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“Whale Fall” is a collective term for the whale carcass, the process of dead whale fall, and the formed deep-sea ecosystem. The whale fall process produces a lot of unstable organic matter that has a significant impact on deep-sea ecosystems. Scientists speculate that organic matter input is the source of energy and material for organisms in deep-sea ecosystems. In the seafloor of the North Pacific, whale fall supports the survival of at least 12,490 organisms of 43 species, contributing to the prosperity of deep-sea life. Due to the specificity of the time and space of the formation of whale fall, there are few studies on whale fall and its impact on the deep-sea ecosystem. This article summarizes and analyses the current research status on the distribution of whale fall and its impact on the deep-sea ecosystem at home and abroad. The results show that the current distribution of whale fall is mainly concentrated in the Pacific and Atlantic regions, and the research on the impact of whale fall on deep-sea ecosystems focuses on the formation process, degradation rate and impact on deep-sea biological systems. This article has some significance to the understanding of biodiversity and ecosystem succession in the deep-sea “desert area.”
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INTRODUCTION

Whale fall refers to the phenomenon in which whales die and sink to the seafloor of the marine to form an ecosystem. When a whale dies in the ocean, its carcass sinks to the bottom of the ocean. And biologists named this process after the whale fall. Whale fall, together with cold seeps and hydrothermal vents, is called an “oasis” for deep-sea life (Wang, 2020). Normally, the carcass of a whale can support a decomposing-dominated circulatory ecosystem for up to 100 years.

The unique geological features of the deep sea create a variety of habitats that support chemoautotroph communities on the seafloor (Schuller et al., 2004). The deep-sea environment has long been considered to be low-energy, nutrient-poor because the organic inputs are achieved by only a small amount of carbon produced by photosynthesis. However, there are some local areas with high microbial biomass and activity in the deep-sea, in which whale fall is like an “oasis” in the “ocean desert” and has become an important geographical station for the evolution and development of life in extreme deep-sea environments (Jorgensen and Boetius, 2007; Wang, 2021).

Most deep-sea sediments trap about 2–10 g of particulate organic carbon flux per year (Lutz et al., 2007). However, the soft tissue of a 30 t whale carcass contains about 1.2 × 103 kg of active organic carbon that is equivalent to the background organic carbon flux of 100 m2 of the deep seafloor in 1,000 years (Smith C. R. et al., 2014). It is also estimated that whale carcasses transport organic matters to the deep sea 2,000 times faster than the supply of marine snow. Marine snow is a kind of organic matter production activity mainly composed of organic matter debris, originating from the euphotic layer of the upper ocean. In the deep sea, detritus made up of organic matter is falling like snowflakes, so the process is called “marine snow.” Because sunlight cannot reach the deep sea, its creatures rely heavily on marine snow as a source of energy, so marine snow is considered as the foundation of deep-sea ecosystems (Van Dover, 2000; Smith and Baco, 2003).

Based on the studies, the sulfate reduction and sulfide levels in sediments around 0.5 m from 30 t whale carcasses were significantly increased over a period of at least 7 years (Treude et al., 2009a). The large organic inputs produced by whale fall not only show up in lipid-rich skeletons, but also create sulfur-rich habitats in the sediments surrounding the carcasses. The species richness of the biomes formed by whale fall is as high as 407 species, which is slightly lower than that of hydrothermal vents (469 species), but far greater than that of cold seeps (230 species) (Smith and Baco, 2003). Thus, whale fall may fundamentally contribute to deep-sea biodiversity and the dispersal of thiophilic species between sulfur-rich habitats (e.g., hydrothermal vents, cold seeps) and anoxic basins. Whale fall also promotes the transportation of organic matters from the upper ocean to the middle and lower layers of the ocean, playing an important role in the ocean carbon cycle (Smith et al., 1989; Bennett et al., 1994; Butman et al., 1995; Scheltema, 1996).

What is the major distribution of whale falls that have been found in the extreme environment of the deep sea? How do whale falls participate in the formation of the deep-sea ecosystem? How do the organisms interact and how much do they contribute? These are common concerns among whale fall researchers. This article systematically sorts out the relevant research results, summarizes the research related to the distribution of whale fall, analyses the research progress of the impact of whale fall on the distribution of marine organisms, deepens people’s understanding of whale fall, and provides certain basis and direction for further scientific research.



