the icy waters of the Southern Ocean surrounding Antarctica did not receive the same protection until 1981.



ANTARCTICA TODAY

Scientific research has taken over Antarctica. There are 102 research stations from 31 countries. At full capacity, these stations shelter about 5,000 people, between scientists and support personnel, with ~1,800 in the Antarctic Peninsula alone. In addition, several countries have research vessels exploring the Southern Ocean. There are 51 vessels in service from 21 nations, with a capacity for 4,413 bunks between crew and passengers. That is a lot of scientists!

These researchers have made crucial discoveries about our planet, including the discovery of a “hole” in the ozone layer in 1985, information about the importance of Antarctica and the Southern Ocean in regulating Earth’s climate and sea level, and strong evidence of climate change. These findings are just the tip of the iceberg.

But not only scientists visit Antarctica. More than 74,000 tourists visited Antarctica during the continent’s summer in 2019/20! As you may know, Antarctica has wild populations of species found nowhere else, including penguins, whales, and seals; the underwater biodiversity of the Southern Ocean is as impressive as the Amazon rainforest, boasting sponges, corals, shellfish, sea urchins, fishes and 8,000 other species!

Several fisheries also operate in the Southern Ocean, with 40 fishing vessels authorized in 2022. Although fishing in the region is now highly regulated, the Antarctic continent still faces challenges from fishing and other human activities.



HUMAN ACTIVITIES GENERATE SOOT

All scientists, tourists, and fishermen get to Antarctica on ships or planes, which run on fuel. Once there, almost all activities use fuel for generating heat and electricity. You might think that the amount of fuel used in Antarctica is very small compared to the amount of fuel used by the rest of the world, right? That was the question that scientists from Universidad de Santiago de Chile asked themselves [1].

Burning fuel, charcoal, and wood releases particles known as black carbon (soot), which can travel hundreds of miles from their origin. These particles then fall on surfaces, forming a thin layer that can blacken windows, cars, plants, and snow. Why is it a big deal if the Antarctic snow gets dirty? When black carbon particles land on snow and ice, they absorb sunlight and heat and reduce the albedo–the amount of light that is reflected back to the atmosphere. Because Antarctica is so isolated and black carbon particles do not travel very far from where they are generated, their concentration in Antarctica is very low—about half a teaspoon dissolved in an Olympic-sized pool. But what about fuels that are burned in Antarctica? The black carbon particles are deposited on the snow-covered hills around research stations and tourist locations, speeding up melting.

Researchers found that the South Shetland Islands had the highest concentration of black carbon particles in the Antarctic Peninsula region because of the numerous research stations present. This concentration decreased further south, away from human activity. The amount of black carbon found in the South Shetland Islands could melt about 6 million tons of snow, or around 0.2–0.9 inches, every summer. Scientists have the highest snow-melting impact per person (about 600 tons of snow melted per scientist), due to the major use of equipment and transport. Although tourism has a lower impact (about 83 tons of snow melted per tourist), the higher numbers of tourists result in a total contribution of 4.8 million tons of snow prematurely melted each summer.



UNINVITED PASSENGERS

Most cargo, fuel, scientists, and tourists arrive in Antarctica by ship. These ships often have shellfish and algae attached to their hulls, which is called biofouling. The problem is that some of these species could detach and survive in the waters around Antarctica.

Ships that stop in Patagonia (South America) are the biggest problem. A group of scientists from the Universidad Austral of Chile found that mussels commonly found in Southern Patagonia, where the water is only about 7°C warmer than Antarctica, are living in Fildes Bay off King George Island [2]. The mussels seem to have traveled as biofouling on one of the many ships visiting Antarctica each summer season. The increasing water temperatures occurring in Antarctica, along with the increasing numbers of ships traveling to the Antarctic Peninsula, mean that more non-indigenous species could settle in Antarctic coastal regions in the future.

Cargo transported by ships may also carry seeds and invertebrate animals. Although the successful settlement of these species in Antarctica has not been proven, at least one non-indigenous insect is now living in Antarctica. In addition, people landing in Antarctica carry an average of 9.5 seeds on their clothing and equipment. Scientists carry the most seeds, and although tourists carry fewer, the larger numbers of tourists in Antarctica mean that scientists and tourists introduce approximately the same number of seeds [3].



FISHING IN ANTARCTICA

In 1982, an agreement was signed that outlawed whale hunting. However, the Southern Ocean was already a prosperous fishing ground for Antarctic krill and several fish species [4]. To protect the Antarctic ecosystem from damage caused by fishing, the Convention on the Conservation of Antarctic Marine Living Resources (CCAMLR) was also born in 1982. CCAMLR introduced a new way to manage fisheries, known as the ecosystem approach. The ecosystem approach tries to protect not just the species being fished, but also the prey and predators of the fished species, to keep the whole ecosystem in balance.

CCAMLR manages four fisheries: Patagonian and Antarctic toothfish, mackerel icefish, and Antarctic krill. These fisheries have remained healthy and sustainable for 20–40 years. However, the management of krill is still challenging. Krill are the main food source for whales, seals, and penguins, so managing the krill fishery means managing an entire ecosystem, which is extremely complicated. To do so, CCAMLR is trying a novel solution: leaving 75% of the total krill population unfished, so whales and penguins can feed. The system also requires that at least 20% of mature female krill remain untouched, so that krill can reproduce. This method is not perfect, and scientists are still trying to find the best way to manage the krill population. The good news is that bycatch deaths of seals and penguins have been reduced by the use of the exclusion net (Figure 2A).
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Figure 2

(A) To protect Antarctic krill and its ecosystem, CCAMLR states that 75% of krill must remain unfished. To protect seals and penguins, krill are fished using an exclusion net, which allows krill into the trawl (catch net) but prevents seals, penguins, and other large animals from getting caught. (B) To protect seabirds like albatrosses, a type of curtain called a streamer line is used, to prevent seabirds from accessing to baited hooks.



In addition, CCAMLR has almost completely eliminated seabird bycatch across its fisheries. Albatrosses are among the most threatened seabird species worldwide. They are attracted to fishing vessels to feed on the bait, but they can swallow the hooks or become tangled in the fishing lines and drown (Figure 2B). CCAMLR has implemented several measures to reduce albatross bycatch, including the weighting of the line for faster sink and the use of protection curtains to prevent access to baited hooks, reducing these deaths by 99%!



ANTARCTICA, A RESILIENT CONTINENT

The Antarctic continent and its surrounding waters remain an attraction to scientists, tourists and fishermen alike. Throughout its history, human actions have molded and changed its ecosystem. Concurrently, scientific research has unveiled its significance on a global scale, fostering its conservation. This new approach to nature is paying off and we are seeing strong signals of recovery from earlier impacts. Ongoing research and better practices on all human activities are imperative for sustaining the Antarctic ecosystem.



GLOSSARY

BIOFOULING

All surfaces exposed to water become the substrate to a complex community or organisms. Biofouling is the accumulation of such assortment of living organisms.

NON-INDIGENOUS SPECIES

Species found far from their normal distribution range, as a result of human activities. Non-indigenous species can be considered invasive if they damage the area where they are introduced.

ECOSYSTEM

The unique system created by the interaction between all the living organisms and their physical environment, within a specific geographic area.

BYCATCH

It is all the species unintended capture by the fishing gear, other than the one the vessel has license to fish for. These includes fish (e.g., sharks), invertebrates, but also seabirds, marine mammals and sea turtles.
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As the temperature of the Earth warms, ice in Antarctica melts. As ice flows off the land and into the sea around the edges of Antarctica, warm ocean waters melt the ice from below. Warm air also melts ice at the surface. This melting ice raises sea levels around the world, flooding our coasts and causing serious damage to our buildings and roads. We do not know exactly how much warmer our world might get in the future, but we can use computer models to predict how much Antarctic ice could melt, and how much sea-level rise might happen. Our models suggest that the future of Antarctica is unclear, and we need more scientists helping to solve this problem. To avoid the worst impacts of sea-level rise, we must keep temperatures as low as possible and reduce greenhouse gas emissions as much, and as quickly, as we can.


WHY DO WE CARE ABOUT ANTARCTICA?

The Antarctic ice sheet is a very special place on Earth. It is a continent that is almost entirely covered by a thick layer of ice. Antarctica is about twice the size of Australia, 1.5 times the size of the United States, and bigger than all the European countries combined! Because of its massive size and very thick ice, Antarctica contains more than 90% of all ice on Earth. This is a lot of ice! As Earth’s temperature gets hotter, some of the ice in Antarctica will melt, just like an ice cube melts on a hot summer day and creates a small water puddle (Figure 1). When the ice in Antarctica melts, most of the water goes into the ocean, causing sea-level rise. Even though it is frozen, the ice also flows very slowly from the center of Antarctica to the coasts, and the ice flows faster as the climate warms, meaning that even more ice reaches the edges of the land and melts into the oceans. What worries scientists is that there could be a “tipping point” after which Antarctica might melt faster and faster, more quickly than we could control or adapt to (Read more here). Higher seas mean that some cities are at risk of being under water. We already see that some cities flood more often than they used to, affecting more than one billion people in 2050, worldwide.
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Figure 1

Surface height change of Antarctica as measured by satellites, in response to a warming atmosphere and ocean. Red colors show where the ice sheet has gotten thinner and blue shows where the ice has gotten thicker. Satellite measurements can tell us how Antarctica has changed in the past, but they cannot tell us how it will change in the future. This is why we need ice sheet models. Image credit: NASA’s Scientific Visualization Studio.





WHAT IS A MODEL OF ANTARCTICA?

A model is a representation of something. An example of a model is a castle that you build from building blocks, like Legos or Minecraft. Your creation will have all the important parts of what makes a castle: it can have towers, a drawbridge, and protective walls. In the end, your model castle will be different from a real castle, but it will be made up of similar parts.

When scientists create models of Antarctica, instead of building blocks they use computer programs. And, just like the building-block castle, they must also make sure that the computer model includes everything that scientists think is important about Antarctica. For example, the ice in Antarctica is the result of snowfall over thousands of years. So, a key part of a model of Antarctica, called an ice sheet model, is that it keeps track of how much ice there is, by adding snow that falls on the ground and removing the snow that melts.

The early models of Antarctica were similar to giant snowballs. Scientists would keep track of how much snow had fallen and should be added to the giant snowball over time, or how much snow should be removed because it was getting warmer. But as scientists continued to study and understand Antarctica, they realized that a giant snowball was a bad model of Antarctica. A better model is very cold syrup or honey that you pour on pancakes! This is because Antarctica, like cold syrup, does not keep the same shape over time. Ice slowly flows and slides over the land underneath and, by doing so, it spreads out and gets thinner. Next time you are in the kitchen, pour cold honey or syrup on a plate, and you will see it slowly spread out and get thinner. Antarctic ice does the same thing—but much more slowly!

So, a good way to describe how Antarctica’s ice moves in space and time is to treat it as a very cold, sticky liquid. And that is exactly how scientists treat ice in today’s ice sheet models. Of course, we must still keep track of how much snowfall to add to the model, to know how much the ice should grow—this is like knowing how much syrup or honey is poured onto your plate. We must also understand how quickly the ice that is touching the ocean is melting (Figure 2). But now our ice sheet model also knows that the ice that is added due to snowfall also needs to slowly spread. The ice sheet models that scientists create try to capture all that we know about Antarctica and, as scientists learn new things about ice, we update our models.
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Figure 2

Flow chart of an ice sheet model, which uses information about (A) snowfall and (B) ocean temperature changes from another type of models, called climate models, to simulate how the ice sheet will grow or shrink over time and predict how the ice sheet will add or subtract from global sea-level change.





WHY DO WE NEED COMPUTER MODELS OF ANTARCTICA?

Scientists use computer models to make predictions about what the future will look like or what the past was like. These models help us to understand how Antarctica could change in shape and size under many possible temperatures and climates. Our models also help us test ideas, for example, whether we can slow down sea-level rise if Earth’s temperatures do not rise as fast as they have recently.

To make projections (predictions) about the future, we also need to understand what is happening in Antarctica right now. Even though we know a lot, there are still some very important things that we do not know about Antarctica. For example, we do not really know what is going on underneath the very thick ice. Is the ice stuck (or frozen) to the very hard ground, or is the ice sliding over very soft ground? When scientists try to understand what Antarctica will look like in the future, they may use an ice sheet model to check what would happen if the ice was sliding, compared to if the ice was frozen to the ground. Scientists can run the model with as many different setups as they can think of, and this will allow them to explore the range of future possibilities.



WHAT WILL ANTARCTICA LOOK LIKE BY THE END OF THE CENTURY?

To see what Antarctica could look like in the year 2100, a big group of scientists from all around the world used different computer models of Antarctica to run the same set of experiments [1]. To run these ice sheet models, they need to know, how much snow will be falling on top of the ice sheet and how warm the ocean will be around the edges of the ice. These two things come from a different type of model: a climate model. These are computer models of the whole Earth (Read more here) that can be used to understand how much the air and ocean will warm up, depending on the amounts of greenhouse gases that are added to the atmosphere. The Antarctica ice sheet model experiments looked at two possible future climate scenarios: one in which people continue to release greenhouse gases the way that we currently do (“high emissions”) and one in which people limit greenhouse gas emissions (“low emissions”).

In the end, 13 ice sheet modeling groups took part in these experiments and their projections for how much sea-level rise could come from Antarctica are shown in Figure 3 [2, 3]. You can see that the ice sheet models do not all agree on the future of Antarctica, and this is because of differences in both the climate and the ice sheet models. Most ice sheet models show that Antarctica will continue to lose ice and increase sea level, but some models also show that perhaps there will not be very much change. In fact, some ice sheet models predict that Antarctica will grow over time!
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Figure 3

The amount of global sea-level change from the melting of Antarctica is uncertain. (A) Projections from many ice sheet models for one given future climate, in which the Earth warms by 4.3°C by the year 2100. (B) Projections from one ice sheet model for many future climates. This takes into account the differences in various climate models. (C) Projections for a low-emission climate, in which greenhouse gases are limited, vs. a high-emission climate. These graphs show the complexity in understanding the future of the Antarctic ice sheet, because it depends on both the future climate and the way that Antarctica will react to the climate.



Although all climate models say that the atmosphere and ocean around Antarctica will warm up, the future for Antarctica is not certain because the climate models may not agree on where or when the warming will happen. And it gets even trickier: some climate models predict that, in a warmer world, we may get more snow over Antarctica, but others predict that we may get more rain. More snow means that some parts of Antarctica may get bigger and gain ice; on the other hand, more rain could lead to melting at the surface of the ice or help break up the ice. Warmer oceans always lead to ice being lost but, in the end, the future of Antarctica depends on whether the ice loss (due to warm ocean water or melting at the ice surface) is greater than any ice gained by more snow.



CONCLUSION

Antarctica could contribute a lot to sea-level rise in the future because it holds a lot of ice. To predict how much the sea level could rise and when this might happen, scientists create computer models of Antarctica’s large ice sheet. Scientists put all their knowledge into building the ice sheet models, but each model is slightly different because there is a lot that we still do not know about Antarctica. The future of Antarctica also depends on how the atmosphere and ocean will change in a warming world. The models do not all agree, so the future of Antarctica is really not clear. To improve the clarity of Antarctica’s future, we must continue taking measurements around Antarctica and using these measurements to improve computer models. Until then, we can also try to limit the warming that the Earth is seeing. Ice always melts when it is warm, but we can try to slow down the melting as much as possible.



GLOSSARY

ICE SHEET

A very large and thick body of ice that covers a vast land surface. Today’s ice sheets are the Greenland and Antarctic ice sheets.

SEA-LEVEL RISE

The measured height of water in the ocean. This changes constantly because of multiple factors, including how much ice melts from Antarctica.

COMPUTER MODEL

A computer program that contains all the knowledge scientists have about how something works. There are computer models of ice sheets (ice sheet models) and the whole Earth (climate models).

ICE SHEET MODEL

A computer model of Antarctica. It uses the amount of snow falling on the ice sheet as input and calculates how fast ice flows.

PROJECTION

An estimate of what the future will look like. This can also be called a prediction, which in our case comes from models.

CLIMATE MODEL

A computer model of the whole Earth. It uses the amount of greenhouse gases in the air as input and calculates how much the air and ocean will warm.

GREENHOUSE GASES

Gases in the atmosphere that can warm Earth’s climate. Many of these gases are the result of human activities, such as the carbon dioxide coming from burning fossil fuels.
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When water drops below 0° Celsius, we assume it turns to ice. This is not always true though, especially inside of some clouds over the Southern Ocean. When water exists as a liquid below 0°C, it is known as super-cooled liquid water. Water only stays liquid below 0°C if it is extremely pure. Pollution and dust are two examples of impurities that can help water freeze. The water in Southern Ocean clouds has had very little contact with pollution or dust, so these clouds are often made up of super-cooled liquid water instead of ice. Super-cooled liquid water clouds reflect more sunlight back out into space than ice clouds do. Whether clouds are made of liquid or ice can control how warm the ocean is. This makes Southern Ocean clouds super cool as well as super important for the Earth’s climate!


CLOUDS ARE COOL, BUT WHAT MAKES A CLOUD SUPER-COOL?

We have all spent time gazing up at clouds, looking for shapes, or hoping they will not rain on us. We think most people would agree that clouds are pretty cool! But what makes a cloud super-cool? It all starts with water. Clouds are made up of tiny droplets of water. Within these water droplets are tiny little particles that come from many sources, such as the ocean, the land, or pollution. These particles are often referred to as cloud “seeds”. If the seeds are large enough, they are known as cloud condensation nuclei. For any cloud droplet to form, cloud condensation nuclei must be present. You can think of cloud condensation nuclei as the building blocks of clouds!

The other ingredient needed to form a cloud is water—of course! But not water in a liquid form. Clouds need water to be in the gas phase first, which is known as water vapor. Colder air can hold less water vapor than warmer air can.

When cool air touches a surface, the water vapor in it turns to liquid. In other words, it condenses on that surface. In wintertime, have you ever noticed water condensing on your windows? A similar process happens in clouds. In the atmosphere, as air rises, it cools. The water vapor in the cold air will condense on cloud condensation nuclei surfaces if they are present, forming liquid droplets. This is how the droplets in clouds, called cloud droplets, are formed. These cloud droplets then stick together and grow, until they get so heavy that they fall out of the sky as rain!

Some clouds are happy to remain liquid their whole lives, especially in warm places! But in places like the Southern Ocean, temperatures are well-below freezing. When water cools to below 0°C, it wants to freeze—and in most cases, it will. However, in some unique environments, water can stay as a liquid well-below 0°C! We call this super-cooled liquid water. A cloud that exists in temperatures below 0°C and remains liquid is known as a super-cooled liquid water cloud. Above the Southern Ocean, there are more super-cooled liquid water clouds than anywhere else in the world [1].

Super-cooled liquid water can exist only if the water is extremely pure and does not contain a special type of cloud condensation nuclei known as an ice nucleating particle. If the water droplet contains an ice nucleating particle, or if it mixes with air that has ice nucleating particles in it, the water will freeze.

