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Abstract

:

Extinction of species has been a recurrent phenomenon in the history of our planet, but it was generally outweighed in the course of quite a long geological time by the appearance of new species, except, especially, for the five geologically short times when the so-called “Big Five” mass extinctions occurred. Could the current decline in biodiversity be considered as a signal of an ongoing, human-driven sixth mass extinction? This note briefly examines some issues related to: (i) The hypothesized current extinction rate and the magnitude of contemporary global biodiversity loss; (ii) the challenges of comparing them to the background extinction rate and the magnitude of the past Big Five mass extinction events; (iii) briefly considering the effects of the main anthropogenic stressors on ecosystems, including the risk of the emergence of pandemic diseases. A comparison between the Pleistocene fauna dynamics with the present defaunation process and the cascading effects of recent anthropogenic actions on ecosystem structure and functioning suggests that habitat degradation, ecosystem fragmentation, and alien species introduction are important stressors increasing the negative impact on biodiversity exerted by anthropogenic-driven climate changes and their connected effects. In addition, anthropogenic ecological stressors such as urbanization, landscapes, and wildlife trade, creating new opportunities for virus transmission by augmenting human contact with wild species, are among the main factors triggering pandemic diseases.
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1. Introduction



“We live in a zoologically impoverished world, from which all the hugest, and fiercest, and strangest forms have recently disappeared.”



Wallace, 1876





The current annihilation of several species and biodiversity loss are increasing so quickly that many scientists believe that we are entering a dramatic extinction crisis, mainly caused by direct and indirect human pressure on natural environments and ecosystems, e.g., [1,2,3,4]. The extinction of species has been a recurring phenomenon throughout the history of our planet. Paleontologists estimate that during the about 3.5 Byr of the biosphere evolution as a united system of planetary life, about 3.96 billion species disappeared [5,6], but 4 billion species evolved on earth and the loss of species was generally balanced or outweighed by the appearance of new species, and biodiversity progressively increased. Massive biodiversity depletions (about an estimated loss of 75% of known species) over a geologically short time period during which species extinctions dramatically outnumbered originations (exceeding the average background extinction rate) have been rarely recorded in the biosphere’s history. The most recent of the five major planetary extinction events occurred by the end of the Mesozoic Era, about 66 MYA. Therefore, the question arises whether the magnitude and the extinction rate of the extremely rapid decline in biodiversity could be regarded as the signal of an ongoing mass extinction (Sixth Mass Extinction), but several problems relate to the comparison of modern biodiversity loss, which is taking place in some centuries, with those that occurred in the past over periods ranging from less than 1 to more than 3 Myr.



The major mass extinction events, the so-called “Big Five”, occurred in Palaeozoic-Mesozoic geologically short times (end-Ordovician, ∼445 Ma, Late Devonian, ∼374 Ma, end-Permian, P-Tr, ∼252 Ma, end-Triassic, ∼200 Ma, and end-Cretaceous, K-T, ∼65 Ma), but at least six or more Neoproterozoic (Ediacaran, ∼542 Ma) and Palaeozoic-Mesozoic (end-Early Cambrian ∼486 Ma, end-Devonian, 360 Ma, Mid-Carboniferous, ∼323 Ma, Middle Permian, ∼262 Ma, Early Jurassic, ∼180 Ma) mostly less severe events have been recorded, e.g., [7,8,9,10,11]. At those times, the extinction rate was particularly high: a massive depletion affected both marine and terrestrial ecosystems and about 75% to 96% of species and 35% to 57% of genera became extinct (Table 1). However, the magnitude of these extinctions may have been either higher or lower than estimated because a number of extinct and surviving species may have escaped from the estimate since they did not leave a tangible record [12]. This is particularly the case of the Proterozoic soft-bodied organisms that left a fossil record absolutely insufficient for knowing whether or not an End-Proterozoic mass extinction might have occurred, as well as the actual magnitude of the Ediacarian event [10]. The available data clearly highlight the severity of the “Big Five” mass extinctions that affected marine and terrestrial plants and animals with broad, global geographic distributions in one to tens of millions of years (but recent studies suggest 0.1 Ma for P-Tr [10]). Millions or tens of millions of years of biological recovery, sometimes punctuated by explosive radiation episodes, followed those events, e.g., [13,14]. During these times, biodiversity, particularly faunal diversity, persistently increased throughout time. Although the pre-Quaternary mass extinctions differ from each other in rate, magnitude, and complexity of dynamics, it is indubitable that the extinctions were triggered by natural events, such as sea-level and climate changes (including global warming and glacial phases), ocean anoxia and acidification, volcanism, large meteorite impacts, and other abiotic changes in the biosphere that negatively affected time by time many different marine and terrestrial lineages, e.g., [10,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40] (Table 1).