DEFINITION OF WHALE FALL

“Where there is a whale falling, there is a birth.” Regarding the “whale fall,” it itself contains a literary flavor. However, there has never been a clear definition of it in the Chinese scientific community. In 2020, the Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences discovered a whale carcass about 3 m long in the South China Sea. This is the first time that China has discovered such an ecosystem as whale fall. In other related popular science articles, whale fall is defined as the carcass or remains of a whale; it is also described as a phenomenon or process that when a whale dies, the carcass will eventually sink to the seafloor. Therefore, the definition of whale fall can be expressed as follows: “Whale fall” is a general term for the whale carcass, the process of falling, and the formed deep-sea ecosystem.

Studies have shown that each whale that reaches the seafloor represents the input of energy (Lundsten et al., 2010b). In 1987, the manned submersible “Alvin” discovered a 21-m-long blue whale skeleton during a routine dive. Scientific researchers found a “biological carpet” on its skeleton, including bacteria and worms. The ecosystem that came to be known as “whale fall” was first discovered. The study found that biomes grew and thrived in sulfur-rich sediment around rotting whale carcass or remain (Smith et al., 1989). And whale falls have been found in the deep sea of the Pacific and Atlantic oceans and in fossils from the northeast Pacific Ocean 30 million years ago (Smith and Baco, 2003). Whale fall is considered a stepping stone to the growth of deep-sea creatures (Distel et al., 2000). Studies since the 1850s have shown that whale fall can support a large population of organisms. In the seafloor of the North Pacific, whale fall supports the survival of at least 12,490 organisms of 43 species, contributing to the prosperity of deep-sea life (Liu, 2015). With further research on whale fall, researchers have also carried out a series of exploration experiments. For example, try to artificially implant a whale carcass to further study the effects of whale fall on the deep-sea ecosystem.



THE CHARACTERISTICS AND DISTRIBUTION OF WHALE FALL

Whale’s soft tissues and bones hold huge reserves of oil. From prehistoric times to the industrial age, humans have been hunting whales for biofuels. Studying data collected by scientists during the heyday of industrial whaling, Higgs et al. (2011) found differences in the lipid content of bones in different parts of whales. Analysis of the skeletal composition of several large whales found that most of the lipids are concentrated in the skull and caudal vertebrae, while the thoracic vertebrae have relatively little lipid content. In addition, it also was found that the lipid content of whale skeleton varies greatly with the maturity and skeleton of the whale. The skeletal lipid content of young whales is much lower than that of adults. The jaw, skull, and caudal vertebrae are high in lipid (approx. 20–84%); the ribs, scapula, sternum, and lumbar vertebrae are middle (approx. 15–30%); and the thoracic and cervical vertebrae are relatively low (approx. 5–20%). In addition, seasonal changes in whales’ physiology and feeding can affect their fat storage. This is evident in the records of whales caught in different seasons. And high-lipid skeleton attracts a large number of thiophilic micro-organisms. This skeletal lipid gradient also corresponds to sites of microbial bioerosion and thus plays an important role in studying whale fall-associated microbial communities (Higgs et al., 2011).

As an energy-rich ecosystem, whale fall has several distinctive characteristics. (a) Whales usually enter the marine food web as relatively intact carcasses after death. (b) Lipid- and protein-rich whale fall contributes a large amount of energy for deep-sea organisms. (c) Whale fall is unevenly distributed in space and time.