Only some types of cloud condensation nuclei can also act as ice nucleating particles—it depends on what the particle is made of. Pollution and dust are two examples of particles that can help water freeze into ice crystals. If a cloud droplet does not make contact with an ice nucleating particle, it will stay liquid until the temperature drops below -38°C! These processes are shown in Figure 1.


[image: image]

Figure 1

(a) In most of the world’s oceans, both cloud condensation nuclei and ice nucleating particles are present. (b) When water vapor condenses onto these particles, cloud droplets form. (c) If the temperature drops below 0°C when ice nucleating particles are present, the cloud droplets turn to ice. (d) In the Southern Ocean, fewer ice nucleating particles are present than in other parts of the world. (e) Cloud droplets still form when water condenses on the particles that are present, but (f) when the temperature drops below 0°C, the droplets remain as super-cooled liquid water.





THE SOUTHERN OCEAN IS A UNIQUE ENVIRONMENT

The Southern Ocean is very far away from land and humans (Figure 2). This means the water in the clouds has had very little contact with pollution or dust. Because of how far away it is, few ice nucleating particles are present in the Southern Ocean. Clouds in the Southern Ocean are mostly formed with cloud condensation nuclei from the ocean, such as sea spray, or from the gases released by tiny plants that live in the ocean, such as phytoplankton [2]. Some particles in sea spray can act as ice nucleating particles. However, we are not sure how big a role those particles play yet.
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Figure 2

The Southern Ocean, which circles Antarctica, is a remote place, far from human populations or large, ice-free land masses. This means that there are fewer ice nucleating particles in the Southern Ocean to help cloud droplets freeze, which is why the clouds in the Southern Ocean are made up of super-cooled liquid water!



Not many other parts of the world, including other oceans, are as pure as the Southern Ocean. The lack of ice nucleating particles causes more clouds in the Southern Ocean to be made up of super-cooled liquid water than anywhere else in the world. The Earth’s other polar ocean, the Arctic Ocean, is very close to land and human influences, meaning that more ice nucleating particles exist there. Super-cooled liquid water clouds can form in the Arctic under the right conditions, but satellite data show they occur much less frequently.

The remoteness of the Southern Ocean makes it unique. But its remoteness also makes it one of the most difficult places in the world to study!



SUPER-COOL AND SUPER-IMPORTANT FOR THE PLANET!

In addition to sounding cool, super-cooled liquid water clouds are also important for Earth’s weather and climate.

Weather and climate are different. The weather is the current state of the atmosphere, which can often change quickly. For example, if it is sunny one day and raining the next—that is the weather. The climate consists of the average conditions over a long time. For example, you may know that summertime is usually warm and dry, or warm and raining at your place, depending on where you live. Both weather and climate need to be understood because they impact the choices we make every day. Should I take an umbrella today? Check the weather! I want to spend my holidays swimming at the beach—where would I go? Somewhere with a warm and dry climate!

Super-cooled liquid water clouds are important for both weather and climate because they behave differently compared to ice clouds. They last longer than ice clouds and they also reflect more sunlight back out into space (Figure 3). Both of these behaviors can help to cool the surface of the ocean when the sun is shining. This means that whether clouds are made of liquid or ice can influence how warm the surface of the ocean is.
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Figure 3

Liquid clouds can reflect more sunlight out into space than ice clouds do, which means less sunlight reaches the surface of the ocean. Ice clouds let more light through to the ocean surface. This means that whether a cloud is liquid or ice can impact how warm it is at the surface of the ocean.



This is important for the long-term climate in balancing the amount of energy in the Earth’s atmosphere, as well as for all the marine animals that live near the surface and are influenced by the weather.



HOW DO WE STUDY SOUTHERN OCEAN CLOUDS?

As scientists, we want to understand super-cooled liquid water clouds so that we can understand and predict the weather and climate of the Southern Ocean and the Earth. One way to do this is by using computers to make models. Climate models (and weather forecast models) use our knowledge of physics and chemistry to create a “virtual” version of our atmosphere on a computer. Right now, our climate models have some issues. They think that the Southern Ocean has the same amount of ice nucleating particles as the rest of the world’s oceans [3]. We know this is not true. Because of this, the models predict fewer super-cooled liquid water clouds than what we observe, which means they also predict too much sunlight reaching the ocean [4]. All of this means that our climate models are less accurate about many other parts of the Southern Ocean climate, like the ocean surface temperatures!

Scientists are working hard to fix these problems by using observations to test and improve the models, but the data are hard to get—the Southern Ocean is a remote and harsh place, so very few measurements of the clouds over the Southern Ocean exist compared to other parts of the world. Most of the observations we have for the region were made during only the summer, and the expeditions often only last a month or so [5]. This lack of data over the Southern Ocean is one of the reasons the climate models think that there are many more ice nucleating particles in the region than there really are.



MORE MEASUREMENTS A MUST

Thankfully, scientists around the world are planning lots of research expeditions into the Southern Ocean over the next few years. These expeditions include ships, planes, drones, satellites, and land-based stations on islands and on the Antarctic continent. Scientists will be studying many areas of the vast Southern Ocean, and they will also try to take measurements in seasons besides summer, to try to fill in the gaps in our knowledge.

Many of these expeditions will be trying to understand these particles and how they change the clouds. Measurements will include how many particles are in the air, how big they are, what they are made of, and if they can act as ice nucleating particles. We also want to know where the particles came from, so we will measure what is in the ocean and look at what the wind might be carrying from far away.

We will also look at the types of clouds that are present and how much sunlight is passing through them. Super-cooled liquid water clouds look like any other clouds, so it is difficult for us to tell them apart just by looking at them. This is another reason why new measurements are so important. For example, we can use a technique called Light Detection and Ranging (LiDAR), which shines a laser into the clouds and measures what is reflected back, giving us information that helps to identify what the clouds are made up of. LiDAR instruments can be carried by ships, to look up at the clouds, or can be located on satellites and planes, to look down at them.

Measurements like these will then be fed into our computer models, to improve both weather forecasts and climate predictions!



SUPERCOOL SUPER-COOLED SOUTHERN OCEAN CLOUDS

We hope by now that you will agree with us in thinking that Southern Ocean clouds are supercool! Their importance for the Southern Ocean, as well as for the entire Earth, has been recognized by scientists for a long time. However, we still have a lot of work to do to make sure we understand these clouds and model them properly. The new research expeditions will go a long way in helping with this effort. Maybe one day you can help too!



GLOSSARY

CLOUD CONDENSATION NUCLEI

Tiny particles in the air that water condenses on to form cloud droplets.

WATER VAPOR

Water in the air that is in the gas phase.

SUPER-COOLED LIQUID WATER

Water that exists as a liquid below 0°C.

ICE NUCLEATING PARTICLES

Tiny particles in the air that help water turn from liquid to ice.

WEATHER

The state of the atmosphere at a particular place and time.

CLIMATE

The long-term, average conditions of the atmosphere.

CLIMATE MODELS

Mathematical models of the Earth’s atmosphere over long time scales. We use these models for predicting the Earth’s future climate.

LIGHT DETECTION AND RANGING (LIDAR)

A technique that sends out a laser beam and measures how long it takes to bounce off an object, telling you about the distance, shape and size of the object.
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Sea ice forms when the surface ocean gets so cold it freezes. Sea ice is important for marine life. It can also affect how quickly the ice moving into the ocean from the continent of Antarctica melts. In this article, we describe what happens when an artist takes part in a scientific expedition to measure ocean properties beneath sea ice. The expedition required a team to live in a camp made from shipping containers on skis that are placed on the frozen ocean surface for several weeks while the team does their work. On this particular expedition, the team took an artist. After the expedition, the artist and scientists worked with school classes to build up large artworks, based on what was learned in the sea-ice camp, that help tell the story of the changing Antarctic environment in new ways.


THE OCEAN BENEATH ICE

Antarctica is the southernmost continent on our planet. It is made up of a large ice sheet sitting on land that is completely surrounded by the Southern Ocean. The ocean around Antarctica plays an important role in keeping Antarctic covered with ice. The way the ocean circulates stops really warm water from getting far enough south to affect the Antarctic ice. But at the same time, being warmer than the ice, the ocean also helps melt the ice.

Antarctica has lots of ice, but it is not all the same. The oldest ice is found in the giant ice sheets that sit on the land. This ice is well over 1 million years old. The ice sheet is slowly moving toward the ocean. When this ice arrives at the ocean, it forms big slabs of floating ice called ice shelves. If the ice shelves melt more quickly than they do presently, the ice sheets will begin to flow into the ocean faster. This will result in increased sea-level rise [1].

In addition to the ice sheet, there is another kind of ice in Antarctica—sea ice (Figure 1). In winter, the air and oceans around Antarctica get so cold that the ocean surface freezes to form sea ice. This ice comes and goes every year with the summer-winter seasons. This cycle doubles the amount of ice-covered area every winter, before melting again in summer.
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Figure 1

(a) Aerial view flying over the edge of sea ice, with broken up sea ice to the right and solid ice, attached to shore, on the left. (b) A sketch of how the ocean connects the Antarctic ice shelf to sea ice, and where crystals formed by supercooled seawater collect.



Climate research in Antarctica often involves groups of scientists setting up research camps and measuring various aspects of the environment. The scientists use the data to understand how our world works. We discovered that sometimes ice shelves help sea ice to grow. This is because, when the underside of an ice shelf melts, it creates seawater that is so cold it is actually colder than the freezing temperature of seawater. We call this supercooled seawater! This supercooled seawater turns out to be important for lots of reasons. Supercooled seawater can form crystals that float around in the ocean. The crystals look like clear, frozen, autumn leaves, ranging from the size of your fingernail up to the size of your hand. The crystals are thin—only the thickness of a few sheets of paper. These crystals float toward the ocean surface and help more sea ice to form.

To measure the properties of these ice crystals, the researchers set up a camp on sea ice in the spring, before the air temperatures warm up (Figure 2). The ice is about 2 m thick and, before camp is set up, the team and other safety experts check the conditions to make sure the ice is safe to work on. The team cuts holes in the sea ice so they can lower their instruments into the water beneath the ice. When ice crystals float up into the hole, the scientists know they have found supercooled seawater [2].
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Figure 2

(a) Scientists “camping” on the sea ice drill a hole through the ice through which they can take measurements of the water beneath. When the ocean currents hit the uneven surface of the sea ice where crystals have built up, turbulence results. (b) An above-ice sampling container, which is where the scientists mainly work and live. (c) The coating of ice crystals, seen from below the sea ice.



When the crystals attach to the underside of sea ice, they make the underside rough. This is quite different to what we have found in the Arctic, where there are no ice shelves. This roughness changes the seawater flow just beneath the ice (Figure 2). Also, the ice made from crystals has lots of gaps that are great for tiny organisms to live in. This supports a very productive ecosystem and provides homes for various types of marine life.



ART AND SCIENCE ON THE ICE

In past expeditions, the scientists tried to find ways of recording information about the ice crystals. They decided that an artist would be useful to help them describe these complex objects. It is not new to have artists work in Antarctica, as even the earliest expeditions had artists as team members. The artists would produce sketches, photographs, and paintings that are still being used today to help understand the changing Antarctic environment [3].

For our expeditions the artist [4] prepared in the same way the scientists. She did some reading to see what the environment would be like. She also developed some techniques to help prepare her equipment and materials. On the ice, she set about capturing data about the crystals as well as producing art works based on what she was observing (Figure 3).
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Figure 3

Art can help scientists and the public to understand sea ice crystals. (a) The artist in their container-studio on the sea ice. (b) Taking photographs in the on-ice laboratory. (c) The “stage” on which photos of sea ice are taken (Photo credit: B. Grant). (d) A photo of sea ice. (e) Image of test crystals made using packaging tape. (f) A watercolor of an ice crystal. (g) Back in Aotearoa, New Zealand, making model crystals for an exhibition. (h) A final large sea-ice artwork (~3 m across), suspended from the roof of a gallery.



The artist also had science tasks to perform. For example, she had to measure the dimensions of as many individual crystals as possible [4]. She modified methods she had developed for previous artworks to help with this new problem, and she produced pictures and measurements of many hundreds of individual crystals [3].



BACK AT HOME BASE

When the team returned from Antarctica, they had lots of data of varying types. Some of it was instrument measurements, like how cold the seawater was and how fast it was flowing. Other data were in the form of photographs and artworks, which are just as important as the measurements because they help scientists reconstruct the whole environment.

The scientists used the data, including the data collected by the artist, to work out how rough the underside of the sea ice is. Scientists do this with the help of computer models, which are tools that help with the complex mathematical calculations required to simulate how the ice changes. Computer models can be used to predict what the sea ice might do as the oceans continue to get warmer. The roughness tends to make the ocean flowing beneath the sea ice more turbulent. Turbulence is when a liquid flow is irregular and full of swirls. The turbulence of the water affects how computer models reproduce ice melting. Getting melting right is very important for providing the best predictions of how much sea ice will melt in the next 100 years.

Because the expedition generated so much interest, there was a call for a public exhibition of the artist’s work soon after the trip. This meant that the artist had to use her raw materials, which included photographs of ice crystals that looked like family portraits. There were also water color paintings of crystals (Figure 3f) as well as paintings of the places that the artist worked in. The big feature was a reproduction of the underside of the ice crystal-coated sea ice, made from packaging tape (Figure 3g), which audiences were invited to lie beneath and look up at (Figure 3h). This gave the audience the same view as the warming ocean, or that of a seal swimming around, looking for food and a hole to breathe through.



STORYTELLING

The science produced lots of data and enabled us to write articles for other scientists to read and debate. The data also gave us material for perhaps the most important job for climate scientists, which is to explain our changing climate to lots of different people. Some of the audiences include politicians who must make decisions about how countries behave. Other audiences include school kids and their families and caregivers, who are learning about their world [5].

Explaining ocean processes and the various types of ice is often quite complicated. We have found that these topics are easier for people to understand if we use some of the art that was produced at the same time as the science. Understanding can be deepened even further through workshops in which the audience gets to make science-based art.

You can make models of sea-ice crystals with things you have at home. We made model sea-ice crystals from packaging tape and plastic folders. Model crystals can be joined together to give a sense of how the actual sea-ice crystals arrange themselves. Through modeling, you can also get an impression of how the crystals on the underside of the sea ice form a rough boundary. Finally, modeling shows how something simple and familiar, like packaging tape, can represent something important for Earth’s climate. This art invites audiences to experience science from a new point of view.



THE FUTURE OF ANTARCTICA’S SEA ICE

Computer models help show what our planet and climate will be like far into the future. However, for the predictions to be as good as possible, the computer model must be able to accurately reproduce the life cycle of sea ice. This means the computers must be able to model sea ice at the right time of year and grow the ice at a sensible rate. Computer models must also try to show the sea ice melting like it does in real life.

However, we do not need complicated computer models to tell us that, if the ocean keeps warming, there will eventually be far less sea ice around Antarctica than there has been over the last century. Changes in the amount of sea ice will have wide-reaching effects in our future world, changing everything from global sea level to the life cycle of penguins. The more we can learn about what changes are coming for Antarctica’s ice and the oceans, the better we can plan to adapt to these changes. We will also be more motivated to live our lives in ways that reduce the amount of melting that is going to happen.



GLOSSARY

ICE SHEET

A thick layer of ice that has built up over millions of years. As this thickens is slowly flows toward the coast where it feeds the ice shelves.

ICE SHELF

A large, floating layer of ice that was originally part of the ice sheet that sits on top of Antarctica and can be over one km thick.

SEA-LEVEL RISE

The oceans are warming, and this means they are rising due to expansion and ice melting.

SUPERCOOLED SEAWATER

Seawater that stays in liquid form even at a temperature colder than that at which water normally freezes.

COMPUTER MODELS

A set of instructions that allow a computer to generate a virtual “world,” which scientists can study and test to help understand the real world.

TURBULENCE

When a fluid flows in a chaotic way, forming swirls in the water instead of flowing smoothly. Turbulence can make a big difference to how ice melts.
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Ethan is a 10-year old boy that is currently in the fifth grade. He enjoys reading, writing, and studying math and history. During his free time, he plays basketball, tennis, and various other sports with his younger brother. He has been a kid reporter and also loves exploring and learning about the nature. He lives in Virginia with his younger brother and parents.
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GINEVRA, AGE: 10

My name is Ginevra, I am 10 years old and I live in Zagarolo near Rome. I have two older brothers, Nicole and Luca. I am passionate about music and cooking, I am interested in photographing nature and animals. I like to sew and I once embroidered a blanket. I like mountains, sea, and summer. I did figure skating and hope to continue doing so. I find the arguments of the article so interesting and stimulating!
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GIOSUÈ, AGE: 10

My favorite sport is football, I spend a lot of time having fun going to school or playing with my best friend David. I really like my dad’s amatriciana (a type of Roman pasta). I have a younger brother, Leonardo. I do not like it when we fight; instead I really like talking to him while we are traveling together. This year I visited Sicily alone with my father, and the best memory is when we had two granitas…
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MIRKO, AGE: 10

Mirko is ten years old and lives in Roma. He loves playing soccer with friends. He likes very much eating sushi and his favorite subject is history.
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SOFIA, AGE: 10

Hi, I am Sofia, a young Italian girl and I am so curious! I love my family and I love life! I like nature and sports. I go to school and my favorite subject is math, I like studying, but a little less than climbing trees... My favorite dish is my grandmother’s meatballs and I really like cooking with her. When I grow up I would like to be a horsewoman or a violinist.
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VITTORIA, AGE: 10

My name is Vittoria, I am 10 years old and I am in fifth grade at the GermogliAmo school. My favorite subjects are: history, geography and science. I like to read and my favorite sagas are Fairy Oak and Harry Potter. My family is composed by me, my mom and dad, my little sister and my dog Celeste. I like popcorn, drawing, playing chess, and attending school. I have been Young Reviewer for already 1 year and I enjoy doing it so much, reading articles is more and more interesting!
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HOW WE FOUND THREE NEW SPECIES OF PENGUINS
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Usually, it is easy to tell species apart by what they look like, for example, a blue whale and a horse. Chinstrap and Adelie penguins are closely related species, but we can still tell them apart by their unique color patterns. However, sometimes different species look incredibly similar, and we must use special methods to tell them apart. These are called cryptic species. Gentoo penguins live across a large area, including Antarctica and many sub-Antarctic Islands. It has been suspected that gentoos might really be more than one species. To test this, we looked at their DNA and measured their flippers, legs, and beaks to compare gentoos living in four locations. We found differences that told us that there are at least four species of gentoo penguins, not just one species as previously thought.


WHAT IS A SPECIES?