During the Cenozoic, major extinction crises generally involved only some taxonomical groups, as, for instance, the “Grande Coupure” overturn in European mammal faunas [41] (dated to the 33.5 Ma glacial advance acme at the Eocene–Oligocene transition [42], and the Late Pleistocene Megafaunal Extinction that involved terrestrial large-bodied mammals all over the world (see below Section 2).



The purpose of this note is not to provide a critical synthesis of mass extinction events or an interpretation of the debated mechanisms that underpin them, but rather to provide some food for thought about the potential scenario of earth’s biodiversity in the coming centuries, in light of the natural processes that led to the major episodes of biodiversity losses in the deep Palaeozoic-Mesozoic time and in the geologically much shorter Quaternary time. The response of organisms to the repeated Pleistocene climatic oscillations (particularly at the time of the major reorganization of earth’s climate system known as the early to mid-Pleistocene transition (EMPT), e.g., [43], which markedly influenced terrestrial fauna and flora dynamics) could provide useful clues for better interpreting the potential impact of the present climate worming in an anthropogenic modified world.




2. What about the Biodiversity Fluctuation during the Quaternary?


During most of the Pleistocene, local or regional extirpations and global extinctions of species were mainly related to climate-driven environmental changes. Several other factors influence the eco-evolutionary trends of terrestrial plants and, in particular, animals, as well as population and community responses to adverse environmental changes, facilitating or impeding species persistence in environments altered by changing climate and related physical factors. On continents, especially in the middle latitudes, the response of flora and fauna to climate stimuli and abiotical environment perturbations mainly depends on several factors, such as the geographical location, the climatic and microclimatic characteristics, the physiographic configuration of the territory, and on the nature and severity of ecological and physical barriers. For instance, the presence of barriers can influence the dispersal of a species if the environment conditions become unsuitable, hampering the geographical range translation and constraining the species to retreat from the original range to the population “core” area.



Whatever the flora and fauna dynamics at a regional scale could have been, several lines of evidence clearly indicate the pivotal relevance of the Pleistocene global climate changes in driving the modifications of plant and animal communities all over the world, particularly during EMPT, e.g., [44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59].



During the Pleistocene, for instance, climate forcing induced deep but gradual alterations and latitudinal displacements in terrestrial biomes that greatly influenced the dispersal and dispersion of mammalian species. Various species reacted to ecosystem disturbances by varying their geographic range in keeping with the displacement of biomes, acting as invasive species in the new territory. Major climate changes (i.e., changes in climate cyclicity) brought out perturbations in physical parameters and dispersal bioevents that merged “alien” species into previously existing communities. Both factors give rise to new intra-community dynamics by leading to the extinction/replacement of the most specialized species. The resulting unbalanced structure of the community stimulates new individual responses of other species. Competitive relationships constrained the faunal reorganization, leading to a new equilibrium and, de facto, causing ecosystems to significantly restructure during a long recovery period.



The most rapid Pleistocene mammal decline occurred at the end of the Pleistocene (roughly between fifty and ten thousand years ago) with the so-called Late Pleistocene-Holocene megafaunal extinction (LPHME), which involved terrestrial large mammals of all continents, causing the disappearance of nearly 90% of genera and 85% of species weighing more than 44 kg (88% of genera (14 genera) in Australia, 83% (48) in South America, 72% (28) in North America, 35% (4) in Eurasia, and 21% (7) in Africa) [60]. The cause of the late Quaternary extinctions has been a contentious matter and still remains a highly debated issue, e.g., [61,62,63,64,65,66,67] and references in those papers. Among the various hypotheses proposed to explain LPHME (overkilling, anthropogenic introduced diseases and predators, megadrought, extraterrestrial impacts, habitat loss, altered plant-animal equilibrium, and so on), the most debated are the two counterpoised hypotheses that consider climate changes and human hunting as the most likely drivers of this time-transgressive global extinction. Although prehistoric hunters are believed by some to have played a central role in LPHME, compelling evidence suggests that climatic and environmental changes were a major factor, especially in the demise of the less ecologically flexible species, e.g., [68,69,70,71,72]. Nonetheless, it is rational to suppose that human impacts (hunting, competition, habitat fragmentation, etc.,) likely increased the risk or accelerated the process of extinction for species already stressed by environmental changes, range contraction, and reduction of population number and size. The magnitude of LPHME does not reach the magnitude of a “mass extinction”, but it could be regarded as part of a complex and ongoing extinction event that has increasingly accelerated, shifting from the Holocene to the still not formalized Anthropocene “epoch” [73,74] due to the growing impact of anthropogenic ecological stressors on species and ecosystems, e.g., [75].