Over the past 200 years, whaling has severely reduced the population of large cetaceans, especially between 1860 and 1986. The number of all large whales has decreased sharply, and some species have vanished or are facing extinction (e.g., the North Atlantic gray whale). Whaling has dramatically changed the probability and geographic distribution of whales sinking into the deep sea (Butman et al., 1995, 1996). The decline in whale falls has reduced species diversity and may have contributed to the extinction of species in deep sea ecosystems ranging from whale falls to hydrothermal vents (Hecker, 1985; Mclean, 1985; Craddock et al., 1995). It is estimated that whaling in the 19th and 20th centuries has reduced whale fall habitats by as much as 95%, potentially exterminating up to half of marine basin species that feed on whale carcasses. Some insight into the impact of fluctuations in whale carcass numbers can be gained by studying whale fall ecology and biogeography. However, even such studies fail to shed light on the characteristics of species endangered by whaling. If we hope to explore deep sea wonders that understand ecology and evolution, it is essential to explore distant and unknown deep sea ecosystems to further reduce the impact of anthropogenic factors on marine ecosystems, such as pollution and overfishing. The distribution of currently known whale falls is shown in Figure 1. As seen in the Figure, whale falls are mainly distributed in the Atlantic Ocean and the Pacific Ocean. Among the oceans, the Atlantic Ocean has the largest number of whale falls including natural whale falls, implanted whale falls, and fossil whale falls. And the inset shows that the distribution of whale falls in the Atlantic Ocean has a significantly higher number of fossil whale falls than the others; in the Pacific Ocean, the number of whale falls of all three properties is approximately the same, with a higher number of natural whale falls; while the number of whale falls in the Indian Ocean is low, and so far there is no report of whale fall in the Arctic Ocean. With the progress of science and technology, whale falls have been discovered continuously (Smith et al., 1989, 2015; Mclean, 1992; Baco and Smith, 2003; Smith and Baco, 2003; Goffredi et al., 2004; Braby et al., 2007; Lundsten et al., 2010a,b; Smith C. R. et al., 2014; Smith K. E. et al., 2014; Alfaro-Lucas et al., 2017). At the same time, scientists have also implanted whale carcasses to study the community ecology and phylogenetics of the whale fall to further investigate the species supported by whale falls and their impact on deep-sea ecosystems.
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FIGURE 1. The distribution of currently known whale falls in the world.




EFFECTS OF WHALE FALL ON THE DEEP-SEA BIOMES

It takes approximately 2 years for the soft tissues of whale carcasses to decompose completely. However, exposed skeletons can support specific populations for decades due to their high lipid content (Baco and Smith, 2003; Schuller et al., 2004). The duration for which whale falls maintain their chemosynthetic fauna depends on their lipid content, supporting specific organisms for about 10 years in an oxygen-rich environment and up to 50 years or more in an oxygen-poor environment (Smith and Baco, 2003; Fujiwara et al., 2007; Glover et al., 2010; Lundsten et al., 2010b). Whale skeletons are decomposed by bacteria, producing sulfide that continues to flow into the surrounding seawater and sediments (Treude et al., 2009b). Sulfides provide energy for the chemoautotrophic fauna living on or around whale remains. Whale falls act as carriers for the spread and succession of these organisms.

Smith and Baco (2003), pointed out that there were differences in whale falls formed by different growth stages. The fauna found in young whale skeletons does not appear to be as dependent on chemical autotrophy as larger skeletons (Smith and Baco, 2003). Related studies have shown that the distribution of red bone marrow is inversely proportional to the lipid content of the skeleton. There are more red bone marrow in young whales, and the decrease of lipid content in it will shorten the survival time of whale (Ohe, 1950). Feltmann et al. (1948) pointed out that fragmented whale vertebrae showed “blood spots,” which are red bone marrow, the site of mammalian blood cell production, and that bones filled with yellow bone marrow had high lipid content. Tont et al. (1977) also showed that vertebrae filled with red bone marrow had a low lipid content. Honda et al. (1984a,b) found that in young whales, even the caudal vertebrae contained red bone marrow, but as the whales aged, the red bone marrow was gradually replaced by yellow bone marrow and the process started in the caudal vertebrae.

Relevant studies have shown that the enrichment capacity of whale skeleton to nearby sediments is lower than that of other tissues, and that skeletons inhibit microbial lipase activity and reduce bioturbation rates in their surroundings, but increase species diversity of larger animals (Smith et al., 1998). It is worth noting that some deep-sea animals can change their own metabolism, growth rate, feeding behavior, and reproduction to better utilize whale carcasses (Gage and Tyler, 1991; Levin, 2000). The decomposition of whale carcasses delivers large amounts of organic matters to the seafloor and serves as a unique habitat for deep-sea life, contributing to the complexity and biodiversity of the deep-sea environment (Levin, 2000).