The world around us is full of life. In biology, we use the word species to categorize living creatures. In the past, scientists mostly told species apart based on how they looked. It is easy to tell species apart when they look very different, like a blue whale and a horse, for example. When species are closely related, it can be more challenging to tell them apart, like horses and zebras, turtles and tortoise, frogs and toads, butterflies and moths, or even types of tigers. Sometimes, species look so similar that we cannot tell them apart based just on how they look. These are called cryptic species, and we must use special scientific methods to tell them apart, like taking very precise measurements of their bodies or by comparing their DNA [1, 2]. Recognizing species is very important for protecting wildlife, because scientists, governments, charities, and the public are all focused on saving species [3].



GENTOO PENGUINS

Gentoo penguins are one type of penguin that lives in the Southern Ocean, which is the body of water surrounding Antarctica.

You can recognize a gentoo penguin from its bright red bill, black head, and striking white patches on its face (Figure 1). They live across the whole Southern Ocean, from South Georgia and the Falkland Islands in the north, all the way down to Antarctica. The environment on the islands is quite different than that of Antarctica. On the islands there is less ice and more plant life, while in Antarctica there is far more ice and snow.
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Figure 1

ARABIC 1Gentoo penguins in museum collections in the UK (A), in the grassy areas of South Georgia (B) and on ice in Antarctica (C). We use metal rulers to measure Gentoo penguins as are sturdy and can be taken on fieldwork.



We know from other scientific studies that the number of gentoo penguins in Antarctica is growing every year. But that is not the case in other areas, like the sub-Antarctic islands, where the number of gentoo penguins is falling. This means that individual populations vary in their levels of success at getting food and increasing their populations. Eventually, some of those populations might go extinct if conservation efforts are not increased. Conservation usually applies at the species level, and we do not usually protect specific populations of the same species. Therefore, if the gentoo penguin is more than one species, we would be better able to protect them. Other scientists have already looked at gentoo penguins and found that groups were more distinct than they expected. We wanted to go a step further and use the latest science to find out if the differences meant gentoo penguins were actually more than one species.

In this study, we looked at gentoo penguins from four areas in the Southern Ocean, to see if they might be more than one species: the island of South Georgia, the Falkland Islands, Kerguelen Island, and the Antarctic Peninsula.



EVIDENCE FROM GENTOO DNA

DNA is the material inside the cells of all living creatures (including you!) that carries all the information about how that creature will look and function. You can think of DNA as a tiny blueprint for making a living thing. By comparing their DNA, we can tell how similar or different creatures are, as well as how closely related they are. Your DNA is very similar to the DNA of your siblings, quite similar to the DNA of other humans that are not in your family, and very different from the DNA of a tree frog or a penguin.

In our study, we compared the DNA of gentoo penguins living in the four areas of the Southern Ocean using a small drop of their blood. We found that the penguins that live together in the same area have DNA that is very similar to each other, but between areas, we found that the penguins’ DNA is very different [4].



EVIDENCE FROM GENTOO MEASUREMENTS

Because the DNA of the gentoo penguins is different between locations, we also looked closely at their bodies to see if there are any differences in how they look. If you were on a boat in the Southern Ocean and a gentoo penguin jumped out of the water and landed at your feet, it would be extremely difficult to know which area it came from just by looking at it. That is because penguins from separate areas have very similar colors and overall shapes. However, it is possible that there are smaller differences that we do not notice at first glance.

We visited museum collections that have lots of preserved gentoo penguins and used a pair of calipers and a ruler to carefully measure their bodies. By measuring the heads, legs, and flippers and comparing measurements between penguins in the four areas, we found that penguins from each area have slightly different sizes. Gentoo penguins from Antarctica are the smallest, followed by Kerguelen, then South Georgia, and the gentoos from the Falkland Islands were the biggest.



NEW SPECIES ALERT

All the evidence points to gentoo penguins being four separate species: Pygoscelis papua for the Falklands Islands gentoos, Pygoscelis taeniata for the Kerguelen Island gentoos, Pygoscelis ellsworthi for the gentoos from Antarctica, and finally Pygoscelis poncetii from South Georgia. One of the most exciting things about finding new species is that we get to name them. Pygoscelis poncetii is named after Sally Poncet, a marine biologist who works in South Georgia where the new species is found. Figure 2 shows where each of the four species live and Figure 3 shows each of the new species in their habitats.
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Figure 2

Map of new gentoo penguin species across the Southern Ocean. Colored triangles show the colonies we used in this study, while the gray areas are other gentoo colonies in the Southern Ocean.




[image: image]

Figure 3

The four gentoo species we identified. While they all have the same colors patterns, the main difference is their size. Pygoscelis ellsworthi are the smallest, followed by Pygoscelis taeniata, then Pygoscelis poncetii, and Pygoscelis papua are the biggest. The differences are small that they cannot be seen without taking measurements. The colored triangles match the map in Figure 2 (Photos from Jane Younger & Gemma Clucas, used with permission).





CONCLUSION

Discovering new species is an incredibly exciting part of biology. In our study, we used DNA and body measurements of gentoo penguins to look for cryptic species, and we found that gentoo penguins are actually four separate species. By using the latest tools in biology, we can find new diversity in the most surprising of places, including in very well-known animals like penguins. There are many other penguin species beyond the gentoo penguin, each facing challenges in the face of climate change. By understanding their biology and how many species there are, we can learn how to best protect penguins—as well as many other types of creatures—so that generations of people can enjoy them.



GLOSSARY

SPECIES

A group of closely related organisms that can reproduce with each other and produce offspring that can reproduce with other similar individuals.

CRYPTIC SPECIES

Groups of organisms that look nearly identical but are actually different species that cannot reproduce with each other.

DNA

The material inside cells that provides instructions on what an organism will look like and how parts of the body will work.

CONSERVATION

The act of protecting species from extinction and actively maintaining or restoring habitats.

MUSEUM COLLECTIONS

Collections found in museums that contain many specimens (bones, teeth, stuffed skins, etc.) of various species. Scientists use these collections to study species without having to find them in nature.

CALIPERS

Used to measure lengths like a ruler, Calipers allow scientists to get exact measurements of objects that are often odd shapes.
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Julia is a 6th grader student. She is passionate about music and science. Julia plays the drums, the piano and the bass. She plays in the orchestra and in the jazz band and recently she and her band wrote a song. Julia loves science class and would like to become an F1 engineer.
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Theo is a 6th grader. His favorite class is science and he would like to be a photographer for National Geographic. Theo plays in a band with his friends and they have recently wrote a song. Theo has played a variety of sports and basketball is his favorite.
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I love playing Minecraft and I enjoy creating different worlds in it. I am very curious. I am a chatterbox and also, I love asking questions.






AUTHORS

[image: image]

JOSHUA TYLER

Josh Tyler is a Ph.D. Student at the University of Bath, researching patterns of evolution within waterbirds. His main interests are looking at the shapes of bills and bones of waterbirds to determine if diet, habitat, or diving behaviors influence evolution. *jmbt20@bath.ac.uk

[image: image]

JANE L. YOUNGER

Dr. Jane Younger is a lecturer in the Marine Predator Group at the Institute of Marine and Antarctic Studies at the University of Tasmania. Her research covers an array of marine animals and uses genetics to understand ecology in areas of rapid climate change.
















	[image: image]
	BIODIVERSITY
Published: 09 November 2023
doi: 10.3389/frym.2023.1046858





[image: image]

RIVERS OF BRINE IN ANTARCTIC SEA ICE PROVIDE HOMES FOR TINY ORGANISMS
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Antarctic sea ice is more than just frozen seawater at the ocean surface. It is an important home for many tiny-sized marine organisms! When seawater freezes, tiny salty rivers and streams form inside the sea ice. These are called brine channels. To live in these channels, organisms must be smaller than a pinhead. Some organisms can live their whole lives in the sea ice. Many spend their lives crawling around, finding food, and laying eggs. Organisms that are too large to fit in the brine channels can live just below the ice. Fish, krill, and sea butterflies live under the ice for protection from larger predators. They do this by hiding in ice crevices and caves. Warming temperatures mean there is less sea ice in some parts of Antarctica. Animals will have to adapt if marine life is to continue to thrive in this salty environment.


HOW IS SEA ICE FORMED?

Many marine organisms live in and around the sea ice along Antarctica. For such a cold environment, what kinds of strategies do these organisms use to survive? To answer this, let us take a closer look at the Antarctic sea ice itself. Have you ever wondered how there can be so much ice around Antarctica? Up to 19 million square kilometers of sea ice form around Antarctica each year. This is enough to cover Australia about three times over!

Sea ice is different from icebergs and glaciers, which form from freshwater or snow. This is because sea ice only consists of seawater. Seawater is salty, so it freezes at lower temperatures than freshwater. In autumn, freezing air causes the ocean surface to cool. Gradual mixing of the top 20 m of ocean water occurs, and the surface layer drops to about −2°C. Here, the water becomes so cold that tiny ice crystals begin to form. These tiny ice crystals are known as frazil ice (Figure 1A). They are only 3–4 mm long and float to the surface, where they combine to form thicker ice sheets. Wind and waves can have a big effect on this process. In calm weather, smooth, thin ice sheets called grease ice (Figure 1B) form from the frazil ice. These ice sheets thicken over time to form nilas ice (Figure 1C), which has a smooth bottom surface. In rougher waters, the frazil ice gets bumped around and forms disks called pancake ice (Figure 1D). The waves then force the pancakes to pile on top of one another, forming a rough-bottomed ice sheet.
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Figure 1

Several types of sea ice can form in ocean waters. (A) Frazil ice, made of tiny crystals, seen close to Casey Station, Antarctica. (B) Thin sheets of grease ice formed near the Ross Ice Shelf. (C) Nilas ice, which has a smooth bottom surface, seen in Baffin Bay in the Arctic. (D) Pancake ice, formed from collections of frazil ice, near Antarctica [Photo credits: (A, D) Christine Weldrick; (B) Bruce McKinlay, Flickr; (C) Brocken Inaglory, Wikimedia Commons].



When seawater freezes, a process called brine rejection occurs. This is when the salts and particles in water are forced out of the ice crystals. This creates a highly salty, nutrient-rich liquid called brine. Brine becomes trapped in pockets between ice crystals as the ice sheets form. This can create complex systems of brine channels within the ice itself (Figure 2). These channels are quite narrow and measure only a few hundred micrometers in diameter. This is about the same thickness as two pieces of paper. Brine channels become an important habitat for microscopic organisms [1]. Many tiny animals and algae live in these salty brine channels (Figure 2). Nutrients and food found in brine channels allow these tiny organisms to survive the cold winters. These tiny organisms are food for other organisms and generally play an important role in food webs in and around the sea ice.
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Figure 2

Many tiny animals and algae live inside and under the brine channels of sea ice.





WHAT IS THAT GOLDEN-BROWN COLOR UNDER THE SEA ICE?

The smallest marine algae in the sea ice community are phytoplankton. They are commonly found on the bottom of the sea ice. They may use the brine channels to move away from the open water below. Most of the sea ice phytoplankton are diatoms (Figures 3A–C). Diatoms are a diverse group of organisms that make beautiful silica shells called frustules. We identify and examine sea ice diatoms using powerful light and electron microscopes. Single-celled algae, including diatoms, use photosynthesis to convert sunlight into energy. Diatoms have special pigments that help them with photosynthesis. This is why you can see a distinctive golden-brown color at the bottom of the sea ice [2]. Diatoms use the brine channels to migrate closer to the light, to maximize photosynthesis.
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Figure 3

Algae and animals of the sea ice. (A–C) Diatoms. (D) Dinoflagellate. (E) Tintinnid. (F) Sea butterfly. (G) Antarctic krill. (H) Icefish. (I, J) Copepods. (K) Copepod with eggs. (L) Fish eggs. (M) Flatworm (turbellarian). (N) Nudibranch. (O) Copepod [Photo credits: (A–E) Ruth Eriksen; (F): R. Giesecke, Wikimedia Commons; (G–O): Bluhm et al. [3]].



Flagellates are another type of sea ice phytoplankton (Figure 3D). Flagellates are even smaller than diatoms and they can feed in many ways. While they also use photosynthesis to capture energy from the sun, they can also eat small particles that accumulate in the brine channels, like bacteria and the remains of dead phytoplankton, called detritus.

Dinoflagellates are another microplankton that live in the brine channels. At some point in their lifecycle, they all have two flagella that help them move (Figure 3D). Dinoflagellates can be photosynthetic like diatoms, but they also obtain energy by grazing on flagellates or diatoms.

Ciliates are among the most fascinating organisms in brine channels. They are single-celled organisms that have fine hair-like structures called cilia. Ciliates use their cilia to swim and feed. They do this by selecting and moving food particles toward them. Unlike the other single-celled organisms, ciliates do not photosynthesize. Some ciliates, called tintinnids (Figure 3D), live inside delicate houses called lorica. Some Antarctic researchers have seen these loricae covered in diatoms. Many think this benefits both tintinnids and diatoms, enabling them to survive the challenging conditions inside the brine channels. Or it may provide a way for diatoms to access the open ocean—they simply hitch a ride on a tintinnid as it swims free during the ice melt [4].

In the spring, water and air temperatures begin to rise and the sea ice begins to melt. Diatoms then become the “seed population” for phytoplankton blooms around the edges of the sea ice [2]. Phytoplankton blooms are when these tiny marine algae grow and spread quickly, and they provide food for many organisms that graze on the plankton. Spring is a critical time of year for the Antarctic food web. For more information about life under the sea ice, see this Frontiers for Young Minds article.



THE MANY TINY ANIMALS SWIMMING UP AND DOWN BRINE CHANNELS

Like phytoplankton, most animals living in brine channels are so small you need a microscope to see them. They are not very diverse, but their numbers can be quite high. Thousands of them can exist in an area no bigger than a laptop. The most common animals are called copepods. They are a type of crustacean that is like a tiny shrimp but can exist in many kinds of shapes (Figures 3I–K). There are also many small worms in the channels, including turbellarians (Figure 3M), which are flat and have two “eyes” at the front that help them sense light.

Some of the animals that live in the ice stay there their whole lives. They carry their eggs (Figure 3L) and crawl around on the sea ice walls, where they eat ice algae and detritus. In the winter, food is not easy to find. Sea ice animals build up fat stores called lipid sacs (you can see them clearly in the bodies of the tintinnid and the copepod in Figures 3E, O, respectively) in their bodies, as a strategy to survive in times of no or little food.

One unusual sea ice animal is a small, white snail called a nudibranch (Figure 3N). They can be found in a large ice-covered bay in Antarctica called the Weddell Sea. Nudibranchs have no shells and carry their gills on their backs. It is unusual to find them in Antarctica—most nudibranchs are brightly colored and live on tropical reefs. The Weddell Sea nudibranchs are up to 4 mm long. The adults cannot swim, and their eggs do not float, so they must stay in brine channels to survive. These animals do not freeze solid because they have a type of antifreeze in their blood that helps them live comfortably in low temperatures.

There are animals that rely on sea ice but are too big to live in brine channels. They use the sea ice as a place to find food or hide from predators. These bigger animals include sea butterflies, krill, and small fish (Figures 3F–H). Sea butterflies are a type of snail that swims using their feet as wings. Researchers have seen them feeding on ice algae released into the ocean during the spring ice melt. Krill are a type of crustacean that also feed on ice algae. They swim upside-down and use special ice rakes on their feeding limbs to scrape algae into their mouths. Krill are an important food source for whales, seals, penguins, and fish. Small fish live in little caves in the ice and feed on copepods and krill.



THE FUTURE OF SEA ICE ORGANISMS: WHAT WE CAN DO TO HELP

Scientists have made a few predictions about the future of Antarctic sea ice. They predict that there might be times when the ice becomes thinner, and they predict that ice may disappear earlier in the year. One thing we know for certain is that these changes are due to climate change. We know that some sea ice animals and algae may survive with less ice, but other organisms may not fare so well. Remember how that small nudibranch seems to need to live in ice year-round? The ice might disappear at times when they need to lay their eggs. Other species can live quite well in the water under the ice, and they may be able to survive for longer in open water when no ice cover is present. If the sea ice becomes unpredictable, the lives of animals that depend on it may suffer from lack of food and may not be able to reproduce to create future generations.

We can help in a few ways. First, if we understand how human activities affect the environment, we can make changes to behaviors that may impact faraway places like Antarctica. For example, reducing our carbon footprint and supporting sustainable practices can help slow the effects of climate change and preserve the delicate balance of ecosystems in Antarctica. Second, we can pay attention to how our actions impact organisms so small we need a microscope to see them. These miniscule creatures play a vital role in the broader web of life in Antarctica. For example, we can support research and conservation efforts that focus on these microscopic organisms. By taking these steps and working together we can protect the remarkable life within the sea ice to make sure it continues to thrive as the world changes.



GLOSSARY

SEA ICE

Ice formed from seawater on the ocean surface, offering a unique habitat for various small marine organisms.

BRINE REJECTION

When seawater freezes, it pushes out salts and particles, creating brine—a very salty, nutrient-rich liquid.

BRINE CHANNELS

Narrow and microscopic rivers in sea ice, filled with brine, providing habitats for tiny organisms.

PHYTOPLANKTON

Microscopic algae that move with water currents and use sunlight to make food, a crucial element of ocean life.

PHOTOSYNTHESIS

Process by which plants and algae, including sea ice algae, use sunlight, carbon dioxide, and water to create oxygen and obtain sugar, which is used as energy to survive.

DETRITUS

Organic matter created by the decomposition of plants, algae, or animals.

PHYTOPLANKTON BLOOMS

When countless tiny phytoplankton rapidly grown and spread throughout the ocean, creating a lively underwater gathering.
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I am Chesed, and I am a 6th grader. I love science and technology. I like listening to music, reading Harry Potter books and Mandarin comics, and coding.
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RUMAISA, AGE: 10

Rumaisa is a Grade 4 student interested in Biology, Biodiversity, Environmental pollution, and Animals. Her curiosity and desire to learn more about the natural world are evident. She respects the environment and is dedicated to exploring ways to preserve biodiversity and reduce pollution. Rumaisa is eager to share her knowledge and insights with others. With her inquisitive mind and commitment to the environment, she is sure to make a positive impact in the years to come.
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WHY ARE PHYTOPLANKTON IN THE SOUTHERN OCEAN STARVING FOR IRON?
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In one of Earth’s largest oceans, the Southern Ocean, tiny organisms called phytoplankton are starving! Not for spaghetti though. How would you like a dinner of iron soup? No? Well, phytoplankton love it. Luckily, these important little organisms can get their iron soup near melting ice, undersea volcanoes, and even near the rear ends of whales! Sounds gross, right? Well, not for tiny phytoplankton. When they are not starving, they multiply enough to be visible from space! They have two super-important jobs that they do for the Earth, for free. First, they produce oxygen for humans and other animals to breathe. Second, they change carbon dioxide into sugar-filled snacks that become food for an organism called krill. And krill are whale food! Phytoplankton do these two jobs while also slowing global warming. Read on to hear how iron soup for phytoplankton might help save our planet!