3. Are We on the Edge of a Sixth Mass Extinction?


The hypothesis of a sixth incipient mass extinction was first suggested by [1]. The two authors, after having discussed the human influence on LPHME across continents, noted that the extinction continues today with an estimated annual extinction of about 17,000 to 100,000 species. As a result, many of the world’s species, particularly the vast majority of those living in critically endangered environments, could become extinct within a few decades.



The actual significance of an extinction event, however, relates to both the extinction rate and magnitude, which gives us the background extinction rates (extinction, E, per million species-years, MSY). Knowing the current E/MSY of animal and plant species could be considered elementary because it depends on how many species became extinct over a certain time and their percentage with respect to the total number of species present on earth at that time, extrapolated to predict what the rate would be over a million years. However, some problems arise. First, the current extinction rate is extrapolated on the basis of species extinctions observed in an extremely short time (tens to hundreds of years), implicitly assuming that it may represent the average rate of extinction in one million years. However, a period of 1 Myr likely encompasses both relatively long periods during which the extinction rate was lower and short periods during which it was higher or even sensibly higher than the average rate. Accordingly, periods with lower or higher than average extinction rates are supposed to balance each other over 1 Myr. By contrast, shorter intervals have a bigger chance of catching extremes. Therefore, the validity of a comparison of extinction rates based on time intervals of different lengths is questionable (see, e.g., [2]).



Second, we only approximately know the number of current vertebrate species, especially mammals and birds, but we hardly know how many species exist among invertebrates, especially the number of species inhabiting remote regions or belonging to poorly known or even extremely diversified taxonomical groups (e.g., insects). Moreover, most have not yet been formally described or found out, especially among arthropods and other minor invertebrate groups, but also plants (not to mention fungi and microbes). A conservative estimate approximates 7 million living eukaryote species, mostly plants and animals (about 85% are terrestrial), excluding some taxonomical groups, such as bacteria, for instance [76,77].



In addition, estimates of the number of currently extinct species are based on the system and the conservative criteria followed by the International Union for Conservation of Nature (IUCN) [78]. Less than 3% of modern species have been formally evaluated for extinction status and information about some species, even belonging to the major animal groups, is insufficient (Data Deficient Category) [79]. Consequently, the current loss of biodiversity is probably underestimated as it is based on the fossil record that hardly represents the real past biodiversity at any time. Although the fossil record of organisms living in unusual environments, such as deep oceanic water or remote regions, may be more extensive than that of modern species, we know very little about the true number of soft-bodied past species. Moreover, the fossil record, especially that of terrestrial species, is generally biased, even significantly, by taphonomic and diagenetic processes (see, e.g., [80,81], and references in those papers).



The actual value of the past extinction rate is difficult to ascertain. Estimates of background extinction rates are based on the estimated mean lifespans of species in the fossil record reported in non-mass-extinction intervals see [77], and references therein. The average life span is mostly based on marine invertebrates due to the finer and more continuous fossilization in marine sediments permitting a more robust collection of data [82]. Terrestrial vertebrates are likely to have a higher background extinction rate due to their limited potential for preservation, e.g., [83,84]. However, an average background extinction rate of 0.1–1 E/MSY is commonly accepted for fossil species, e.g., [2,85,86].



Some authors [2] estimated extinction rates in many past 500-year intervals to reduce estimation biases and facilitate an evaluation of the current extinction rate in relation to the past background rate, making it easier to compare it with the rate in the most recent 500 years. In the case of mammals, for which adequate data exist, the authors calculated a mean per-million-year fossil rate of about 1.8 E/MSY. The difficulty of documenting nascent paleontological evidence recorded in the sediments deposited over the past few hundred years further complicates estimating the actual extent of human-driven biodiversity loss in the last 500 years [2].



Two other aspects complicate comparing the magnitude of past and current extinctions. First, estimates of modern extinctions are made at the species level, while the genus level is generally preferred for the past. Second, the concept of species itself (or other taxonomic rank) is different if applied to modern (biological and phylogenetical concept) and fossil species (morphological concept, according to which specimens actually belonging to different species might be grouped into a single species or vice versa).



Furthermore, by combining paleontological and IUCN data (species status, ecology, and life history characteristics), some authors [12,87] have demonstrated that the magnitude of ongoing biodiversity loss based on species with a fossil record is roughly half that based on all extant known species. Accordingly, the question of how many species could have evolved and become extinct in the past without leaving a fossil record, as well as what the background extinction rate was, arises once more.