Smith et al., collected a total of 2,649 macrofauna individuals from 17 whale fall samples discovered in 1988, of which 143 species were identified, consisting of 1% of macrofauna gathered around the skeleton. Seven of these species were not collected in previous intensive sampling of sediment macrofauna in the Santa Catalina Basin (SCB) and are presumed to be possible alien species, only Mitrella permodesta was collected on the whale bones, and the other six species were found within 1 m of the whale skeleton, suggesting the response to the habitat conditions created by the whale fall (Bennett et al., 1994). The average abundance of the macrofaunal community was found to be the highest among the whale fall samples; species diversity showed a clear pattern around the whale skeleton: species richness increased with decreasing distance from the skeleton (Pettibone, 1993).

The local diversity of background sediments in the SCB is low, while the biodiversity near the whale skeleton is significantly increased, with a significant increase in rare species diversity (Connell, 1978; Petraitis et al., 1989). Stockton and DeLaca (1982) hypothesized that concentrated organic inputs from whale falls would lead to the local development of dense communities on the deep seafloor, producing characteristic species structures. Such change in the local benthic population takes many years (Stockton and DeLaca, 1982). So far, only 21 species larger deep-sea animals are found around the whale fall, including 11 species identical to hydrothermal vents and 20 species identical to cold seeps. In addition to the typical molluscan and serpulid communities, whale fall has recorded many new species and evolutionary peculiarities, including Osedax, gastropods, and a variety of animals living on sulfur bacteria. The ecosystem formed by whale fall facilitated the development of a deep-sea characteristic fauna, and high species abundance could be reached and maintained for decades.

Biologists have found that scavengers on the seafloor also use lipid-rich bones from whale carcasses or remains for organic synthesis, including many organisms that have been discovered for the first time in science, some of which can directly utilize whale bones as food. Sipuncula worm Phascolosoma saprophagicum feed on lipids in the skeleton (Gibbs, 1987), limpet of Osteopeltidae feeds on bacteria that grow on bone tissue (Marshall, 1987), Osedax degrades bones for nutrients with the help of endosymbiotic heterotrophic bacteria (Rouse et al., 2004; Goffredi et al., 2010).



EFFECTS OF WHALE FALL ON THE DEEP-SEA MICROBES

Microorganisms account for a significant portion of the Earth’s biodiversity (Van Der Heijden et al., 2008). Due to evolutionary pressures, they exist in almost all known environments, some of which are harsh, forcing them to adapt to specific ecological niches (Coughlan et al., 2015). The deep-sea ecosystem is unusual in that it is a high-pressure, low-temperature, low-oxygen environment, where organic matter is mainly low concentrations of stable carbon. Despite the physical and biochemical limitations of the deep-sea, microbial communities still exist in the deep-sea sediments (Li et al., 1999; Vetriani et al., 1999; Dhillon et al., 2005; Knittel et al., 2005; Inagaki et al., 2006). Whale falls deliver large amounts of organic material to the seafloor, and the microbes of the deep-sea habitat into which this organic material enters have unique ecological potential, particularly in terms of interactions between microbial populations and specific pathways that facilitate nutrient cycling. Whale falls provide a source of material for the deep sea. At the same time, the organic enrichment produced by the fall of oil-rich whales stimulates the degradation of oil by bacteria in the sediment (Schuller et al., 2004). To assess the effects of organic enrichment on deep-sea microbial communities, (Goffredi et al., 2010), investigated bacterial diversity in sediments around two whale colonies located in Monterey Canyon at depths of 1,820 m and 2,893 m. Bacteroidetes, Epsilonproteobacteria and Firmicutes were found mainly in the sediments where the whales landed, compared with the surrounding control sediments 20 m away. In comparison with control sediments 20 m away, Bacteroidetes, Epsilonproteobacteria, and Firmicutes were found mainly in the sediments below the whale fall, while Gammaproteobacteria and Planctomycetes were found mainly in the control sediments. A large number of Deltaproteobacteria were found in both sediments, with Desulfobacteraceae and Desulfobulbaceae mainly distributed under the whale fall. The bacterial community at 1,820 m depth 7 months after whale fall deposition was less diverse than the reference sediment, with Deltaproteobacteria, Epsilonproteobacteria, and Bacteroidetes accounting for 89% of the community biodiversity (Goffredi and Orphan, 2010). At 70 months, bacterial diversity in the reference sediment near the whale fall at a depth of 2,893 m decreased. In the long term, the impact of the whale fall was also manifested by an increase in total organic carbon and enhanced protein hydrolysis activity, which lasts for at least 17–70 months. The analysis found no significant differences between the bacterial communities gathered around the two whale falls, but differed from the control group, suggesting that the deposition of whale fall biomass has a greater impact on the deep-sea microbial community than a specific benthic location (Smith et al., 1998). Whale falls, as discrete resource blocks, are thought to contribute significantly to deep-sea habitat heterogeneity and may contribute to the proliferation of unique microbial assemblages (Grassle and Morse-Porteous, 1987; Baco and Smith, 2003).