PHYTOPLANKTON’S SUPERPOWER: TURNING SUNLIGHT INTO SUGAR

Can you remember the last time you sat down in the grass on a warm summer day, closed your eyes and enjoyed the sun’s energy warming your skin? Have you ever wondered how ocean organisms use that same energy to grow? Sunlight enters the surface ocean and tiny organisms called phytoplankton use that energy, along with nutrients in the water, to do something incredible: they convert carbon dioxide and water into sugar and oxygen, through the process of photosynthesis (Figure 1). That is like bottling sunlight energy! The sugars created by the tiny phytoplankton are eaten by very important marine animals like krill, on which the entire ecosystem, including animals like penguins, seals, sea birds, and whales, depends.
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Figure 1

By using light as a source of energy, phytoplankton use carbon dioxide and water to make sugar and oxygen. This process is called photosynthesis. It is a bit like sticking construction blocks together to make a model. The reverse process is called respiration. In respiration, certain bacteria and animals (like us) get chemical energy by smashing sugar apart, while they breathe in oxygen and breathe out carbon dioxide and water (Images from http://molview.org under a GNU Affero General Public License. LEGO® trademarks can be used in a non-commercial manner so long as we say: LEGO® is a trademark of the LEGO® Group. The LEGO® Group does not sponsor, endorse or authorize this display of LEGO® elements).



Do you like construction blocks? We do! Do you like building models or smashing them apart? If you like building, you are more like phytoplankton; and if you like smashing models apart, you are more like animals and certain bacteria! How? You might make a model of a dinosaur from a pile of construction blocks, while phytoplankton make a “model” of sugar. But their construction blocks are small molecules called carbon dioxide and water (Figure 1). Phytoplankton use sunlight energy to stick their construction blocks together, converting sunlight energy into chemical energy. The more blocks they stick together, the more chemical energy is in the sugar. They collect their sugar molecules inside themselves and use some of the sugar to grow and make more phytoplankton. But when you taste so delicious, everything wants to eat you! Animals and bacteria that eat these sugar-filled phytoplankton smash the construction blocks apart to release the chemical energy, powered by the oxygen they breathe (Figure 1). This is called respiration. Then, the eaters can use that energy to grow. Marine animals cannot construct sugar from sunlight energy, so they need to get sugar by eating phytoplankton, or eat animals that ate phytoplankton. So, if phytoplankton are the ultimate producers, animals and certain bacteria are the ultimate recyclers. Eventually, everything living must die and that is when certain bacteria come in to do the recycling. If there are any nutrients, like iron, mixed in with the sugary snacks, some of that gets recycled too.



PHYTOPLANKTON DRIVE THE OCEAN’S BIOLOGICAL CARBON PUMP

So, phytoplankton produce sugar to grow, and animals and certain bacteria smash the sugar apart again to use the chemical energy to grow. But some of the sugar and dead phytoplankton bits do not get smashed by bacteria or other animals, and these substances sink to the seafloor where they build up, forming sediments. After a very long time, sediments build up more and more and the pressure and temperature rise. If other conditions are just right, the carbon-containing molecules that phytoplankton originally made get rearranged into even longer carbon-containing molecules to form oil or coal. Scientists call the process that “pumps” carbon-rich molecules like sugar deep into the ocean the biological carbon pump (Figure 2). If the carbon pump “runs” long enough, it can move huge quantities of carbon dioxide from the air and the ocean surface into sediments, rocks, or oil.
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Figure 2

When the sun is shining, phytoplankton change carbon dioxide (CO2) into sugar, through photosynthesis. When phytoplankton die or get eaten, most of the carbon in the sugar gets recycled by bacteria back into CO2, but some carbon sinks to the ocean floor (dark blue, upside-down triangle). This is the biological carbon pump. In the Southern Ocean, phytoplankton have a difficult time finding enough iron to grow well. Iron can be found near upward currents, melting glaciers, icebergs, or sea ice, and it can also be found downstream of islands and even around krill and whale poo! (Figure credit: Stacey McCormack, Visual Knowledge).



But here is the problem: for the last 200 years, humans have been digging up ancient “bottled sunlight energy”—oil and coal—and burning it! Burning oil and coal releases the chemical energy to heat homes, generate electricity, or power cars. When we burn oil and coal, we smash apart those long carbon molecules, making them into construction blocks again. You might think, “that is great, more construction blocks to play with”, but there is a catch. We have been releasing so much of one construction block, carbon dioxide, and so quickly, that it has built up in the air. Carbon dioxide in the air traps energy that should bounce off Earth back into space. Over time, that extra energy warms the oceans, Earth, and air, and makes it uncomfortable or dangerous for humans and other animals. This is the process behind climate change.



“I AM STARVING!” SAID THE SOUTHERN OCEAN PHYTOPLANKTON

You might be wondering whether the biological carbon pump can help remove carbon dioxide from the atmosphere by pumping it into the deep ocean and sediments…that might slow global warming, right? The answer is: it depends on whether the phytoplankton get a healthy iron soup while the sun is shining [1]. In winter in the Southern Ocean, the days are very short compared to the long dark nights, and there is lots of sea ice blocking the light. So, there is often not enough sunlight in the ocean for photosynthesis. The phytoplankton are also mixed down deep into the dark ocean by strong winds. That all changes in spring and summer though. When sea ice melts, the winds are weaker and the sun shines for longer, and everything is right for a huge phytoplankton party. Unless other ingredients are missing! In addition to light, phytoplankton need a “soup” with plenty of major nutrients and a sprinkle of vitamins and metals such as iron. Phytoplankton need iron to make a whole range of important molecules that allow them to photosynthesize and do other cool tricks. In the Southern Ocean, there are heaps of major nutrients, but the sprinkle of iron is a little harder to find. In fact, most of the time, Southern Ocean phytoplankton are starving for iron!

Thirty years ago, an oceanographer named John Martin came up with an idea [2]. He observed that Southern Ocean phytoplankton had enough major nutrients, but did not grow very well, so he wondered whether they have enough iron. He tested his idea by adding a tiny bit of iron soup to bottles filled with Antarctic seawater. Sure enough, after a few days, phytoplankton grew much better in the bottles that had iron added to them compared to the bottles that did not. Scientists later did the same experiment, but bigger—they added iron soup from the backs of ships directly into the Southern Ocean. Eureka! The phytoplankton grew so well that a patch of ocean became green, and the change in color could be seen from space [3]. All these observations show that the growth of phytoplankton in the Southern Ocean is limited by a lack of iron, and they are screaming “more iron, more iron, please!”



AN IRON SOUP SHORTAGE?

There are two main reasons why there is not enough iron soup in the Southern Ocean. The first reason is that, in the ocean, iron oxidizes (rusts) and sinks to the bottom unless phytoplankton or certain bacteria get to it in time and take it into their cells or stick special molecules to it. It was not always like this. Before phytoplankton started photosynthesizing 2.5 billion years ago, there was less oxygen and more carbon dioxide in ocean water [4]. So, iron did not oxidize as quickly, and phytoplankton had more time to bump into it. Through the biological carbon pump, and with some recent help from trees, phytoplankton have reduced the carbon dioxide and increased the oxygen in our oceans and air. Today, iron is only abundant close to its sources (Figure 2), before it oxidizes and is lost to the deep, dark ocean depths.

The second reason for the iron soup shortage is that the Southern Ocean is isolated. Wind and surface ocean currents whip around Antarctica, isolating it from many of the nearby sources of iron. For instance, dust blown off deserts is a big source of iron for other oceans, but very little dust blows into the Southern Ocean. In fact, the air over the Southern Ocean is some of the cleanest in the world. Deep ocean currents can bring iron up to the surface near the Antarctic continent, and melting ice can deliver iron into the ocean water (Figure 2). However, over most of the Southern Ocean, this is never quite enough to allow phytoplankton to have the giant party they are capable of when iron is plentiful!



HOW CAN YOU HELP?

Climate change is warming our air and our oceans, melting ice, changing wind and ocean current patterns, and making ocean water more acidic. You can help by becoming a scientist and studying how climate change may also change the amount of iron soup available to Southern Ocean phytoplankton. Maybe extra ice melting in Antarctica will provide more iron soup for phytoplankton? Maybe extra phytoplankton will allow more krill to grow, and more whales can feed on the krill? Maybe more iron means the biological carbon pump will move more carbon dioxide into sediments and help slow global warming? There are many questions, and we need young scientists like you to help figure them out! Will you take on this challenge?



GLOSSARY

PHYTOPLANKTON

Microscopic aquatic organisms that obtain their energy through photosynthesis exactly like plants on land.

PHOTOSYNTHESIS

The way that plants and phytoplankton grow by using light to transform carbon dioxide and water into sugar and oxygen when they have enough nutrients.

KRILL

Tiny shrimp-like creatures commonly found in polar waters. They are important food for whales and penguins.

CHEMICAL ENERGY

A form of energy stored in molecules that can be released when they are transformed into smaller molecules during a chemical reaction like respiration or burning fossil fuels.

RESPIRATION

Breathing in and out; how animals get oxygen and releases carbon dioxide gas.

BIOLOGICAL CARBON PUMP

A process in which carbon is moved from the air into the deep ocean for a very long time by living organisms like phytoplankton and bacteria.

OXIDATION

When something reacts with oxygen, often causing it to change or rust. Like when metal turns orange.
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JEWEL, AGE: 10

I live in the southeast of the United States. I love dancing, taekwondo and pretty much any physical activities. I have two cats and one turtle. I love animals and going to the zoo and I am thinking about becoming a marine biologist. My favorite subjects include math, science, and spelling. I love reading fantasy and WW2 novels.
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TIBERIUS, AGE: 11

My name is Tiberius and I am 11 years old. I live in a household that speaks three languages. I compete on a swim team in the summer. I enjoy playing video games, reading fantasy novels, and playing in chess tournaments at school with my friends. I play the piano and guitar. I really like science, especially microbiology. I find it interesting how such small organisms can affect our lives so much and how we could not live without them.
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Emperor penguins are tough birds that breed on sea ice, which is the frozen surface of the ocean. They are famous for walking across the sea ice, to and from the open ocean, to get food for their chicks. Their bodies and behaviors help them live in the cold, dark winters of Antarctica. However, though they live far away from people, human actions are not always good for emperor penguins. Humans are causing the world to warm. With warmer temperatures, sea ice around Antarctica will melt. For emperor penguins, this means their homes might disappear. We know so much about emperor penguins because scientists and explorers have been studying them for over 70 years. In this article, we will tell you about what is likely to happen to emperor penguins—and what their future can tell us about our own future.


LIVING ON SEA ICE: A VITAL HABITAT UNDER THREAT

Emperor penguins breed on sea ice, which is the frozen surface of the ocean. These birds are specialized to survive in cold conditions that would be too harsh for humans. Emperor penguins have some specific requirements. If there is not enough sea ice, they do not have a place to live. If there is too much sea ice, they have a long walk to get to the open ocean, where they hunt for food for themselves and their chicks. So, the sea ice must be just right for emperor penguins to live, get food, and raise their chicks (Figure 1 and Video 1).
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Figure 1

The life cycle of emperor penguins is tied to sea ice (Image credit: Zina Deretsky, National Science Foundation: https://photolibrary.usap.gov/PhotoDetails.aspx?filename=PENGUIN_LIFECYCLE_H.JPG). Emperor penguins come to their rookery on a stable sea ice platform in April. In May and June, the mom penguins lay one egg. The dads take care of the egg, keeping it warm, and both moms and dads give food to the baby penguins from August when they are born to November when they are left alone at the colony. The arrows on the map show the path they travel from their home on the ice to the water where they find food. By December, everyone has left the colony.



We know the world is getting warmer and that there might be less sea ice for emperor penguins in the future. The world is warming because humans are producing greenhouse gasses (such as carbon dioxide) that trap the sun’s heat near the Earth. Greenhouse gasses come from human activities such as burning oil, gas, and coal. The faster the world warms, the less likely emperor penguins are to have sea ice. Will Emperor penguins march to extinction?



SURVIVING THE UNIMAGINABLE

About 250 years ago James Cook, a captain in the British Navy, was sailing around the world. He and his crew may have been the first people to see emperor penguins. What we know for sure is that later, someone noticed that emperor penguins were a different species than king penguins [1]. In the early part of the 1900s, Robert Falcon Scott, another captain in the British Navy, sailed to Antarctica. He found the first rookery of emperor penguins. Now, using pictures of the world taken from satellites in space, we know that there are 61 colonies of emperor penguins in Antarctica [2].

Even though we have been studying emperor penguins for about 100 years, we still have a lot to learn. These penguins live in dangerous places, and that makes them hard to study. But that has not stopped people from trying. Around 70 years ago, two famous scientists, Bernard Stonehouse and Jean Prévost, visited Antarctica to study emperor penguins. These scientists learned how important sea ice is to these penguins [3]. In the winter when it gets cold, the surface of the ocean freezes. These icy spots on the sea are where emperor penguins gather in special groups to take care of their baby chicks. Those areas are called rookeries or colonies. After forming colonies, the emperor penguins choose their mates in March/ April. The females lay one egg each in May or early June, and the males keep the eggs warm by holding them on the tops of their feet. Males do this for nearly 3 months—and it is not easy! Wintertime in Antarctica is dangerously cold and stormy—temperatures can get down to -50°C, and winds can blow at over 150 km per hour. The males must huddle together to keep warm and to survive. The penguins take turns being in the middle of the huddle, where temperatures can reach 37°C. The penguin dads keep the eggs warm and cozy while the mommies search for food (Figure 1).

When the females have eaten enough squid, fish, and krill (shrimp-like creatures), they come back to feed the newborn chicks. The males, which have not eaten in 4 months, are starving by this time. The females take over keeping the chicks warm, while the males search for their own food. Then, mommy and daddy penguins take turns feeding their chick, so the chicks grow up fast and strong. In early spring, the chicks are twice as big as when they hatched, and they can be left on their own. Chicks huddle together to keep warm and to defend each other against other birds species that might attack them, while the parents search for food for a few days at a time. It is hard work raising an emperor penguin chick! Chicks must grow enough to get their waterproof adult feathers before the sea ice melts away for the year. The soft, fluffy feathers the chicks have when they are born are not waterproof, so if chicks get wet, they can freeze. From early November, chicks begin to get their adult feathers, and they leave the colony in early summer, from December to January. Without their parents, the chicks hang out together on the ice.



TROUBLING TRENDS

Even though emperor penguins are difficult to study, we have a few clues from a colony found at Pointe Géologie, where they have been studied for a long time. This is where the movie March of the Penguins was filmed! There is a mystery at Pointe Géologie. In the 1970s, the number of emperor penguins decreased from about 12,000 birds to about 6,000 birds [4]. Scientists think that many of the adults were dying, and the sea ice was a clue to this mystery. More males died when there was not enough sea ice. Emperor penguins eat animals that live under the sea ice (fish, squid, and krill), and less sea ice probably meant less food. Males need more food than females because they go without eating for 4 months during winter.

Another mystery is that the population of emperor penguins at Pointe Géologie has not yet returned to 12,000 birds. Scientists observed that, in years with too much sea ice, fewer chicks survived. Too much sea ice means penguins must travel longer distances to reach open water, where they can find food. So, there is a sea-ice “Goldilocks zone.” Too much sea ice means adults take too long to get food, so both adults and chicks may starve. Not enough sea ice means less food for penguins, and chicks may not grow their waterproof feathers before the sea ice melts away.

Today, Antarctica is changing because of greenhouse gasses. Warmer temperatures around the world will cause the sea ice to melt and break up earlier in the spring. Scientists have created computer models to see what would happen to emperor penguin populations if these penguins have less ice to live on. If we do not change the way we make and use energy, penguins at Pointe Géologie will be at risk of extinction by 2100 [5].

Scientists want to see what will happen to all other emperor penguin colonies, too. Some colonies, such as those in the Ross Sea, might be OK in the future because sea ice declines are less severe at those locations. Sadly, if we continue to put greenhouse gases into the air, all emperor penguin colonies will probably decrease by the year 2100 (Figure 2). If we keep warming the air, the temperatures around the world will be much higher than we want them to be (increase of 4.3°C above the temperature in 1850), and most emperor penguin colonies will disappear. If we can limit global warming to only 1.5°C, emperor penguins will still exist in Antarctica by 2100.


[image: image]

Figure 2

(A) The curves in the graph show the total number of breeding pairs of emperor penguins from 2009 to 2100, for two possible futures: one in which we do nothing to reduce greenhouse gas emissions and the temperature rises by 4.3°C (red line); and one in which we are able to reduce greenhouse gas emissions and the temperature rises by 1.5°C (blue line). (B) Dots show emperor penguin colonies. The colors and sizes of dots show population decline by 2050, 2080, and 2100 under the two temperature scenarios. The percentage of sea-ice loss (see color scale) is also shown for the same years. The warmer Antarctica will become, the less colonies of emperor penguins will exist.



Recently, scientists wondered what would happen to emperor penguin colonies if extreme weather events happened. For example, at Halley Bay (Figure 3a), an estimated 10,000 chicks or more died in one year because of very low sea ice. Halley Bay was the world’s second- largest emperor penguin colony before this extreme event. Scientists can observe these rare extreme weather events using satellites. At Halley Bay, such satellite images showed that, in 2016, the sea ice broke up early, before the chicks could swim (Figures 3b–d). By better understanding how extreme weather events affect penguins, scientists now think that 98% of colonies will be disappear by 2100 if we do not control greenhouse gas emissions—this means that almost all the emperor penguins in the world will be gone. Emperor penguins will only stand a chance if greenhouse gas emissions are slowed from their current course.
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Figure 3

Satellite images from October 2016. (a) The Halley Bay colony is at Windy Creek, and the Dawson-Lambton colony is on the Dawson-Lambton Glacier. In 2016, breeding failed at Halley Bay; many adult birds are thought to have moved to Dawson-Lambton in later years. Inset shows the location of Halley Bay. (b) Sea ice around Windy Creek is decreasing. The red circled areas show the location of the Halley Bay colony on 3 November 2016; (c) 17 November 2016; and (d) 1 December 2016 (Image credit European Union Copernicus Sentinel 1 satellite, using the EO Browser).



Satellite images have also helped us understand how colonies might change as penguins move from one spot to another. Does moving between homes mean penguins could find new places to live as the sea ice melts? Scientists initially thought that penguins might leave places that were not good homes and would search for better locations so they could survive. But sadly, it seems that moving between homes does not help, and emperor penguins will still face a risk of extinction if we do not stop releasing greenhouse gasses [5].



LIVING ON THIN ICE

Emperor penguins cannot change the way they live fast enough to deal with climate change. So, to save them, humans should reduce greenhouse gas emissions. If we can keep the increase in air temperature around the world to <1.5°C, emperor penguins will have a better chance of surviving. In 2015, people from 195 countries met in Paris, France and agreed to limit global warming to well below 2°C. This meeting led to a legal document known as the Paris Agreement. This agreement represents the first time that all nations have joined the common cause to fight climate change. Governments must take actions now to reduce greenhouse gas emissions, to protect the Earth and its species for today’s and future generations [6]. You can find out more about whether governments are meeting the 1.5°C Paris Agreement by looking at the Climate Action Tracker.