Even when account is taken of these limits, it is apparent that the actual contemporaneous biodiversity decline is far from reaching the magnitude of the past mass extinction, but it is happening dramatically quickly, in a context where we can hardly envisage a forthcoming recovery. Available data highlight the quickening of species loss. For instance, according to the IPBES Global Assessment Report on Biodiversity and Ecosystem Services, 1 million species may currently be at risk of extinction [88,89]. Some authors have claimed that the contemporary extinction rate may be about 100 to 1000 times faster than the hypothetical average background extinction rate of 0.1–1 E/MSY. Recent analyses and data revisions [90] suggest that the current extinction rate may be about 100 times greater than the 0.1–1 E/MSY [2,91], forecasting a catastrophic scenario for future centuries.



Hundreds of articles have been published in scientific journals during the last couple of decades dealing with an up-and-coming mass extinction and its potential magnitude and extinction rate, some predicting an extinction of about 75% of extant species, e.g., [3,92,93] and references therein. This percentage would match that reached in some past mass extinction events during a period of millions to less than 1 Myr, or some hundred thousand years (as suggested for instance by some researchers for the K-Pg, end-Cretaceous, end-Permian, and end-Triassic events [2], though the abruptness of the extinction has long been debated) (Table 1), but would be lost today in three centuries, see [2] for a discussion.



Although we are aware of the limited value of a comparison between E/MSY estimated over a few decades and over much longer periods, available data would suggest that, currently, the alleged E/MSY value is dramatically higher. The maximum extinction rate at the time of the Big Five mass extinctions would range from about 10 E/MSY (End-Permian event) to more than 1000 E/MSY (K-T event) [2]. The current E/MSY rate derived from the estimated number of assessed animal species extinctions [94] would be 30 times higher than the maximum (31,500 E/MSY) for the last 140 years and even significantly higher for the last 70 years (85,287 E/MSY). These estimates should be taken, however, with great caution and regarded as highly hypothetical, considering our imprecise knowledge of the real number of both living and threatened species.



According to the data published in 2020 by the International Union for Conservation of Nature (IUCN) [94], among the 618 species of animals lost since the end of the 19th century, about 67.64% were lost during the last 70 years (Figure 1). The 2020 global Living Planet Index [70] shows an average 68% decrease (range: 73% to 62%) in population size between 1970 and 2016 in almost 21,000 populations of mammals, birds, amphibians, reptiles, and fishes monitored around the world.



The average number of vertebrate extinctions per year has increased over the last 70 years, while remaining relatively stable in mollusks and decreasing in the other monitored invertebrate taxonomic groups (Figure 1).



The number of recently extinct animals and the percentage of critically endangered, endangered, and vulnerable species reported in the IUCN Red List are probably underestimated, even for well-known taxa such as birds, because the actual status of several species and subspecies is unknown, an unidentified number of existing species has not been identified or described, and percentages are calculated in relation to the overall number of the assessed species [94,95,96] (Figure 2).



Although the IUCN Animal Red List is still far from being complete, it is a valuable source of information and depicts a possible scenario for the ongoing conservation status, extinction risk, and extinction numbers of the main animal groups.



Conversely, the IUCN Red List of plant threatened species is much less complete, and knowledge gaps increase [97]. The total number of wild plants is largely unknown, especially the number of plants from tropical regions, where most of the world’s plants grow. In 2002, the number of vascular plants on the Red List (including in the Data Deficient and Least Concern categories) represented only 7% of modern species [98]. In 2019, only ∼7.5% (28,265 species) of known plant diversity was assessed on the IUCN Red List, and over 13,000 species (45.99%), were assessed as Critically Endangered, Endangered or Vulnerable, and considered threatened with extinction in the wild [99].



Some useful pieces of information are provided by the IUNC Sampled Red List Index (SRLI) for Plants that analyzed a sample of 7000 (0.018%) plants, randomly selected among the known plant species (380,000). In 2010, the SRLI for Plants project, at the beginning of its activity, indicated that 20% of the assessed plants were threatened with extinction, but about a third were so poorly known that it was not possible to recognize whether they were threatened or not [95].



The actual number of threatened or lost plant species might be significantly different. Research in single geographic regions may provide further partial information about the flora’s conservation status. For instance, Pitman and Jørgensen [100] focalized their analysis on tropical forests. They believed that the 13% value estimated at the time for the global flora threatened with extinction was significantly understated. Therefore, they tried to assess the missing tropical data from global patterns of plant endemism, finding “that as many as half of the world’s plant species may qualify as threatened with extinction under the World Conservation Union (IUCN) classification scheme” [100] (p. 989). A recent estimate for Europe shows that 168 (42%) of native species of trees (454 species) are threatened with extirpation at the European level, while for 57 species (12.56%), information is inadequate to determine their conservation status [101].