The amount of organic carbon available in most deep-sea microbial communities is very low. However, the level of organic carbon obtained by microorganisms was significantly higher than the amount of primary organic matter produced in surface waters in the local habitats of whale fall. Whale falls thus provide a unique ecological niche that dynamically affects microbial diversity and activity in the associated sediments over time. Whale falls and surrounding macrofaunal communities reinforce the bioturbation of their surroundings. Bacteria are commonly enriched around whale fall habitats, including Bacteroidetes, Firmicutes, Epsilonproteobacteria, Desulfobacteraceae, and Desulfobulbaceae of the Deltaproteobacteria, suggesting that eutrophic deep-sea bacterial communities may lead to biotic community changes. Due to the high oxygen consumption of microorganisms, which is conducive to the formation of anoxic conditions for anaerobic processes such as sulfate reduction and methanogenesis. Whale fall and its surrounding sediments are suitable habitats for sulfide chemical synthesis communities and sulfate reduction and methanogenesis bacteria (Allison et al., 1991). Microorganisms found in deep-sea whale falls are mainly heterotrophic, such as Vesicomyid clams, Bathymodioline mussels, and Vestimentiferan tubeworms, which cover the skeletal surface of whales and form “oases of life” similar to deep-sea hydrothermal vents (Bennett et al., 1994; Deming et al., 1997; Goffredi et al., 2004). The initial formation of whale falls can cause great perturbations in natural environmental conditions, even resulting in a short-term reduction in surrounding diversity (Danise et al., 2012). Over time, the impact of nutrients released from whale carcasses or remains expanded laterally, with some researchers observing an increase in bacterial diversity and total organic carbon (TOC) content at distances of up to 20 m from the whale bones (Goffredi et al., 2010). Related studies have shown that, methanogenic bacteria are predominantly archaea (98%) in whale fall sediments, including Methanomicrobiales and Methanosarcinales (Onishi et al., 2018). Temporal changes in this archaeal community included the early establishment of methylotrophic methanogens followed by development of methanogens thought to be hydrogenotrophic, as well as members related to the newly described methanotrophic lineage, ANME-3. Chemical analysis revealed elevated methane and depleted sulfate concentrations in the sediments under the whale-fall, as compared to surrounding sediments. Carbon was enriched (up to 3.5%) in whale-fall sediments, as well as the surrounding sea floor to at least 10 m, forming a “bulls eye” of elevated carbon (Goffredi et al., 2008). Studying the diversity and distribution of natural microbial communities in sediments of permanently low-temperature deep-sea environments is crucial to our understanding of global biogeochemical cycles, especially the decomposition and cycling of organic carbon.



CONCLUSION

Whale fall has a significant effect on the deep-sea biological community, which is beneficial to the diffusion and succession of deep-sea organisms. Whale fall also supports special fauna and provides the basis for the reproduction, survival and evolution of some deep-sea sulfur-loving microorganisms. And whale skeletons have played an important role in speciation and greatly enhance biodiversity. Despite great advances in whale fall research, there are still significant gaps in our understanding of the microbial processes, reproductive strategies, population genetics, and biogeography that contribute to whale fall. Therefore, it is important for us to explore a series of mysterious and unknown deep-sea ecosystems such as whale falls and understand the complex dynamics of community change in the deep-sea environment.
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