Climate change affects everyone. Today, emperor penguins serve as a signal to show us whether we are effectively controlling greenhouse gas emissions. They can tell us if we are in danger. We are all on thin ice. The future of emperor penguins, humans, and all other life on Earth as we know it depends upon the decisions we make today.



GLOSSARY

SEA ICE

Sea ice is frozen water that forms on the surface of the ocean. It is like a big icy blanket that covers parts of the sea when the weather gets really cold. Sea ice is important because it gives some animals a place to rest and hunt, and it also affects the weather and the whole Earth’s environment.

VIDEO 1

The life cycle of emperor penguins is tied to sea ice (https://youtu.be/--JabgZFEjg).

GREENHOUSE GASSES

Gasses like carbon dioxide that trap the sun’s heat in Earth’s atmosphere, like a blanket of gasses that surrounds our planet and heats it up.

EXTINCTION

The end of a species’ existence on Earth. Once a species becomes extinct, no more individuals exist and it is gone forever.

ROOKERY

A breeding colony or nesting area of birds, particularly seabirds. It is a location where birds gather in significant numbers to build nests, lay eggs, raise their young (chicks), and engage in various reproductive activities. The term is commonly used in the context of penguins, seals, and other marine birds and mammals.

COLONY

Animals living together for mutual benefit, such as stronger defense against predators. For emperor penguins, living in colonies is a great defense against the cold and wind.

COMPUTER MODELS

Computer-based versions of a natural system, which scientists can use to understand the system and the way that various factors might change the system in the future.

EXTREME WEATHER EVENT

Any occurrence of rare, severe weather that is outside of normal weather patterns. Extreme events can cause devastating impacts on communities and ecosystems.

PARIS AGREEMENT

A plan to reduce greenhouse gas emissions to limit the average global temperature increase. It was signed by 195 nations that agreed to the importance of fighting climate change.
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The Southern Ocean, which flows around the Antarctic continent, is home to vast numbers of unique and remarkable animals, including penguins, albatrosses, petrels, seals, and whales. The ocean bursts into life every spring, fueling a summer feeding and breeding frenzy. During the dark winter months, there is little food and life is very harsh. Human activities such as fishing and pollution are affecting this ecosystem, as is climate change. These ecosystem changes matter beyond the Southern Ocean! Ocean currents carry nutrients and organisms into and out of the Southern Ocean. Many marine mammals and seabirds swim or fly in and out of the Southern Ocean, in search of food and breeding grounds, or to escape the harsh Antarctic winter. These movements and migrations connect the Southern Ocean ecosystem with other marine ecosystems around the world. This means that changes in the Southern Ocean ecosystem can affect ecosystems around the world.


THE SOUTHERN OCEAN: THE HUB OF THE WORLD’S OCEAN

At the bottom of the world, the Southern Ocean is the “hub” of the global ocean—connecting the Pacific, Atlantic, and Indian Oceans (Figure 1) [1]. It flows clockwise around the Antarctic continent and is dominated by the Antarctic Circumpolar Current, the coldest, biggest, and one of the fastest currents in the ocean. The colder surface waters of the Southern Ocean are separated from the warmer waters of the neighboring south Atlantic, south Pacific, and Indian Oceans by frontal systems that act like underwater boundaries. Frontal systems, which can be up to 100s of km wide, are boundaries between ocean waters that have different temperatures and saltiness. Water currents, some flowing very deep below the surface, can flow across these fronts and into other oceans. These water currents are full of salt, nutrients, and oxygen, and they are very important for a healthy global ocean and Earth System.
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Figure 1

The Southern Ocean is the central hub of the global ocean circulation, connecting all of the world’s major ocean regions. The colored loops show the major flows and their directions in the ocean. Where the loops meet the ocean flows are connected and waters mix together.





THE SOUTHERN OCEAN ECOSYSTEM IS GLOBALLY CONNECTED

The Southern Ocean ecosystem includes vast numbers of unique and remarkable organisms—from microscopic species of free-floating algae (called phytoplankton) and tiny animals (like zooplankton), bigger plankton (like jellyfish), to fish and squid, all the way up to seabirds and marine mammals, as well as species that live on the sea floor. Up until recently, the Southern Ocean ecosystem was thought to be largely separated from the rest of the world. However, scientists have made exciting new discoveries about how well the Southern Ocean ecosystem is connected with the global ocean and how important it is in the Earth System [1].

Many species that live in the Southern Ocean affect the nutrient concentrations in the currents that flow from the Southern Ocean to the rest of the world. Similarly, species (and physical processes) in other parts of the global ocean influence the nutrient concentrations of waters flowing back into the Southern Ocean. Smaller organisms (such as phytoplankton and zooplankton) are swept in and out of the Southern Ocean by currents, and larger species (such as squid, fish, and whales) can swim in and out of the Southern Ocean. Many of the species that spend some of their time on land (like seals, penguins, and other seabirds), migrate in and out of the Southern Ocean to find food or complete their life cycles. Together, all these currents, movements, and migrations mean that the Southern Ocean ecosystem is strongly connected with all other ocean ecosystems.



MOVEMENT OF SMALL ORGANISMS IN AND OUT OF THE SOUTHERN OCEAN

Phytoplankton and zooplankton drift in the currents of the Southern Ocean. Phytoplankton get their energy from sunlight and nutrients from seawater and provide food for zooplankton and other organisms. Zooplankton in turn provide food for many other larger species including squid, fish, marine mammals, and seabirds. One very important zooplankton species is Antarctic krill, Euphausia superba [2]. These large (a few millimeters to several centimeters in length) shrimp-like crustaceans are found throughout much of the Southern Ocean and have a biomass which is estimated to exceed that of all humans on the planet! Krill is a key species in Southern Ocean food webs, and it is the target of a commercial fishery. Phytoplankton and zooplankton are not very strong swimmers and they are transported by ocean currents into or out of the Southern Ocean across the frontal systems. These organisms may also get trapped in very large whirlpools (eddies) that can drift across fronts and deposit them in various parts of the ocean. Antarctic krill, other larger zooplankton species, and small fish can swim and move short distances and up or down the water column, where they encounter currents that may move them in or out of the Southern Ocean. Other larger marine species like fish and squid are stronger swimmers, which allows them to move into or out of the Southern Ocean as they grow and develop.



MOVEMENT OF LARGE ORGANISMS IN AND OUT OF THE SOUTHERN OCEAN

Large animals, such as various species of seabirds and seals, that live year-round in the Southern Ocean must be able to cope with long winter periods when sea ice covers much of the ocean and there is low light, cold temperatures, and little food. During this period, many animals can reduce their activity or use up energy they stored as fat during the summer months of plentiful food. Every year, vast numbers of whales, seals, and seabirds deal with the long, cold winters by swimming or flying north to warmer waters of the Atlantic, Pacific, or Indian Oceans. Albatrosses are one type of large, migrating seabird. There are 22 species in the albatross family, of which 18 breed and feed in the southern hemisphere oceans. Many albatross populations are declining due to hooking or entanglement in longline fishing gear, or collision with trawler cables, invasive species like mice in their breeding colonies, diseases, or climate change. Petrels are another type of seabird. Some petrel species breed in the Antarctic region while others feed there but breed further north. Although most petrels are small, their population sizes can run into the tens of millions, making them major consumers of prey, including Antarctic krill. Some seabird species are examples of truly amazing migrations into and out of the Southern Ocean. The small Arctic tern breeds in the Arctic during the summer. To escape the Arctic winter, it flies across the equator and all the way down to the Southern Ocean, feeding around Antarctica during the southern summer. Two other bird species, sooty shearwaters and south polar skuas, do the complete opposite: they breed in the Southern Ocean and then fly to the northern hemisphere, experiencing an eternal summer!

Scientists have recently estimated just how many seabirds and whales migrate in and out of the Southern Ocean each year, by fitting animals with tags that can be tracked by satellite or that record light and can be used estimate position by a process called geolocation, combined with surveys done from the ground or the air (Figure 2) [1]. An amazing 68.5 million seabirds leave the Southern Ocean as the Antarctic winter approaches and migrate back in the spring. Around 600,000 whales also migrate in and out of the Southern Ocean each year. These numbers may change in the future with the anticipated recovery of Southern Ocean whale populations. Whale numbers in the Southern Ocean were very low throughout the second half of the 20th century because they were hunted for many years before this was banned in the 1980s. Since the late 1990s and 2000s there have been truly spectacular increases in the numbers of some whale species, such as the humpback whale [3].
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Figure 2

Each spring large numbers of seabirds and whales move south across the Antarctic Polar Front (an important frontal system) and migrate north. Antarctica is on the left. The Antarctic Polar Front (dashed white line) indicates the region where the cold Southern Ocean waters to the south (blue) meet warmer (red) waters to the north. Modified from Murphy et al. [1].



These new and exciting studies of animal movements reveal the enormity of the annual migration of Southern Ocean species. These migrations mean that the seabirds and whales are part of food webs in ecosystems outside of the Southern Ocean, where they may feed, breed, or die. This means that migrating animals transfer vast amounts of energy and nutrients into and out of other ecosystems.



SOUTHERN OCEAN ECOSYSTEM CHANGE HAS GLOBAL CONSEQUENCES

There are major concerns about how future climate change and other human pressures, such as fishing, tourism, and pollution, will impact the Southern Ocean ecosystem [1, 4, 5]. Scientists know that climate-related changes are already affecting many Southern Ocean species—changing their numbers, where they live, and how well they function and reproduce. Changes have already been observed in many species of phytoplankton, zooplankton, fish, large marine mammals, and seabirds, for example. Along with climate-related changes, the increasing whale populations and commercial fishing of fish and Antarctic krill will also affect the balance of this ecosystem.

The new perspective about how connected the Southern Ocean ecosystem is to the rest of the world’s ecosystems means that changes in the Southern Ocean will have global consequences. We now understand that the Southern Ocean ecosystem is linked not just to other ocean ecosystems, but to the Earth’s climate system as well. Southern Ocean ecosystems can help to absorb carbon dioxide from the atmosphere, locking it up for hundreds or thousands of years in the deep ocean and helping limit atmospheric warming. Nutrients exported from the Southern Ocean also help fuel productivity in other ecosystems in the global ocean. The Southern Ocean also supports economies through fishing and tourism (Figure 3). The Southern Ocean ecosystem is, therefore, important to the planet and everyone on it [1].
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Figure 3

There are extensive connections between the Southern Ocean ecosystem and ecosystems in the global ocean. The Southern Ocean ecosystem is important in global processes affecting climate, biological productivity and diversity, and also in human social, cultural and economic systems [1, 6]. Every year animals (seabirds and whales) move in and out of the Southern Ocean (green arrows), and lots of people move south and north too (yellow arrows).



The good news is that there is a lot that people can do to protect the Southern Ocean ecosystem. Scientists and politicians can and must work together to ensure the future health of the Southern Ocean ecosystem and the continued recovery of whales. One exciting and challenging next step is for scientists to develop realistic predictions or “best estimates” of how climate change and human activities will affect the Southern Ocean ecosystem. These predictions are important for making decisions in time to keep the Southern Ocean ecosystem—and the Earth as a whole—healthy. Educating as many people as possible about the global importance of the Southern Ocean ecosystem will help scientists to make sure our global ocean can continue to thrive and provide people with benefits like food, fascinating species, and climate regulation. This is an exciting new time for everyone who is trying to protect the Southern Ocean.



GLOSSARY

GLOBAL OCEAN

The oceans of the world are all connected together, with waters flowing from one ocean region to another. Together they are known as the global ocean.

FRONTAL SYSTEM

A boundary between ocean waters that have different temperatures and saltiness. Frontal systems can be hundreds of km wide.

EARTH SYSTEM

All the interacting physical, chemical, and biological processes on the planet. It includes all the land, oceans, atmosphere, and poles, as well as humans and other animals.

PHYTOPLANKTON

Microscopic marine algae that float and drift in the ocean. They get their energy from sunlight and nutrients from seawater. They provide food for zooplankton and other organisms.

ZOOPLANKTON

Small animals in the ocean. Some are tiny and microscopic, others are millimeters or even several centimeters in size. Most are not strong swimmers and drift with the ocean currents.

FOOD WEBS

A food web is the network of who-eats-whom interactions in an area of the ocean. Food webs vary between different areas of the ocean.

FISHERY

A local fishing operation or where fishing is targeted at a particular species of fish or shellfish.

WATER COLUMN

The ocean waters at different depths in a particular place, from the surface to the seabed.
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When you think of Antarctica, what pictures come to your mind? Ice, penguins, frozen ocean? While this is what Antarctica looks like now, hidden in its rocks and ice are clues that Antarctica has not always been a freezing, white land. Fossils of plants and animals tell us that, millions of years ago, Antarctica was warm and covered in forests. Dolphins swam in the sea and crocodiles wallowed in the shallows! So what happened to turn this green world into the icy continent it is today? In this article, we go on a journey back through time, exploring ancient Antarctica and discovering what caused ice and snow to creep over the land.


PALM TREES IN ANTARCTICA?

Imagine you are sitting on the beach, the air is warm, and out to sea dolphins are splashing in the waves. Palms trees gently sway in the breeze above you and as you look inland, you see forests reaching up into the hills. You check your watch, it is midnight and the sun is still high in sky. Where are you? It might sound like a tropical beach, but a long, long time ago, as much as 50 million years ago, palm trees similar to those that grow in modern Indonesia lined the coast of Antarctica, our southernmost continent and site of the South Pole. Inland, the forests were full of beech trees, like modern New Zealand or Patagonia [1]. The plants in Antarctica survived for 6 months of the year in darkness during the long polar winter, and 6 months of sunlight during summer. Antarctica today looks very different, covered in huge amounts of ice with some rocks, but no vegetation. So how did a lush, green land change into a frozen continent? And how do scientists find out what Antarctica looked like in the past?

When explorers first started to investigate the rocks of Antarctica they found clues of a warmer past. An expedition in the early 1900s, led by Robert Falcon Scott, collected rock samples of 250-million-year-old fossil leaves as they attempted to be the first people to reach the South Pole. Fossils are ancient remains of life that can be preserved in rocks (Figure 1). Unfortunately, due to the harsh weather, they died trying to return to their boats at the coast. The important rocks with the ancient leaf fossils were found alongside their bodies. Throughout the 1900s, geologists (scientists who study the Earth) discovered more and more plant and animal fossils in rocks and outcrops scattered around the small patches of Antarctica that are not covered in ice. These discoveries showed that plant life once thrived on the continent, but our understanding of how and when the climate changed there did not start to be pieced together until analysis of the seafloor near Antarctica, in the 1970s.
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Figure 1

Paleoclimatologists study the past climate in Antarctica using three key methods. Ice cores contain layers of ice built up from annual snow fall. Sediment cores are made of layers of sand, mud, gravel, and fossils which have been deposited at the bottom of lakes and the ocean. The sort of sediment in each layer can be linked to the environment at the core site during the time that layer was deposited. Rock outcrops are an exposed area of rocks on land.





HOW DO WE KNOW WHAT ANTARCTICA LOOKED LIKE IN THE PAST?

We can get information about the past climate by using drill rigs to drill sediment cores, which we can study in laboratories. Sediment cores are a bit like time capsules (Figure 1). Sediments such as soil, mud, sand, and rocks are eroded off the land and transported by natural process like wind, rivers, and glaciers. These sediments are deposited in places like the sea floor or lake beds, where they build up, layer by layer. We can drill down through these layers and pull out a long cylinder of material called a core, in which the sediments get increasingly older as we get deeper. This core can provide us with a huge amount of information about what the environment was like in the past.

Paleoclimatologists, scientists who study the past climate, use three types of information to understand what Antarctica was like long ago (Figure 1). Ice cores, which contain annual layers of snow deposited on Antarctica, can provide very detailed climate records, but they only cover the more recent past—approximately the last one million years. Exposed rock outcrops on land can give us snapshots of the past, while sediment cores give a more continuous record, going back many tens of millions of years. The type of sediment found in a sediment core shows what happened at the core site in the past. For instance, ice sheets carry a messy mix of rocks, sand, and mud at their base, and they leave this material behind in rubble-like layers known as diamicts. Fossils in these sediments—like plant pollen, remains of ocean plankton, or chemical compounds that once formed the waxy coating on leaves—can be used to build a more detailed picture of the environment, telling us about which plants and animals were present, what the temperatures were, or how wet or dry the climate was.



WHEN DID ANTARCTICA BECOME ICE COVERED?

When scientists started to collect sediment cores from around Antarctica, they noticed a big change about 34 million years ago (Figure 2). Before this, the sediments and fossils suggested a mostly ice-free, warm landscape, with a wide variety of plant life. But 34 million years ago, evidence of ice started to appear. Dropstones, small rocks sitting in the seafloor mud, indicated the presence of icebergs floating in the water above. Changes in fossils showed a cooling climate and plant life became more tundra-like, similar to Arctic landscapes of northern Canada or Russia today (Figure 3). In some cores close to the continent, diamicts started to appear. All this was evidence for the first appearance of large, continent-wide ice sheets covering Antarctica, at a time known as the Eocene-Oligocene boundary (Figure 2) [3].


[image: image]

Figure 2

Over the past 55 million years, Antarctica has changed from a warm, forest-covered continent to the frozen land it is today. At the top of this figure, a bar shows the changing vegetation through time. Below are the geological epochs over this time period. Next shows global average temperature over the last 55 million years [2] from warm in the Eocene with high CO2 levels to cold at present with lower CO2 levels. Through this time, some important events occurred, like the formation of the Antarctic and Northern Hemisphere Ice Sheets.
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Figure 3

Illustrations of the Antarctic landscape during various periods of geological time called epochs. In the oldest epoch, the Eocene from 55 to 34 million years ago, Antarctica was covered in forests. In the Miocene, from 23 to 5.3 million years ago, vegetation was a cold tundra. In the Pliocene, 5.3–2.6 million years ago, vegetation had mostly disappeared from Antarctica. The Holocene is the current geological epoch and represents modern Antarctica (Figure based on https://thespinoff.co.nz/science/27-01-2022/returning-to-a-green-antarctica).





WHY DID ANTARCTICA GET COLD?

The Antarctic climate continued to slowly cool over the last 34 million years, eventually becoming the icy, plant-free place we know today [4]. This cooling was caused by decreasing levels of carbon dioxide (CO2) in the atmosphere. Earth’s carbon is split between separate parts of the environment—the atmosphere, the oceans, the biosphere (vegetation), and sediments. Fifty million years ago, more carbon was stored in the atmosphere, causing the warm, greenhouse-like temperatures that led forests to grow in Antarctica. Since that time, several important environmental processes have played a role in transferring carbon from the atmosphere into sediments at the bottom of the ocean, cooling the global climate.