Much more data are required to attempt an appraisal of the plant threatened species, which will be more accurate than those based on the currently available insufficient data (Figure 3).



The idea of a continuous dropping of biodiversity toward a critical value finds some support in the trend shown over the last 50 years (1970–2020) by the Red List Index (RLI, which defines the conservation status of major species groups). RLI indicates that the survival probability decreased less for birds and mammals than for amphibians, and it is dramatically dwindling for cycads and especially corals [96].



The rate at which abiotic and biotic environmental parameters have been changing is likely to accelerate global biodiversity loss in the coming decades. The biosphere is an evolutionary, complex, functional system that may react unpredictably to external perturbations of an anomalous magnitude, but has demonstrated an unlimited resilience even in the face of massive perturbations. [103]. However, the rapidly increasing magnitude of anthropogenic-originated perturbations is currently threatening or annihilating several species unable to manage the environmental changes they are facing. The disappearance of a species (or a population) entails the progressive annihilation of other species due to the intimate ecological interactions of organisms in any ecosystem. The degradation and progressive loss of coral reefs, for instance, has dramatic consequences for the survival chances of the variety of organisms they support.



All in all, a good deal of evidence indicates that humans have caused a remarkable local population decline in plants and animals, contributed to the extinction of several species, and caused a threat to several others all over the world.




4. Reflections on Contemporary Ecosystem Modifications and Fauna Depletion



“The more we exploit nature, the more our options are reduced, until we only have one: to fight for survival.”



Morris K. Udall





Over the past couple of centuries, earth’s ecosystem structure and function have been dramatically altered, directly or indirectly, by human activities that have triggered anomalously rapid climate changes (i.e., a rapid increase in global warming) and the alteration of global biogeochemical cycles, which have increasingly affected the environment on all scales, sometimes augmenting the geological risk in vulnerable areas and the degradation of biodiverse habitats. Among others, the anthropogenic disturbance of the carbon cycle also deserves attention as a potential causal factor in global extinctions. Rothman [104] analyzed the significant changes in the carbon cycle over the last 540 million years, showing external perturbations (i.e., increased anthropogenic emissions of CO2 into the atmosphere) cause the cycle to respond by magnifying/augmenting its potential for stimulating earth system change. The author identified the thresholds in the carbon cycle that, if exceeded, would lead to a highly unstable environment, hypothesizing that “perturbations of earth’s carbon cycle lead to mass extinction if they exceed either a critical rate at long time scales or a critical size at short time scales”. The latter is happening today. In the past decades, anthropogenic-driven causal factors have been prompting profound modifications of ecosystems, more evident in the terrestrial realm, though neither landmasses today nor oceans are protected from a serious decline in biodiversity. Several ecological stressors, sometimes synergically acting, and related feedback processes, contribute to reducing the geographical range of various species, their population number and size, pushing them below the survival thresholds.



Most researchers deem global warming one among the pivotal factors causing local extirpations, global extinctions, and thus the loss of biodiversity. The actual impact of the in progress climate warming (anthropogenic driven and accelerated) on flora and fauna species (particularly on the less ecologically flexible) and its cascading effects on other species and ecosystem functioning is quite difficult to determine for the present and forecast for the future, e.g., [105]. However, it may be claimed that it might be more substantial than during most of the quaternary. During the Pleistocene, particularly in the boreal middle latitudes, repeated and opposing climate oscillations induced repeated spreads and retreats of plant populations, fragmentation of geographical distributions, and extirpations and extinctions of taxa, e.g., [55,106,107].



Several vagile animals (e.g., coleopters, birds, mammals) changed their geographic range according to the modified climatic gradient, the vegetation cover shift, and changes in water temperature and oceanic circulation, e.g., [48,108,109,110]. Conversely, intensive anthropization currently prevents the dispersal movements of most terrestrial mammals to escape from environmental conditions unsuitable for their own environmental tolerance. The increasing growth of human footprints in the ecological landscape, the conversion of natural and seminatural habitats for land-use, the widespread network of physical infrastructure (e.g., roads, nightlights, railways, etc.), deforestation, etc., have caused habitat fragmentation, particularly important in the most densely populated regions. Landscape connectivity is critical for ecosystem health and biodiversity conservation. As a result, any significant modification (reduction or annihilation) profoundly affects how mammals live and move across altered and fragmented landscapes, confines wild species within modified habitats or pushes some populations into unsuitable territories, and sensibly reduces or hampers the movement chances of terrestrial species, effectively impeding any displacement pattern comparable to past dispersal patterns. Overall, cumulative human pressure on the environment, habitat fragmentation, and land use changes, combined with climate-driven environmental changes, are critical drivers of species’ local extirpation in the terrestrial realm, though other factors contribute to biodiversity decline (see below).