The surface of the Earth is cracked into huge pieces, called tectonic plates. Over time, tectonic plates move, changing ocean currents, building mountains in places like the Himalaya, and changing the shapes of continents. Movement of tectonic plates around Antarctica pushed away Australia and South America, which isolated Antarctica and led to the development of the Southern Ocean and the Antarctic Circumpolar Current, which is a fast flowing ocean current going all the way around Antarctica. This very big, windy area of ocean around Antarctica takes a huge amount of carbon out of the atmosphere, partly because CO2 dissolves in seawater, and partly due to little ocean creatures that use carbon to grow and build shells. When these organisms die, their shells sink into the sediment at the bottom at the ocean, locking carbon away. Other natural processes can remove CO2 from the atmosphere and lock it away, too. For example, rocks containing certain minerals can react with CO2 as they are eroded, removing CO2 from the atmosphere and transporting it through rivers into the ocean and deep ocean sediments.



READING THE PAGES OF ANTARCTICA’S ANCIENT HISTORY

The climate of Antarctica has generally cooled over the last 50 million years but, on shorter timescales, there has been lots of variation. Short cycles of cooling and warming, known as glacials and interglacials, have happened consistently over millions of years. You might know our most recent glacial, 18,000 years ago, as the last Ice Age. These cycles are caused by changes in the orbit of the Earth, which changes the amount of sun and heat reaching the polar regions. This happens in a periodic way, with glacials occurring every 100,000 or 40,000 years depending on Earth’s exact orbit.

These cycles also happened many millions of years ago, as shown by repeating changes in layers of sediment in drill cores. Cores in the Ross Sea offshore Antarctica often show a layer of diamict followed by sands and mudstones with occasional dropstones. This represents a change in the environment from an ice sheet (the diamict) to a floating ice shelf. When the ice shelf melts and only the ocean sits above the core site, the sediments become full of fossils of tiny plants and animals that were living in the ocean. This collection of sediment layers, as shown in the sediment core in Figure 1, is usually repeated over and over again in these cores, as the ice sheet grew and shrank through glacial and interglacial cycles. Scientists read these sediment layers like pages of a book, telling the story of how the Antarctic ice sheet has changed in the past.



ANTARCTICA IN THE FUTURE

Paleoclimatologists build a picture of the environment of the past to help us to understand what sort of changes may happen to our planet with current and future climate change. In Antarctica, paleoclimatologists often focus on times when CO2 and temperatures were higher than they are today, as this gives us guidelines of about what Antarctica might look like if we reach similar temperatures or CO2 values in the future. As CO2 levels rise, the world of our future will become more and more like worlds further back in the past. While it is unlikely we will be sitting under a palm tree on a beach near the South Pole anytime soon, retreating ice and a warmer climate may eventually cause the return of a green Antarctica.



GLOSSARY

OUTCROP

An exposed area of rock on the land.

SEDIMENT CORES

Long, thin tubes of sediment collected by drilling down into the ground or seabed. Cores can be hundreds of meters long and record increasingly older sediment and they move deeper.

PALEOCLIMATOLOGISTS

Scientists who study Earth’s past climate.

ICE SHEET

A huge amount of ice covering more than 50,000 km2.

DIAMICTS

Rubble-like sediments of rocks, sand and mud deposited under an ice sheet.

DROPSTONES

Rocks carried by ice bergs, which drop out of the ice berg and fall to the seafloor when it melts.

TECTONIC PLATES

Massive slabs of Earth’s outer crust that move slowly and fit together like a giant puzzle covering the planet.

GLACIALS

Periods of time with cold climates, like the last Ice Age.

INTERGLACIALS

Periods of time with warm climates, in between glacials.
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Like a cake, the ocean is made up of several layers. The heaviest (highest density) layer of water on the bottom of the ocean is called Antarctic Bottom Water (AABW). AABW forms around the coast of Antarctica in areas where lots of sea ice is produced due to freezing temperatures and strong winds. When sea ice is formed, most of the salt from the sea water is left behind, so the water underneath the sea ice becomes very salty and cold, making it heavy and dense. This dense water sinks to the bottom of the ocean to become AABW. AABW acts like a pump, powering the circulation of ocean waters all over the world. With climate change, warming temperatures and melting ice sheets will influence the formation of AABW, which could affect global ocean circulation, climate, and the plants and animals living both in the oceans and on land.

We can think of the ocean like a cake with several layers. Imagine a cake with jelly on top (surface water), carrot cake in the middle (intermediate water) and mud cake on the bottom (bottom water). The layers of the ocean all have a different density (how heavy the water is), with the heaviest water on the bottom.

The density of water varies with temperature and salt. Warm water is less dense than cold water, and salty water is more dense than fresh water. For example, if you put soy sauce in water, it will sink to the bottom because it has a higher salt concentration and is therefore denser. In the ocean, when layers of dense water and less dense water are in contact with each other, the dense water sinks below the less dense water (Figure 1, bottom left). The dense water on the ocean bottom is either very cold and/or salty. But how are these layers created in the first place?
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Figure 1

Water moves throughout the world’s oceans on a kind of “conveyor belt,” called the global ocean circulation. In this figure, purple shows water movement at the bottom of the ocean, and red shows water movement near the ocean surface. Colder, denser water sinks below warmer, lighter water (bottom left). Bottom water is formed at two areas, one around Antarctica (AABW) and the other near the Arctic (North Atlantic Deep Water) (figure modified from NOAA and NASA).




ANTARCTIC BOTTOM WATER FORMATION

Antarctic Bottom Water (AABW) is water that forms around Antarctica and sits at the ocean bottom, just above the seafloor. AABW is the densest water in the ocean. If you were to weigh the global ocean mass, AABW would be 30–40% of the total volume [1].

So, why is the densest bottom water found in Antarctica? Well, due to the cold air temperatures in Antarctica, the surface waters of the ocean are severely cooled and frozen, making a large amount of sea ice. In fresh water, ice forms at 0°C (like the ice in your freezer), but the ocean has salt in it, so it needs to reach -1.9°C to freeze. As the sea water freezes, 70–90% of the salt is left behind (rejected) from the ice and it sinks into the ocean beneath. This makes the water below the sea ice very salty and very dense.



SEA-ICE FACTORIES NEAR THE ANTARCTIC COAST

Sea ice forms all around Antarctica, but we need lots of sea ice to make water salty enough to produce AABW. Normally, once sea ice grows thick and covers the ocean surface, it acts like a jacket, protecting the water underneath it from the cold air and preventing more sea ice from forming. This is similar to the way feathers keep a penguin warm. However, there are some areas around Antarctica where sea ice is formed constantly—in coastal polynyas.

A polynya is an area of ocean surrounded by sea ice (Figure 2). Strong winds that blow off Antarctica blow the sea ice away from the coast and create an area of open water. The newly exposed open water quickly freezes. But even as the new sea ice is made, ocean currents or strong winds blow it away from the coastline, exposing more surface water and maintaining the polynya. Because of the large amounts of sea ice polynyas create, they are often called sea-ice factories [2].
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Figure 2

Coastal polynyas are called “sea-ice factories”, as they create lots of sea ice. Where newly formed sea ice is blown away by strong winds and currents, it exposes a body of water exposed to the cold open air, allowing more ice to grow. And the cycle continues! (modified from [2]).



With lots of sea ice forming, the water below the polynyas becomes very salty due to salt rejection, as well as very cold—making this water extremely heavy and dense. This dense water sinks down to the bottom of the ocean to become AABW!



SATELLITE OBSERVATION

There are many polynyas around Antarctica, but not all of them produce enough sea ice to generate AABW. The coastal areas of Antarctica are one of the world’s most difficult places to get to, especially in winter. It is very hard to get through the thick winter sea ice into the polynyas to take measurements of the ocean and sea-ice formation. Fortunately, we have a valuable tool that can help us measure sea-ice production without leaving our homes—satellite observation.

Satellites are launched into space, and they measure Earth’s surface remotely, using cameras and other sensors. A satellite can observe the Antarctic Ocean throughout the year, helping us to locate polynyas and how much heat is lost from them (Figure 2). Then, with the help of some computers and math, we can work out how much sea ice each polynya makes (more heat loss = more sea ice).

Figure 3 shows a map of annual sea-ice production over the entire Antarctic Ocean, created using satellite data. Areas of high sea-ice production are found around the coastline, but there are only four locations that produce enough to generate AABW. From the 1940s to the 1990s, scientists discovered that the Ross Sea, Weddell Sea, and Adélie Coast polynyas create AABW. This was discovered during research voyages to Antarctica that took direct measurements of the deep ocean. However, it was not until satellite technology developed in the 2000s that a fourth location—Cape Darnley—was also found to produce AABW [3, 4]. This was then confirmed by data collected from a research ship [3].
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Figure 3

Map of annual sea ice production (in meters per year) and generation of Antarctic Bottom Water. The sea ice area is shown in white, and you can see that there is a high amount of new sea ice produced near the coasts, in coastal polynyas. The coastal polynyas highlighted in blue dotted ovals are those that make enough sea ice to produce AABW (modified from [5]).





GLOBAL OCEAN CIRCULATION

Look back at Figure 1, which shows the global ocean circulation, sometimes called the ocean conveyor belt. The water movement is driven by the differing densities of the ocean’s water masses. The sinking of AABW in Antarctica acts like a pump, driving deep, cold waters to the equator and warm water from the equator to the poles. This circulation distributes heat more evenly and maintains a mild and stable climate all over the world. Even though AABW is made in Antarctica, it can be found on the bottom of the ocean near the equator. As this cold AABW is transported to all the ocean bottom, it gradually rises in other areas of the world. On average, it takes water about 1,000–2,000 years to travel the entire ocean conveyor belt [6].



THE FUTURE

Over the past 100 years, the temperature of the atmosphere has been rising due to human activity, and this is called global warming. The ocean has taken up 90% of this heat, and the ocean’s bottom layer is also warming [7]. Scientists have revealed that warming of the bottom layer is caused by a reduction in AABW formation [7]. The melting of the Antarctic Ice Sheet, the largest single mass of ice on Earth, is also causing the oceans around Antarctica to freshen, reducing the amount of salt, and further reducing the density of the water. As global warming continues, it is predicted that the production of AABW will decrease even more, and this might weaken and slow down the global ocean conveyor belt. If the global ocean circulation were to slow or stop, Earth’s climate would change, and both ocean- and land-based ecosystems would be affected. We do not know exactly what would happen to the ocean circulation, climate, and ecosystems if AABW stopped forming, and scientists are using computer models of the ocean and climate to try to predict these future changes. Our understanding of this water mass is still growing and maybe you too could one day help us research and explore the unknowns of the deep sea.



GLOSSARY

DENSITY

How heavy something is compared to its size. In terms of water, colder temperatures and higher salt content make water denser.

ANTARCTIC BOTTOM WATER

(AABW): A layer of ocean water that is very cold and salty, so it is very heavy/dense and sinks to the sea floor.

SEA ICE

Ice frozen from sea water.

POLYNYA

An area of open water or thin ice surrounded by sea ice and land that produces lots of sea ice, which is blown away from land and keeps the polynya open.

SATELLITE OBSERVATION

Collecting images and other data about the Earth from satellites launched into space around the Earth.

GLOBAL OCEAN CIRCULATION

The movement of ocean water around the globe due to differences in the density of the ocean’s water masses.
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Antarctica is the coldest, driest, highest, and windiest continent, and it is home to 70 research stations from 29 countries. Antarctica is a remote and harsh place, without many weather stations or people. This means scientists must come up with creative ways to learn about the continent’s past climate. Scientists use sediment that builds up on the ocean floor to explore what Earth was like more than a million years ago; and they use satellites to learn about today’s climate. But how can we know what happened in the time between? This is where ice can help! When snow falls in Antarctica, it builds up in layers that get squeezed into ice. These layers hold traces of the past climate. The ice in Antarctica is the oldest anywhere in the world. Hundreds of thousands of years ago until now. These studies help us to better understand the past climate and to predict the future climate.


PAST AND PRESENT CLIMATES

These days, there is much talk about climate change, particularly the ways that human activities change the Earth’s natural climate and weather patterns. It is important to realize that climate and weather are not the same thing. When we talk about weather, we are describing what it is like outside at any given moment (whether it is sunny, rainy, or windy). On the other hand, climate refers to general patterns in weather over long periods of time. For example, the climate in Antarctica is typically cold and snowy; the Amazon rainforest is warm and usually rainy; and the Sahara desert is very hot and dry. Understanding natural climate patterns is important because it helps scientists predict what the weather will be like in the future. To understand how the climate is changing, we study what the climate was like in the past. This helps us to build better computer models that can predict how the climate might respond to human activities. So, how do we study what the climate was like years, centuries, or even millennia ago? This is where the field of science called paleoclimatology comes in—a field that involves the study of past climates.



WHAT TOOLS CAN SCIENTISTS USE TO LEARN ABOUT PAST CLIMATES?

Scientists use many tools to study the past climates. We typically refer to natural features that hold information about past climates as climate archives. For example, scientists look at the growth patterns of corals to figure out the past temperatures of the tropical ocean. We also look at tree rings, which form as trees grow, to understand what the seasons were like when and where those trees were growing. Ice from Antarctica and sediments from the oceans can tell us about the climates of the past, too. These climate archives all provide information about different environments, regions, and time periods (Figure 1). Taken together, all this information allows scientists to better understand the causes of climate changes that happened many years ago.


[image: image]

Figure 1

Climate archives vary in terms of how much of the past they can tell us about. For example, coral skeletons can tell us about Earth’s climate 1,000’s of years ago, but sediment cores can tell us what the climate was like millions of years ago. Image credit: Lea Desmay.



To get the ice and sediment that they want to study, scientists drill cores. Cores are long cylinders of sediment or ice, usually collected using a very large drill. The oldest continuous ice core is 800,000 years old, but some sediment cores can be many millions of years old. The deeper parts of the cores are the oldest, and the shallower parts are the youngest. While sediment cores tend to be older, ice cores can tell us about the past climate in much more detail. Scientists use various techniques to figure out what these cores contain and what that can tell us about the past climate. To learn how ice and sediment cores are collected, see this Frontiers for Young Minds article or this one.



OVERVIEW: SEDIMENT AND ICE CORES

The ocean contains more than just the plants and animals that we can see with our eyes—it also contains tiny, microscopic plants and animals known as plankton. When plankton and other creatures die, they sink to the ocean bottom and are preserved layer by layer in the sediment. Ice forms in a similar way, but instead of preserving plankton, they preserve gasses, particles, and other substances that are found in snow. Over time, the snow builds up in layers and gets squeezed into solid ice, trapping many substances, including carbon dioxide and volcanic ash in the ice. Both ice from Antarctica and the sediment from the ocean floor can be retrieved as long cylindrical samples known as cores. The deeper the section of the core, the older the ice/sediment is.



THE LINK BETWEEN THE OCEANS AND ANTARCTIC ICE

How do ocean waters in one part of the world influence ice cores far away in the Antarctic? The answer has to do with the elements that make up water (H2O). The oxygen (O) and hydrogen (H) that make up water have two forms: heavy and light. These forms are known as isotopes. At any point in time, the ocean contains a mixture of both heavy and light isotopes, and the ratio between the two isotopes changes depending on temperature. When the climate is cooler, there is less energy to evaporate heavy isotopes out of the ocean, so the clouds above the ocean contain more light isotopes than heavy ones. When the climate is warmer, there is more energy to evaporate heavy isotopes. Eventually, the isotope-containing clouds that formed over the oceans travel to Antarctica, dropping snow onto the continent. At the same time, the ocean deposits the isotopes not evaporated into the atmosphere into the sediments. Scientists can measure the ratio of light to heavy isotopes in snow, ice, and sediments to examine different past climate conditions over time.

The isotopes of hydrogen in ice cores tell us about Antarctic temperatures where the ice core was retrieved, like a thermometer; and tiny bubbles of air in ice cores help scientists to determine the amount of carbon dioxide that was present in the atmosphere in the past. Ice cores teach us about the relationship between carbon dioxide and temperature (Figure 2); the two follow the same pattern, rising and falling together over time, due to something called the greenhouse effect. The greenhouse effect is the way that gasses in the atmosphere absorb heat and keep the Earth warm, almost like a greenhouse [1].
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Figure 2

The Earth’s climate naturally varies between ice ages (glacial) and non-ice ages, with matching highs and lows in carbon dioxide and temperature. Humans started burning fossil fuels at a much higher rate around 1,850 (dotted line) this has resulted in the concentration of carbon dioxide in the atmosphere and the global average temperature increasing past the levels that we would expect if the fossil fuels had not been burned, i.e., in a world without humans [Data for figure: [2]].



Isotopes in the sediment can tell us about the total volume of ice that was present on the Earth; from the small amount of ice that exists today at the poles, to ice ages when much of the Northern Hemisphere was covered in thick ice. Over long cold periods, such as ice ages, ice sheets grow. This means more and more of the light isotopes from the ocean become “locked up” in the ice sheets. The opposite occurs when the climate is warmer—as the ice sheets melt, they return water with a higher number of light isotopes back to the ocean [3].

When we compare the gases and isotopes in ice cores to the isotopes in sediment cores, we see that ice ages occurred when there were low global temperatures and less carbon dioxide in the atmosphere. The patterns in the sediment isotopes match the patterns of the isotopes and carbon dioxide from ice cores and they all follow a remarkably similar pattern, rising and falling together over 100’s of 1,000’s of years. Together, sediment and ice cores help us paint a picture of the ancient history of Earth’s climate.



WHAT ELSE CAN ICE CORES TELL US?

Ice cores not only tell us about the climate 100’s of 1,000’s of years ago, but they can also tell us about several 1,000’s of years ago in greater detail. It is very snowy in the coastal regions of Antarctica, so ice cores from those areas can tell us about seasonal changes in climate. Scientists can melt samples of the ice to measure the chemistry that represents changes in the ocean, sea ice, winds, volcanic activity, and even pollutants from far away. There are tiny amounts of salt in the ice, which comes from salty sea spray from the oceans. When the climate is stormy, the amount of sea spray that makes it into the ice increases. Therefore, scientists know that when the ice has more salt in it, the nearby climate was stormier and windier. In addition to sea salt, scientists can identify tiny amounts of ash from volcanos that erupted in the past. Big volcanic eruptions can significantly impact climate because lots of ash goes into the atmosphere, shading out the sun and cooling the climate. When scientists find traces of volcanic eruptions in the ice, it helps us understand their impact on climate. Traces of forest fires and bushfires can also be found in the ice, which can help us understand the chances that forest fires will increase in the future. In addition, Antarctica is far away from cities and industry. Measuring pollutants such as arsenic, lead, and other harmful substances allows scientists to study how much humans pollute the global atmosphere. Ice cores can also be used to monitor the success of any clean-up efforts.

When scientists look at information from ice and sediment cores, it is very helpful to compare what they see to what the climate looks like now. Using satellites that orbit the Earth, scientists can collect live data to monitor the world’s climate. These satellites can take very detailed pictures and other measurements. This is called remote sensing, and it can help us understand global climate patterns, including wind patterns, global sea level, and ocean temperatures. Remote sensing is especially helpful for getting information about very remote places where not many people live, like Antarctica. Combining information from climate archives, research station records, and remote-sensing data helps scientists develop the best possible computer models to predict future climate conditions.



SUMMARY

Scientists have several tools to help study and understand the past climate of the Earth. These tools can be natural (ice cores, sediment cores, and coral and tree rings) or use modern technology (satellites and computer models). All these tools work together to give us an understanding of how the Earth’s climate has worked in the past and this knowledge is essential to predict how the climate will change in response to human driven changes.



GLOSSARY

WEATHER

The state of the atmosphere at a specific place and time (i.e., windy, rainy, sunny, etc.).

CLIMATE

The long-term weather conditions of an area (i.e., countries near the equator have a hotter climate than countries near the poles).

PALEOCLIMATOLOGY

The study (-ology) of past (paleo-) climate (-climat-).

CLIMATE ARCHIVES

Features of the natural world used to learn about past climates. Examples include cores taken from ice sheets and marine sediments, tree rings, and coral skeletons.

SEDIMENT

Soft, sand-like material at the bottom of the ocean, made up of particles that do not dissolve in sea water.

CORES

Cylinders of material (such as ice or sediment) usually collected using a large drill. These cores are used as climate archives.

ISOTOPES

Different forms of the same atom, with slightly different masses scientists can tell apart.

REMOTE SENSING

The use of satellites in Earth’s orbit to collect live data on weather systems and climate conditions on Earth and in the atmosphere.
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We all know that carbon dioxide (CO2) is produced from burning fossil fuels, and that it contributes to global warming. But have you heard about the “evil twin” of global warming, also caused by CO2–ocean acidification? The ocean absorbs about 30% of the CO2 that humans emit each year. As CO2 dissolves into the ocean, it forms carbonic acid, effectively making the ocean acidic. Animals that use a substance called calcium carbonate to build their shells and skeletons are vulnerable to acidic conditions, as their hard parts may dissolve. Microscopic swimming snails called pteropods or sea butterflies are common in the Southern Ocean. With incredibly delicate shells thinner than a human hair, pteropods are often considered to be the organisms most vulnerable to ocean acidification. Using microscopes and X-rays, we took extremely detailed images of these tiny shells and found that pteropods have a couple of clever tactics to defend their “homes” against ocean acidification.


OCEAN ACIDIFICATION: THE “OTHER” CO2 PROBLEM

As humans continue to burn fossil fuels, more and more carbon dioxide (CO2) builds up in the atmosphere. CO2 is a greenhouse gas, and for years we have understood that CO2 is responsible for global warming, which can make life difficult for some animal species. What we did not understand was that CO2 was also affecting the oceans and the animals that live there. We now know that the ocean absorbs 30% of the CO2 human activities produce each year. While CO2 absorbed by the oceans slows down global warming, it can be bad news for the oceans—and more so for ocean animals.

Animals such as mussels and crabs have shells made from calcium carbonate (CaCO3). These animals build calcium carbonate using carbonate ions (CO32-), which they find in the seawater they live in. The ease of building a shell depends on how many carbonate ions are around. When the concentration of carbonate ions is high, it is easy to build a shell.

When the oceans absorb CO2, the CO2 reacts with water to form carbonic acid, effectively making the ocean acidic. This process is called ocean acidification. In seawater, carbonic acid and carbonate ions exist in a kind of balance with each other. When CO2 is absorbed by the oceans and more carbonic acid is produced, the concentration of carbonate ions decreases. When the concentration of carbonate ions is low, the water is said to be undersaturated. Animals living in undersaturated water must work harder to collect the carbonate ions needed to build their shells. Also, undersaturated water can dissolve calcium carbonate, to “take back” the carbonate ions. As we burn more fossil fuels, more CO2 is absorbed by the oceans and undersaturated waters become increasingly common, threatening all ocean animals with shells.



WHICH ANIMALS ARE MOST AT RISK FROM OCEAN ACIDIFICATION?

Ocean acidification is most advanced in the oceans around the North and South Poles, where the concentration of carbonate ions is naturally low. Also, colder water absorbs more CO2 than warmer water does. Thus, the Arctic and Antarctic Oceans have the most undersaturated waters in the world, and the animals living there are most at risk. Sea butterflies are animals with calcium carbonate shells that live in the polar regions—so they fit the bill! A sea butterfly is a microscopic swimming snail (Figure 1). Despite their small size, there are so many of them in the Southern Ocean that they form an important part of the food chain. The Latin name for sea butterfly is pteropod, which means “winged foot.” What would be the foot of a “normal” snail has evolved into two wings in pteropods. The pteropod flaps its wings like a butterfly to swim through the ocean. The homes of these pteropods are incredibly delicate shells made from calcium carbonate. Pteropod shells are about 1,000 times thinner than 1 mm—even finer than a human hair. The shells are completely see-through, and you can even see their hearts beating inside. When scientists started thinking about which animals would be most vulnerable to ocean acidification, pteropods, with their tiny delicate shells, went straight to the top of the list!
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Figure 1

A polar pteropod, also called a sea butterfly. These microscopic snail flaps the “wings” on their feet like a butterfly, to swim.





CAN SEA BUTTERFLIES PROTECT THEIR SHELLS?

Researchers have spent years studying sea butterflies. Early research supported their greatest fear: that pteropod shells would simply dissolve in undersaturated water [1]. At that time, the future did not look good for sea butterflies. However, more recent studies found some good news—pteropods are better equipped to deal with ocean acidification than we thought. They have two lines of defense against ocean acidification. The first line of defense is a protective coating on the outside surface of their shells. This layer is like the cling film you might put over a dish of leftovers. It is waterproof and prevents seawater from touching the calcium carbonate. This means that, even if the water is undersaturated, the shell will not dissolve. The only time the shell may be vulnerable is if the protective layer is damaged—like rainwater getting in if your raincoat is torn. For a pteropod, any tear in its protective layer can be dangerous [2].

Shell cracks and scratches are common for pteropods. Pteropods are the prey of sea angels, which are not angels at all from the pteropods’ point of view! Sea angels use their tentacles to grab hold of a pteropod’s shell (Figure 2). They then use their mouthparts to grab the soft body inside the shell and slurp it out. Then they throw away the empty shell like we would do to a candy wrapper. If a pteropod is quick, it can retract far enough inside its shell that the sea angel cannot grab it. In this case, the sea angel gives up and moves on to its next victim. While this pteropod is lucky to have escaped, its shell will show the scars.
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Figure 2

A sea angel preying on a sea butterfly. If the sea butterfly survives, tears to the protective coating of its shell will expose calcium carbonate to the ocean waters. If the waters are undersaturated, the exposed shell will dissolve [Figure adapted from Lalli and Gilmer [3]].



Wherever the protective coating has been damaged, calcium carbonate is exposed. The pteropod is unable to repair the protective coating, which means that any exposed calcium carbonate will always be vulnerable to dissolution when exposed to undersaturated water. Localized dissolution around a tear is common to sea butterflies living in the polar regions. However, localized dissolution is much more manageable than dissolution of the entire shell!



CAN SEA BUTTERFLIES REPAIR THEIR SHELLS?

The second line of defense that sea butterflies have against ocean acidification is their ability to repair their shells. While studying sea butterflies with localized dissolution, we noticed something unexpected—it seemed that the damage was deeper than the thickness of an undamaged shell. To understand what was happening, we took 3D X-rays to get a better look at the tiny shells. We saw that an undamaged shell was <10 μm thick (<1/100 of a mm). Where there was dissolution, the shell could be up to three times thicker (Figure 3) [4]. This told us that, while pteropods are unable to repair their shells from the outside, they can make new calcium carbonate and patch themselves up from the inside! This ability to repair their shells is essential to maintaining their homes.
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Figure 3

Images of a damaged pteropod shell. (A) The outer surface of the shell. Note areas of deep damage in the inner whorls. (B) A color map showing the thickness of the shell. (C) The shell from (B) in 3D, showing the inside. Note that the undamaged shell has a uniform thickness (<10 μm). In areas of damage, the shell can be more than 20 μm thick. These are the areas where the pteropod has repaired itself from the inside.





THE FUTURE OF SEA BUTTERFLIES

Their protective coating and ability to patch themselves up from the inside means pteropods are more resilient to ocean acidification than we originally thought. However, the amount of energy they must invest into maintaining their damaged shells comes at a cost—after fixing their shells, some pteropods may not have enough energy for anything else. For example, reproduction may become too much of an effort. It is also important not to think of ocean acidification as happening on its own, because it usually happens along with ocean warming, sea-ice loss, and pollution—all of which could affect ocean animals like pteropods. So, while pteropods may be doing better than expected so far, the true test for these sea butterflies is yet to come.



GLOSSARY

GREENHOUSE GAS

When the suns energy is reflected off the earth’s surface certain gases in the atmosphere trap the heat, in the same way as the glass of a greenhouse.

IONS

Atoms or molecules that have either a positive electric charge as they have lost one or more electrons, or a negative charge as they have gained one or more electrons.

CARBONIC ACID

When CO2 gas dissolves in water (H2O) the two react to form a weak acid called carbonic acid (H2CO3).

OCEAN ACIDIFICATION

As the world’s oceans absorb fossil fuel derived CO2 from the atmosphere the water becomes acidic.

UNDERSATURATED

When the concentration of dissolved ions is not as high as it could be. In the case of carbonate ions, carbonate would dissolve in undersaturated waters to increase the concentration of carbonate ions until the water is saturated.

PTEROPOD

Meaning “winged foot” in Latin. A microscopic swimming snail found in the ocean. It has evolved to have two wings, rather than a foot, and is commonly called a “sea butterfly.”

DISSOLUTION

This is the process by which something it broken down into its soluble component parts. In the case of calcium carbonate, dissolution caused by exposure to carbonic acid creates calcium ions (Ca2+) and bicarbonate ions (HCO3−).
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The Southern Ocean, which surrounds Antarctica, is unlike any other ocean on Earth. It is home to the world’s most powerful currents, biggest waves, craziest ice, and wildest animals. Despite its remoteness, the Southern Ocean plays a major role in Earth’s climate. The Southern Ocean connects and stirs together the other major oceans. The fast-flowing currents of the Southern Ocean block heat from being carried toward Antarctica, keeping the continent covered in ice—which is important to prevent dangerous sea-level rise. The Southern Ocean also connects the surface waters with the deep parts of the global ocean, by bringing deep water up to the surface and sending surface water down into the deep. This circulation is crucial for regulating how much heat and carbon the ocean can hold. The more carbon and heat held by the ocean, the slower Earth’s climate will change for those of us on land.


WHERE IS THE SOUTHERN OCEAN?

The Southern Ocean surrounds the Antarctic continent, around the South Pole. It is a circumpolar ocean, which means it covers all 360° longitude around the globe. Since this is not true for other oceans, it may partially explain why people have debated for centuries about what the Southern Ocean should be called—and whether it is an ocean at all!

Some credit James Cook with starting this debate, when he called it the “Southern Ocean” in his 1772–1775 voyage journals. Since then, the name “Southern Ocean” has gone into and out of existence. In 2000, nations voted on the name of this ocean and “Southern Ocean” narrowly won over “Antarctic Ocean” (18 votes to 10). Nations also struggled to agree on the location of the Southern Ocean’s northern boundary. In 2021, the National Geographic Society officially recognized the Southern Ocean on its maps by no longer extending the boundaries of the Pacific, Atlantic, and Indian Oceans to Antarctica. Oceanographers prefer to define the Southern Ocean by the position of its currents rather than by a specific latitude or land feature (Figure 1). Despite debates about its name and location, we know the Southern Ocean is vital to life on Earth.
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Figure 1

The major ocean currents are shown by the arrows. The largest current in the world, the Antarctic Circumpolar Current, circles from west to east around Antarctica (adapted from: https://discovery.princeton.edu/2013/11/03/secrets-of-the-southern-ocean/).





CURRENTS OF THE SOUTHERN OCEAN

The Southern Ocean is home to the mightiest current in the world, called the Antarctic Circumpolar Current (ACC). The ACC flows eastward around the globe, carrying about 170 million cubic meters of water per second past the southern end of South America. The ACC is made up of a bunch of smaller currents, like thin branches of quickly flowing water, that together can be up to 2,000 km wide and reach down more than 4,000 m to the seafloor. On its northern boundary, the ACC connects with the ocean gyres to its north. Gyres are large, almost circular systems of currents. The ACC also connects the Indian, Pacific, and Atlantic Oceans together. Toward Antarctica, the Southern Ocean also has big gyre circulations in the Ross and Weddell Seas, and other important currents around the Antarctic continent. All of these currents are important for transporting water around the Southern Ocean. You can watch a beautiful computer simulation of Southern Ocean currents here.



FLIPPING THE SOUTHERN OCEAN UPSIDE DOWN

In addition to the mighty eastward-flowing current system of the ACC, the Southern Ocean is also home to another, much slower, vertical circulation (Figure 2). In this up-and-down circulation, waters that cooled and sank in the North Atlantic hundreds to thousands of years ago finally make their way back to the sea surface in the Southern Ocean, by climbing upward as they follow the ACC around Antarctica [1]. These old, deep waters that rise back to the surface are replaced by downward flows of Southern Ocean surface waters, in two ways. On the northern edge of the Southern Ocean, the winds make surface waters subduct, or sink, into the mid-depths of the ocean. On the southern edge, waters near the Antarctic continent lose their heat to the atmosphere and gain salt when sea ice forms, becoming both colder and saltier. These dense waters sink to the bottom of the ocean, forming the deepest water mass on Earth, called Antarctic Bottom Water. This water fills up 30–40% of the world’s oceans [2].
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Figure 2

Vertical circulation in the Southern Ocean and its impact on global climate. Man-made carbon dioxide and heat enter the ocean from the atmosphere and are carried into the deep ocean. Natural carbon dioxide and nutrients that have been stored in the deep ocean travel back up to the surface (adapted from: https://www.ipcc.ch/srocc/chapter/chapter-5/5-2changing-oceans-and-biodiversity/5-2-2changes-in-physical-and-biogeochemical-properties/5-2-2-2changing-temperature-salinity-circulation/ipcc-srocc-ch_5_4/).





THE SOUTHERN OCEAN PROTECTS US FROM CLIMATE CHANGE

The strong eastward-flowing currents of the ACC are like a wall, blocking the waters from crossing north to south or south to north. This blocks the extra heat that the Earth receives from the Sun at the equator from crossing the ACC and making its way directly to Antarctica. The barrier that the ACC makes, blocking heat traveling southward, is crucial for us because it keeps Antarctica cold and fully covered in ice. If all of the ice covering Antarctica were to melt, the average global sea level would increase by about 60 meters [3]! Therefore, without the ACC, there would be a lot less land available for us to live on, and most of today’s cities would be completely under water.

When surface waters plunge into the deep ocean, they take lots of heat and carbon from the atmosphere with them. By flipping the ocean waters upside down, the Southern Ocean controls how hot it feels to us on land. About 90% of the excess heat produced by human activities is being absorbed by the global ocean (Figure 3), with 75% of it going into the Southern Ocean [4]. The Southern Ocean also absorbs more of the greenhouse gas carbon dioxide (CO2) emitted by human activities than any other ocean (for more information see here). So, the Southern Ocean can slow down climate change on land by storing heat and carbon in the deep ocean, but this ocean storage can have long-lasting climate impacts and have negative effects on those living in the ocean. For example, as the ocean warms and absorbs more carbon, it becomes more acidic. The acidity of the global ocean has increased by about 30% since the industrial revolution. This is harmful to some small ocean critters—especially those that have shells—and bigger animals rely on these smaller organisms for food.
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Figure 3

Observed rates of deep-ocean warming from 1981–2019 in the oceans all over the world (orange) and in the Southern Ocean (purple). The shaded areas show the amount of uncertainty in these estimates; we are 95% confident that the true value lies within the shaded areas. From 1981–2019, the deep Southern Ocean warmed at approximately 0.2°C per century, or 0.02°C 10 years, which is much faster than the oceans as a whole (Credit: https://www.ipcc.ch/site/assets/uploads/sites/3/2019/11/IPCC-SROCC-CH54.jpg).



The vertical motion in the Southern Ocean brings deep waters back up to the surface—waters that have not been near the ocean surface since they sank in the North Atlantic hundreds to thousands of years ago. During that long journey southward, this water mass builds up nutrients, as sinking organic particles (sometimes called marine snow) dissolve back into the ocean. So, when the deep water finally returns to the surface in the Southern Ocean, it is packed full of nutrients that provide food for phytoplankton—the base of the Southern Ocean food web. All life in the Southern Ocean, from tiny, shrimp-like krill to enormous humpback whales, depends on the nutrients that help phytoplankton to grow. Not only do phytoplankton make up the base of the food web, but they are also effectively massive ocean forests, inhaling CO2 from the atmosphere and exhaling oxygen back out. In half of all the breaths we take, we are breathing in oxygen from phytoplankton—that is more oxygen than all of the tropical rainforests on land make, combined. 



WHAT ABOUT THE FUTURE?

We still have lots to learn about how carbon and heat move through the Southern Ocean. This ocean is a place of mystery and wonder, with many big unanswered questions. For example, how much natural CO2 will the Southern Ocean eventually release back into the atmosphere, and how will this affect us? We are certain that the Southern Ocean has warmed and gotten less salty in recent decades due to greenhouse gas emissions from human activities [5]. We are also certain that changes in the circulation of the Southern Ocean will play a big role in Earth’s changing climate—by influencing how quickly the Antarctic Ice Sheets melt, how much CO2 remains in the atmosphere, and the health of ocean ecosystems. Our actions play a key role in the wellbeing of the Southern Ocean. By reducing our greenhouse gas emissions, we will help the Southern Ocean adapt to our changing climate. 



GLOSSARY

CIRCUMPOLAR

Existing across all longitudes; going all the way around the pole.

ANTARCTIC CIRCUMPOLAR CURRENT

A series of strong currents that flow continuously across all longitudes of the Southern Ocean.

GYRE

A large system of ocean currents that create a circular pattern of horizontal motion, contained and guided by the coasts of nearby continents.

SUBDUCT

To sink; in our context, the sinking of water down into the lower layers of the ocean as it becomes more dense.

SEA ICE

Ice that floats on the ocean’s surface, formed by the freezing of ocean water. Importantly, when sea ice forms, only the freshwater freezes and the salt remains in the ocean water.

WATER MASS

A layer of water in the ocean that has different properties (like temperature, saltiness, and oxygen concentration) than the layers above or below it.

ACIDITY

A measure of how basic (like milk) or acidic (like orange juice or vinegar) something is.