Although local extirpation does not always imply “global extinction”, habitat fragmentation combined with climate-driven environmental changes, may nullify a population’s (if not species) potential ability to colonize new and more suitable territories and maintain its survival potential, thereby increasing the extinction risk, e.g., [111,112]. Conversely, as highlighted by some authors [113] (p. 110), “greater dispersal and colonization abilities in the ocean may help some marine species to avoid global extinction, but only if habitat is convenient for colonization”, even if greater rates of population-level extirpation are expected in the ocean due to the presence of species highly sensitive to the effect of climate warming. The current defaunation process, however, is more documented in the terrestrial realm, especially in freshwater ecosystems, than in the marine realm [114] and references therein.



The human pressures on the biosphere are rapidly growing due to the fast increase in population numbers (2 to 4 billion more people will possibly inhabit our planet by 2050 (may be 9.8 billion) and, consequently, in consumption rates and resource exploitation. The overharvesting of terrestrial and marine resources, the number of human-altered landscapes and their impact on flora and fauna community structure and equilibrium dynamics, the intentional or unintentional introduction of invasive-exotic species (including disease organisms) rapidly spreading and replacing native fauna and flora, genetic manipulation of species, reshaped selection pressure, and related ecological stressors are causing the degradation, destruction, and fragmentation of the world’s richest ecosystems, tropical forests, wetlands, and savannahs. The dangerous effects of profound alterations caused by human activities over the course of less than a century are also becoming apparent in marine ecosystems, e.g., [115,116] and references therein.



The current decline in plant and animal individuals within populations, the extinction of local populations, the species range contraction, and the local extirpation of key species are all caused by a variety of interconnected factors that have cascading effects on other species, preventing them from engaging in ecological interactions that are critical to their survival.



Although some of the natural ecological stressors acting today triggered or drove biodiversity loss in the past (e.g., major climate changes and related phenomena as documented in the Pleistocene that provide the best temporal resolution for analyzing the effects of climatic oscillation, but also in the Cenozoic, and for most of the Palaeozoic mass extinction events), human activities are dramatically exacerbating their importance. For instance, increases in temperature and sea level rise are typically expected during an interglacial period and have been particularly rapid since about the MIS16 glacial acme (∼650 ka, Middle Pleistocene), but increases as abrupt as those induced by the present trajectory of greenhouse gas emissions have never been recorded in the past. At the same time, climate change, and altered atmospheric circulation, combined with anthropogenic extensive landscape modification and degradation, increase the risk of natural disasters (e.g., storms, floods, and droughts) and cause the disappearance of the most vulnerable ecosystems. The massive and continuous introduction of alien, more flexible, and more competitive species alters the community equilibrium, triggering the extirpation of native species. The greater the human population is, the greater the demand for goods and services (water, food, resources, and energy) is. The increase in energy production, industrial and intensive agricultural activities (and, in turn, augmented greenhouse gas emissions, pollution, toxification, and oligotrophication), species overexploitation, and legal and illegal wildlife trade also have a notable negative impact on biodiversity.



As a result, under the effect of anthropogenic amplified or directly induced interplay between ecological stressors, species extirpations/extinctions could continue for centuries, increasing the threat of species and the biodiversity decline, severely affecting the future evolution of terrestrial and marine biota by changing process patterns and trajectory. Although ecosystems and biodiversity can recover on a geological temporal scale, the return to a normal state cannot be achieved on a human temporal scale. The advancing “sixth mass extinction” (whether or not the extinction rate is greater than the rate of past extinction events and whatever it should be in the upcoming future) will likely have critical effects on short-term environmental sustainability, affect the amount and availability of ecosystem goods and services that mankind requires for survival, and negatively influence human well-being.



The biodiversity intactness index (BII) [117] is a suitable indicator for appraising the biosphere integrity and the ability of ecosystems to provide benefits to people. BII estimates the average residual present in a region by analyzing the status of a large set of ecologically diverse animal and plant species and comparing the current average abundance of wild species and primary vegetation with their abundance in pre-modern or modern times. The index is particularly influenced by the effects of land use and related pressures, regarded by most as the principal drivers of biodiversity loss, e.g., [73,118,119,120]. The global average BII (79%) is lower than the limit (90%) thought to ensure safe conditions, and is especially low in the regions with a long history of severe use of the landscape, such as Western Europe [95].




5. Remarks


It is challenging to assess the significance of the contemporary biodiversity decline with respect to the magnitude and rate of the past main extinction phases. The available data give us an approximate picture of the species that were extinct in the recent past and of those currently threatened. However, it is difficult to know whether or not there has been a balance between the rapid loss of biodiversity and any potential origination of new species. Some new extant species have been described continuously for centuries (currently, new species descriptions focus on insects and other invertebrates). However, our knowledge of the species that inhabit our marine and terrestrial ecosystems is largely imperfect. This makes it impossible to know whether a newly created species is truly new or if it was already present in the wild, making comparisons with the number of extinct/threatened species impossible. Scientific papers dealing with this subject are fewer. In a recently published paper [121], the author underlined the relevance of originations in mitigating biodiversity loss. On the basis of data about the average extinction rate during the Pleistocene, as in [122] (p. 47), and assuming an equivalence between the dynamics of the natural factors responsible for the Pleistocene and the current extinctions, the author stated that the annual rate of extinction of the species lost currently due to human activity is much lower than generally expected. According to the author, the extinction rate has been


“only about 1.5 species for the last 500 years and....these losses have probably been equalled or surpassed by species born (speciation) during that time”



[122] (p. 243).







Whether one agrees or disagrees with the methodology used and the conclusions proposed (e.g., a lesson from the recent past clearly shows that global climate changes have been the primary driver of flora and fauna turnover, and that human activities dramatically amplify the impact on the biodiversity of the climate and the other natural stressors that have acted in the past), there is no doubt that we have to actively consider the appearance of new species. Unfortunately, no objective estimates are currently available or possible. Therefore, the true extinction rates of current biodiversity loss, as well as the true magnitude of the ongoing mass extinction, remain unaddressed.



Whatever the magnitude of the current biodiversity loss may be, a comparative analysis of the general conditions required for the past main extinction events, a disentangling of the relationship between extinction selectivity and extinction intensity, and a better understanding of the interacting feedback loops connecting the natural ecological stressors that drove biodiversity loss during geological time, may help improve our knowledge of the direct and indirect antropogenic role in triggering the Anthropocene biodiversity decrease.



A growing body of evidence shows that human activities have a global impact on the environment, and on ecosystem ecological characteristics and functions, which causes changes in the services that human societies rely on and jeopardizes human health and well-being. Climate change and altered natural ecological mechanisms, indeed, negatively impact the environment and biodiversity, but also the food systems, permitting in this globalized world the fast spread of disease disrupting agriculture and infecting wildlife. The greater the human population, the greater the pressure on the environment; most of the rules governing host–pathogen interactions are broken, increasing the risk of virus transmission to new hosts. As the Millennium Ecosystem Assessment [88] report has already underlined, “Many important human diseases have originated in animals, and so changes in the habitats of animal populations that are disease vectors or reservoirs, may affect human health, sometimes positively and sometimes negatively”.



The incessant habitat deterioration and loss, the low landscape resilience, the wide-spreading urbanization, and, to some extent, the human wildlife trade are not only concurrent causes of population and species extirpations and extinctions, but also threatening factors that increase the risk of disease vector migrations, creating opportunities for disease transmissions by augmenting human contact with wild species. As some authors emphasize [4], increasing human–animal interactions are a driving factor in pathogen transfer, resulting in more potential for disease spreading to humans. Biodiversity decline, environment degradation, water insecurity, and human health are intimately linked [123]. The last example of this emerging menace to human health is the current pandemic coronavirus disease (COVID-19).



Humans are radically altering and modifying earth’s system equilibrium, compromising the inherent ability of ecosystems to absorb equilibrium disturbances and restructure to maintain their critical functions. The continuous growth of human originated ecological stressors coupled with natural and stochastic disturbances is degrading ecosystem resilience, pushing ecosystems to cross the ecological threshold where even minor changes in environmental conditions may negatively upset their status. In those landscapes where ecosystems currently exhibit low resilience, environmental degradation threatens an increase in latent extinctions. Elsewhere, in areas where human pressure is currently moderate, and some connectivity is maintained, the BII is low but either higher than the global average value (Americas) or slightly increasing (Central Asia), still showing some potential for recovery. Paleontological and palaeoecological data show that in the past, during periods of climatic and environmental changes, the resilience of some ecosystems favored the slow, progressive recovery of biodiversity, suggesting focusing conservation strategies on improving both landscape and ecosystem resilience by reducing ecological stressors and increasing local connectivity, e.g., [124].