PHYTOPLANKTON

Microscopic plants that live in the surface waters of the ocean and make up the base of the Southern Ocean food web.
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Antarctic krill are very important animals. They are well-known as the food of ocean giants such as blue whales, but they also feed many other animals and help to slow climate change by keeping millions of tons of carbon out of the air. Antarctic krill grow no longer than a human thumb, but together they weigh more than any other wild animal species. Although Antarctic krill live only in the cold waters of the Southern Ocean, they can live anywhere from sunlit surface waters to the darkest depths, from near the coast and under sea ice to ice-free waters far from land. In this article, we explore how their huge population and ability to live in diverse conditions make Antarctic krill important for other animals, people, and the world. We also introduce some key mysteries, such as what will happen to these animals as the climate continues to change.


INTRODUCING ANTARCTIC KRILL

Antarctic krill (Figure 1) are small sea creatures that grow no bigger than a human thumb but can do amazing things. For example, they glow in the dark and they can shrink or grow by replacing their skeletons, which are on the outside of their bodies. Those abilities are impressive, but their most amazing achievement is that they have developed a huge population. There are about 800 trillion Antarctic krill [1], or 100,000 for every human being! These enormous numbers make Antarctic krill very important for other animals, for human beings, and for the planet (Figure 2), as you will see if you keep reading!
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Figure 1

(A) Antarctic krill from the side, with some body parts labeled. The green color behind the stomach comes from recently eaten phytoplankton. (B) A close-up of a krill’s head. (C) Several krill in a human hand, to show their size—no larger than a thumb. (D) A swarm of krill (Image credits: British Antarctic Survey).
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Figure 2

(A) Antarctic krill are an important species, with huge numbers in the Southern Ocean. (B) Krill populations feed many other animals and supply the fishing industry. (C) Krill help to slow down climate change by sending carbon atoms down to deep water. The yellow dots represent carbon atoms, which are tiny in real life.



Antarctic krill belong to a group of animals called crustaceans, which includes crabs, shrimps, lobsters, and 86 species of krill. The other krill species are important in their own ways, but Antarctic krill is such an important species that many people simply call it “krill”, as we do in the rest of this article. This species of krill lives in the cold Southern Ocean that surrounds the frozen continent of Antarctica. They mainly feed on tiny plants called phytoplankton, which they filter out of the water using their feeding basket (Figure 1A), but they can also eat other small animals.



LOTS OF KRILL MEANS LOTS OF PREDATORS AND LOTS OF POO

We know of almost two hundred species of predators that feed on krill (Figure 2B) [2], but there are probably many more. These species include blue whales, which are the biggest animals that have ever lived, and most of the other baleen whales that live south of the equator. Other krill predators include most penguin species, several types of seals, flying birds such as albatrosses, fish, jellyfish, and squid. Many people think of krill as penguin or whale food, but in fact, the billions of fish in the Southern Ocean eat more krill than all the other predators eat. Most of these predators feed on other species as well as krill, but they still manage to eat up to 390 billion kg of krill per year. That is more than all the meat eaten by humans. Without krill, the animals that depend on them would be scarce or extinct.

The world would also be hotter without krill. Carbon, in the form of carbon dioxide gas (CO2), drives climate change when it builds up in the air (Figure 2C). Krill help to reduce the build-up of CO2 by sending carbon down to deep waters, far away from the air. This process starts when phytoplankton use CO2 to build their cells. Krill eat the phytoplankton, and some of the carbon comes back out of them, packed into pellets of feces (also known as poo). Huge numbers of krill produce huge numbers of pellets, which sink rapidly down to deep waters, taking the carbon with them (for more information about krill’s importance for Earth’s climate, see this Frontiers for Young Minds article). The skeletons that krill shed when they change size, which also contain carbon, sink to deep waters too [3]. Each atom of carbon that krill send to deep waters is one less atom causing climate change.

Krill are important for people, too. It is easy to see how we benefit from krill’s effect on CO2, and we see the importance of the Southern Ocean ecosystem every time we notice a picture of a penguin. There is also a krill fishing industry that provides hundreds of jobs. Krill is the main species caught in the Southern Ocean, and this catch is mainly used to feed farmed fish and other animals. However, some people think that krill could become a valuable food for humans in the future.



KRILL ARE EXPLORERS

Krill are often described as plankton, but two things set them apart from other animals that drift on ocean currents. The first is their size: krill can grow much bigger than most other plankton species. The second is their ability to swim against currents, which gives them more control over where they go. Swimming allows krill to form large, tightly packed groups called swarms. The biggest swarms can cover areas up to 100 km2 and contain over 10 billion krill. Krill swarm together to defend themselves against predators. Although whales can scoop up great mouthfuls of krill from a swarm, more krill escape than get eaten. Most predators have much smaller mouths and eat only one krill at a time, meaning that any individual krill in a swarm has a very high chance of escape.

Individual krill can travel thousands of kilometers during their lifetimes. As a result, adult krill are found throughout an area of 19 million km2 (5% of the world’s ocean). Their habitats stretch from the ice-covered waters that surround the Antarctic continent to the ice-free edge of the Southern Ocean, up to 2,000 km further north, and from coastal areas to remote waters in the middle of the ocean (Figure 3).
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Figure 3

Antarctic krill live throughout the Southern Ocean. The orange dots on the map show places where scientists have found krill. The blue line is the Polar Front, where cold Antarctic waters meet warmer waters from further north. The main image shows a slice through the ocean, with more krill indicated by darker shades of pink. You can see that krill can live in a wide range of cold-water habitats, but they are most common in surface waters, especially near shallow, coastal seas. They can also live under sea ice, in the open ocean, and on the sea floor.



Krill also travel up and down. They mainly live near the ocean surface where they can find the most food, but adults can also swim down to depths of 3,000 m, way beyond the reach of whales, seals, and penguins. Krill eggs sink to a depth of about 500 m before they hatch, so young krill start their lives by traveling back to the surface to feed.



MYSTERIOUS KRILL

Studying krill is not easy. It usually requires a ship that can withstand storms and sea ice, and special equipment to observe or catch krill. Even then, it is only possible to study a small part of the vast area where krill live. Scientists are exploring new technologies to provide more information, but in the meantime, there are a lot of unsolved mysteries about krill. We worked with other krill experts to identify the main mysteries for scientists to solve [4].

One important mystery is that the number of young krill changes from year to year, but we do not know what causes this change. There is no clear relationship between the number of adults and the number of offspring. Certain factors might affect whether young krill live long enough to become adults. For example, hiding from predators under sea ice and feeding on the phytoplankton that grow there allows some young krill to survive their first winter, but others survive in places without sea ice. Solving the mystery of young krill numbers will help us to understand whether the krill population can continue to replace the immense numbers eaten by predators every year, along with the smaller numbers caught by the fishing industry.

Another krill mystery is where young krill come from. Krill lay their eggs in surface waters. The eggs sink and hatch far below the surface. This can only happen in places with warm, deep water that allows the young krill to develop quickly and return to the surface to feed before they starve. Adults must be able to reach these egg-laying places in high numbers, and young krill must be able to reach safe habitats to survive their first winter. There are very few places with all these qualities. Detective work has identified some suitable places, and confirming whether krill really do produce offspring in these places is the next step toward protecting them.

The biggest mystery concerns the future. The Southern Ocean is getting warmer, and winters have become less icy. How will these changes affect krill populations and populations of predators that depend on them? Will warmer temperatures and less ice reduce the size of the krill population and make parts of the Southern Ocean uninhabitable for krill? There are signs that changes have already begun, and that krill have become less common in the northern part of their habitat where waters are warmest [5].

Antarctic krill is an important species, but climate change threatens the things that make it important: its population size and ability to live in most of the Southern Ocean. Krill fishing could make the situation worse. We need to solve some of the mysteries about krill so that the people responsible for protecting the ecosystem where krill live have the information necessary to do their job. People from all over the world can help, including scientists, people in the fishing industry, and people responsible for protecting the ecosystem. Krill scientists have recently formed an organization called the Krill Expert Group, to help everyone work together. We hope that through teamwork we will solve the mysteries and help to protect this important species.



GLOSSARY

CRUSTACEANS

A group of animals with jointed limbs and skeletons on the outside of their bodies that mainly live in water. Examples include crabs, shrimps, lobsters and krill.

PHYTOPLANKTON

Small plant-like living things that drift in water and are the main source of food in ocean ecosystems.

BALEEN WHALES

Whales that feed by filtering small animals out of seawater. Examples include blue and humpback whales.

CLIMATE CHANGE

Changes to weather and oceans, including warming, that happen over many years. Human activities that burn oil, coal, and natural gas cause dangerous changes.

FECES

Material that comes out of an animal and contains the waste that is left over from feeding. Also known as poo.

ECOSYSTEM

The plants, animals, and other living things, together with their habitat, that are found in a particular place and are connected by activities like eating each other.

PLANKTON

Small living things (bacteria, phytoplankton, and animals) that float in water. They are mainly unable to swim against currents but may change depth to control their movement.

HABITAT

The places where a particular type of living thing is found.
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Lanternfish are a relatively small but very abundant fish. They live deep in the ocean’s “twilight” zone where there is not much light. A unique community of lanternfish live in the Southern Ocean, where they are a key part of the Antarctic food web. Lanternfish also play an important role in moving carbon from the atmosphere into the deep ocean, where it is stored. In this article, we explain current knowledge on Southern Ocean lanternfish, including how they produce their own light! We will also tell you about some mysteries surrounding lanternfish that scientists are yet to solve.


THE LIFE OF A LANTERNFISH

At <20 cm long, lanternfish (scientific name Myctophidae) are relatively small fish. However, what they lack in size they make up for in abundance and diversity! There are around 254 species of lanternfish and lanternfish species can be found living in all the world’s oceans. As a family, lanternfish are some of the most abundant fish on Earth, providing food and energy to marine predators across the world. In general, tropical regions contain the highest numbers and greatest species diversity of lanternfish, but lanternfish are also found in polar regions. They have been seen in Arctic waters close to the North Pole but are much more abundant in the ocean surrounding Antarctica, which is called the Southern Ocean.

Roughly 20 species of lanternfish live in the Southern Ocean, playing a crucial role in the ecosystem. Read the story of one such species in Box 1. The waters of the Southern Ocean are very cold and there is a unique community of animals for lanternfish to feed on (for example, Antarctic krill) and a unique community of predators that lanternfish can be eaten by. For example, the king penguin is a specialized hunter of lanternfish—around 80% of a king penguin’s diet is lanternfish and these penguins can dive up to 300 m deep to catch their prey! Lanternfish are also an important source of food for fur seals, birds, and larger fish including the Patagonian toothfish.


Box 1. The life and times of Luna the lanternfish.

“Hi! My name is Luna and I am a lanternfish of the species Electrona antarctica (see Figure 1). I am a real polar specialist, as I only live in the cold water of the Southern Ocean. I can be found from the ocean surface down to depths of more than 1 km. I grow up to 11.5 cm long, which may seem small but lots of lanternfish species that live in warmer water are even smaller. Scientists tell me that I might live to be about 4 years old. Would you believe they figured this out by counting the rings in small calcium deposits in our ear bones, called otoliths—a bit like counting rings in a tree trunk. To study us, scientists try to catch us using nets, but we are excellent at detecting when a net is coming and quickly get out of the way. So, scientists also use sound-emitting devices called echosounders to work out where we are and how many of us there might be (For more information on ecosounders, see this Frontiers for Young Minds article). There are lots of things about lanternfish that scientists are still trying to find out like: Do I migrate to the surface to feed every night, or just now and then? Where do I breed? Where do I go in the winter? How do changes in the environment affect my yearly routine? There are still lots of mysteries that we are hiding and that scientists are keen to solve!”


[image: image]

Figure 1

An image of the lanternfish species Electrona antarctica (the same species as Luna in Box 1). Lanternfish have light-producing organs called photophores along their bellies and the sides of their bodies. credit: T. Dornan, BAS.





Most lanternfish live deep in the ocean’s mesopelagic zone, which is the name for the layer of the ocean that is 200–1,000 m deep. Meso means “middle” and pelagic refers to the open ocean, away from the coast. The mesopelagic zone is also known as the twilight zone, because there is not enough sunlight at this depth for phytoplankton (tiny marine algae) to make energy from photosynthesis, or for animals to see well—but it is not completely dark. The twilight zone is a great place for small lanternfish to hide and avoid being eaten, but it is not great for finding food! Lanternfish eat tiny animals called zooplankton, so they must swim up toward the surface to feed. Being near the surface puts them at greater risk of being eaten by top predators like penguins and seals, which hunt by sight.

To reduce the risk of being eaten, many species of lanternfish swim up toward the surface at night, returning to the safe depths of the mesopelagic zone during the day. This process is known as diel vertical migration (To learn more about this daily migration, see this Frontiers for Young Minds article). The lanternfish must balance finding the best light level to hunt for zooplankton with their chances of being hunted themselves!



LANTERNFISH BIOLUMINESCENCE

Lanternfish have some awesome tricks that help them survive in the dark and treacherous mesopelagic zone. As they do with their daily migrations, they use light to their best advantage as lanternfish can generate their own light! This is called bioluminescence, and it is quite common for deep sea animals. Lanternfish make the bioluminescent light from a chemical reaction inside special cells that live within light organs called photophores. Lanternfish photophores are very complex—just like a human eye, photophores contain lenses, filters, and reflectors.

Almost all lanternfish have many photophores on their bellies and on the sides of their bodies (Figure 1). Some lanternfish have extra light organs on their tails and heads. These headlamps and taillights are larger than photophores, and scientists think they emit a bright light that can flash on and off, like fireflies.

The light from lanternfish photophores points downwards (underneath them), and they can adjust the shade of blue-green light that they emit. This has given scientists some clues as to what they use all this light for. Scientists believe that lanternfish use the glow from their belly photophores to blend into their blue background. They do this by matching their light to the light coming down from the surface of the ocean [1]. This camouflages them to any pesky predators who might be spying from below! From what we know, light-emitting fish generally emit blueish light. This has likely evolved because blue light can penetrate deepest into the water. Colors at the opposite ends of the light spectrum (the reds and violets visible in a rainbow) are quickly lost. Many deep-sea animals are colored red for camouflage because there is no red light available in the deep ocean, making red animals pretty invisible! One group of deep sea fishes called dragonfishes have a light organ beneath their eye which emits red light. This may act to illuminate red colored prey or enable dragonfish to communicate with each other without other animals seeing them.

Some scientists think lanternfish might also use their lights as signals, although we still do not have clear evidence of this. We do know that the light organs on the tails of different species can flash at different speeds, and that lanternfish can control the strength of the light they produce. Signals would be very handy in this vast darkness. Light could attract or illuminate food or it could startle or confuse predators, helping lanternfish to escape. Light signals could even help find lanternfish find each other or find potential mates [2]. In fact, lanternfish eyes are highly specialized to detect bioluminescent light, and they can even spot a bioluminescent source up to 30 m away [3]!

Whatever lanternfish use their dazzling lights for, their bioluminescence is a powerful adaptation that has certainly helped them thrive in the mesopelagic ocean.



LANTERNFISH AND FISHING

Lanternfish are a good source of protein, but humans often find them too waxy and oily to eat. Lanternfish also live in deep waters far offshore, which makes them difficult and expensive for fishermen to catch. Because of this, lanternfish have rarely been fished commercially. However, it is possible that lanternfish could become an important resource in the future, as we seek new ways to feed the increasing human population and as fishing technology improves. Lanternfish could be used to make fish meal products to feed other, more edible types of fish that can be produced on fish farms. As is done for other fish like mackerel, herring, and cod, scientists would need to gather detailed information on lanternfish to monitor their numbers and set catch limits to stop them from being overfished. Overfishing can also have harmful effects on other marine creatures and the health of our oceans. Currently, we do not have enough information on the biology of lanternfish to ensure that they would be fished in a way that is safe for the ecosystem. This is another reason why scientists are studying lanternfish with great interest.



LANTERNFISH AND ENVIRONMENTAL CHANGE

One of the neat things about lanternfish is that every day, when they move up and down through the water, they do a little bit to help fight climate change (Figure 2). The phytoplankton that live near the ocean surface remove carbon dioxide from the atmosphere, using it to grow. These organisms store the carbon from the atmosphere in their cells. Although lanternfish like Luna are not fans of eating phytoplankton, they do like eating the krill and copepods that feed on phytoplankton. This means that, by eating food at the ocean surface, lanternfish are taking up carbon that was once in the atmosphere. Even better, because lanternfish like to hang out deep in the mesopelagic ocean during the day, to hide from predators, they take that carbon with them. So, when they breathe out carbon dioxide, or when they poo, they release that carbon into the deep ocean where it can be trapped away from the atmosphere for centuries or more. Lots of other critters in the ocean help with this process, too. All these organisms are part of the biological “carbon pump” that takes carbon out of the atmosphere and transports it into the deep ocean. It is tricky to figure out just how much carbon these processes transport, especially because lanternfish like Luna and her mesopelagic friends are so good at avoiding detection. Scientists estimate that all the fish in the ocean might transfer 1.5 billion tons of carbon out of the surface layer—that is 16% of the total biological carbon pump [4]. That is a lot of poo!


[image: image]

Figure 2

A diagram showing the diel vertical migration of Antarctic lanternfish, important facts about these species, and their role in transporting carbon to the deep sea. During darkness, they come up to the surface to feed on small zooplankton such as krill and copepods. They move back down to the safety of the mesopelagic ocean during the day, to avoid predators like penguins. Credit: A Belcher, BAS.



Lanternfish are a key part of Southern Ocean food webs. Yet the Southern Ocean ecosystem is changing as ocean surface temperatures are warming, which may affect the life cycles, behavior, and distribution patterns of Southern Ocean lanternfish. Also, as Antarctic krill become scarcer in a warming Southern Ocean, many predators are likely to eat lanternfish more readily as a replacement. Overall, this may reduce lanternfish populations in the region and thus reduce the amount of carbon that reaches the deep ocean through these fish.

In summary, it is important for scientists to continue to study lanternfish, to understand how these fish might cope as their ocean home changes, and how changes in lanternfish numbers might impact the Antarctic animals that rely on them as a food source. Lanternfish research will also help scientists to understand the role that our oceans play in storing carbon, and how much the oceans help to shield the Earth from climate change.



GLOSSARY

MESOPELAGIC

The middle layer of the open ocean between 200 and 1,000 m deep. Light rapidly declines in this layer, so it is often called the “twilight zone.”

PHYTOPLANKTON

Microscopic marine plants that are the base of the food chain in the sea. Just like plants on land, phytoplankton need sunlight to live and grow.

ZOOPLANKTON

A diverse group of marine animals, mostly microscopic in size, that can swim a little to find food and mates, but can only travel long distances by drifting with ocean currents.

DIEL VERTICAL MIGRATION (DVM)

The diel (meaning daily) synchronized movement of marine animals between the surface and deep layers of the ocean.

BIOLUMINESCENCE

The emission of light by an animal, most often created by a chemical reaction inside a photophore. Bioluminescence can help animals survive in the deep, dark ocean.

PHOTOPHORE

A light-producing organ that appears as a glowing spot on some marine fish and squid. Photophores can vary in complexity and size and produce light by a chemical reaction.
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