Properly understanding the past ecosystem dynamics and the factors promoting or hampering the resilience of vulnerable ecosystems, and accurately deciphering the complex network of mechanisms driving fauna dynamics during the Pleistocene may direct suitable conservation actions for biodiversity conservation in view of ongoing climate warming and habitat degradation. Evidence from the Quaternary period allows us to expand our imagination beyond the present and gain insights into the future scenario of earth’s ecosystems through a lesson from the past. Although the contemporary loss of species cannot be recognized as a true mass extinction, we have to avoid the risk of a biodiversity decrease that could become more dramatic and serious within a few generations. Acquainted and focused conservation efforts and prevention could avert a massive decline in biodiversity and the subsequent cascading effects such as the deterioration of ecosystem services and, in turn, of human welfare. Humanity’s wellness, indeed, depends on how healthy we preserve earth.



Whatever the extent of the ongoing biodiversity loss will be in the future (a major or a less impactual mass extinction, or merely a phase of marked decline and disappearance of some animal and plant groups), there is no doubt that many species still exist, many are originating, and some taxonomical groups are expanding.



The bioevents that have marked our planet’s evolutionary history and led to the biodiversity known by Palaeolithic men, demonstrate how earth’s system has overcome the most severe biological crises, finding new equilibria and progressively increasing its biodiversity. New groups of organisms have occupied new ecological niches or replaced extinct species in those already existing, in a continuous rebuilding of the structure and composition of ecosystems.



Overall, it is reasonable to expect that new species origins will ensure that earth regains its biodiversity on a much larger time scale than we are currently facing. But a question arises: will humanity, as we know it today, be a part of this scenario in a distant future?
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Figure 1. Comparison between the number of species extinct during the last 140 and 70 years in the major taxonomical groups of animals (data from [95]) (above), and between their annual average extinction rates (below). 
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Figure 2. Percentage of the current number of threatened species evaluated in relation to the overall number of species assessed in the major groups of organisms by the IUCN animal Red list [94]. 
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Figure 3. Percentage of the current number of threatened species evaluated in relation to the number of the plant species assessed in the IUCN plant Red List [102]. 
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Table 1. Percentage of genera and species that went extinct during the “Big Five” pre-Quaternary mass extinction events (* = data from [2]), and some hypothesized causes, chosen among those that are either commonly acknowledged or debated.
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	Event
	End (MYR Ago)
	Extent * (Myr)
	Genera Estimated Lost *
	Species Estimated Lost *
	Main Proposed Causes

[2,10,11,16,17,18,21,22,23]
	Other Proposed Causes





	End-Ordovician
	~443
	3.3–1.9
	57%
	86%
	Climate (alternating glacial and interglacial episodes) but [24]; sea level changes, regression followed by transgression phases, triggering ocean anoxia.
	Volcanism revealed by high concentration of mercury traces, e.g., [30]; changes in atmospheric and oceanic geochemistry, e.g., [31];.



	Late-Devonian
	~359
	2.9–2
	35%
	75%
	Global cooling followed by global warming; atmospheric carbon dioxide decrease; sea level rise associated with the spreas of anoxic waters from depth shelf into shallow waters.
	Volcanism revealed by high mercury concentration, e.g., [32], methylmercury poisoning [33]; meteorite impact, e.g., [34,35]; UV-B radiation [36].



	End-Permian
	~251
	2.8–0.16
	56%
	96%
	Siberian volcanism leading to high hydrogen sulphide, carbon dioxide levels, and halogenous levels in the oceans and atmosphere, but see [25,26]; ocean acidification; global greenhouse warming.
	Meteorite impact but [19,20]



	end-Triassic (P-Tr)
	~200
	8.3–0.6
	47%
	80%
	Increase in temperature likely caused by magmatic activity (Central Atlantic Magmatic Province) and resulting augment of atmospheric carbon dioxide; release of greenhouse gases causing deep-ocean acidification; ocean calcification crisis.
	Ocean anoxia, e.g., [37]



	End-Cretaceous (K-Pg)
	~65
	2.5–less than 1 Myr
	40%
	76%
	Long-term events: Deccan volcanism; carbon dioxide, inducing warming; tectonic uplift, accelerating erosion and contributing to ocean eutrophication and anoxic episodes.

Rapid event: Chicxulub asteroid impact (Yucatàn Peninsula Mexico), causing sudden cooling and a prolonged cold winter.

see also [27,28,29]
	Ocean acidification and Hg toxicity, e.g., [38,39,40]
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