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Abstract

:

The Earth appears to be at the beginning of sixth massive species extinction. This paper balances a review of the forces threatening species survival with a comprehensive scan of factors that could act as counterweights. These factors could lead to four types of evolution—cultural, regulatory, ecological, and technological—that could individually or in combination avert massive species extinction if humans implement solutions faster than new problems arise. Implications and future research opportunities are also explored.
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1. Introduction


Is the Earth in the initial throes of a sixth massive species extinction event? Humans have been implicated in species extinction since before the agricultural revolution [1,2] and research now suggests that the worldwide species extinction rate is much higher than the natural rate [3,4]. Factors that lead to species extinction are well known and include: over-exploitation, habitat loss, invasive species, pollution, disease, and climate change [5,6]. Unabated, these forces could lead to the extinction of 75% of species on Earth, the threshold for a massive extinction of species, between 300 and 2200 years from now [7]. Uncertainty about the causes, probability, and timing of an extinction event notwithstanding, it can be argued that humanity is not meeting its ethical and moral obligations to prevent species extinction [8,9,10,11].



We focus on all types of species extinction, though human extinction is also a possibility. Most species become extinct as a result of evolution or catastrophe, as either can lead to circumstances in which the species cannot live or reproduce. For example, extinction of the endemic birds of Guam followed the accidental introduction of brown tree snakes [12]. Humans are a robust species, so most scenarios about human extinction involve a precipitous decrease in the human population in which a few humans survive. In fact, completely eliminating those few remaining humans is always an unlikely scenario though Diamond [13] describes historic, failed civilizations and makes the case that over harvesting renewable resources, climate change, fewer friends, more enemies, and institutional cultural failure lead to civilization collapse. He urges us to address issues such as the destruction of natural resources and overpopulation.



Regardless, humans are generally resilient and inventive. For example, Tonn and MacGregor [14] describe a scenario in which a series of global catastrophes lead to a rapid decrease in human population. Societies become Balkanized; the previous ‘Haves’ retreat to enclaves and destroy the technological infrastructures outside of the enclaves that could be used by the ‘Have-nots’ to threaten the enclaves. Over time, the enclaves themselves perish because inhabitants outlive their capacity for fertility and human cloning fails. Resources available to the ‘Have-nots’ continue to collapse. A series of natural disasters then befall the Earth and the remaining humans. Due to rapid cooling and the oxidation of suddenly exposed rock from falling sea levels, the level of oxygen in the atmosphere drops below the level needed to sustain human life. The last humans asphyxiate. This scenario posits a long chain of unlikely events, yet this series of events—in any order—could plausibly lead to a major decline in population.



The question is whether humans have the capacity to adapt in timely and effective manners. Even Diamond [13] agrees that we have reasons to hope: (1) Humans can change their behavior and solve most of these problems, especially the environmental problems because we are the cause; (2) More and people are thinking about the environment more. We just have to choose long-term planning and rethink our core values [13]. Moreover, “our self-interested culture differs in one important respect from those of the past; its effects can be manipulated in ways the others could not. Our sophisticated political, economic, legal, and social institutions allow us to channel and harness our self interest” [15].



Is a sixth massive species extinction preventable? This article explores evolutionary trends in culture, regulation, ecology, and technology that could contravene the extinction factors listed above. It is tempting to cite these positive trends as we become complacent and decide that additional work and urgency are unnecessary. We found many positive trends, but the ultimate challenge is still to do enough of the right things at the right time so that we are implementing solutions faster than new problems arise. We wrote this article to encourage discussion as well as prompt, effective, and sustained action.



The next section presents our environmental scanning analytical framework. The balance of the paper presents the results of our environmental scan, a series of positive trends that could prevent massive species extinction thus allowing us to win the race for evolutionary success.




2. Environmental Scanning Analytical Framework


We acknowledge that there are many paths to extinction, which is why many evolution and extinction scenarios end with massive species extinction [16,17,18,19,20,21]. Though paths vary depending upon the elements involved—energy consumption, land development, economic production, climate change, etc.—the ultimate predicted outcome for species is usually starvation and then extinction.



To identify the paths to extinction and to identify the potential for various types of countervailing trends, we used the environmental scanning framework methodology developed by Tonn [22]. The foundation of the methodology is a systems model of the context under study. The resulting model, presented in Figure 1, encompasses seven major factors that threaten species survival, including energy consumption, land development, economic production, climate change, etc.; and seven pathways to species extinction, including unsustainable predation, habitat loss, and adaptation failure.
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Figure 1. Scanning framework with categories for evolutionary successes. 
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As indicated in Figure 1, we posit that cultural, regulatory, ecological, and technological evolution can disrupt the paths to species extinction in a variety of ways. The next section presents trends in each of these areas that could be the seeds of evolutionary changes necessary to prevent a devastating extinction event.




3. Results


For each potential evolution, we describe the forces that could lead to species extinction, which we term threats. We also note the positive trends that could lead to evolutionary successes. We end each section with examples of evolutionary success occurring throughout the world. Ultimately, each evolution has the potential to intercede in the path to extinction and lead us to evolutionary success.



However, the forces that could lead to species extinction and the related solutions are all constrained by time. Choices have implications that stretch over decades. Sometimes the time frame is set (e.g., terms for elected officials) and sometimes we must choose the time frame (e.g., deadlines for implementing environmental remediation). Time frames for actual events and problems are different than the time frames for governments and other organizations that are accountable for the solution. Thus, we must consciously match the time frame with the activity, especially when a problem could become a catastrophe before the solution can be invented or fully implemented [23].



At the same time, we must remain aware of individual and social capacities for considering time. Boniecki concluded that our individual time horizon is fewer than fifteen years and that public planning is more likely to achieve buy-in if the time horizon is fewer than five years [24]. Similarly, Tonn et al. found that most individuals’ abilities to imagine the future goes ‘dark’ at the ten-year horizon [25]. We understand that high-level nuclear waste requires special care for a million years [26], yet only a few countries have disposal plans, much less actual disposal programs [27]. Thus, the time frame over which problems must be considered and solved may exceed our inherent time frame for considering them. This inherent limitation underlies all of the threats and trends we present below.



3.1. Cultural Evolution


Cultural evolution, which includes human behavioral evolution, refers to the ongoing changes over time in one or more inherited traits of particular societies, groups, and individuals [28].



Threats to cultural evolution. The impacts of human behavior upon the environment and, more specifically, species extinction, are substantial and widespread. Due in part to unprecedented growth in both population and affluence, humans have appropriated much of the land mass and fresh water of the Earth for their own purposes. Our actions have changed between one-third and one-half of Earth’s surface and we use more than half of all accessible surface fresh water [29].



Land development for human settlements and agriculture has destroyed vast tracts of wildlife habitat and has effectively limited species range and abundance [30]. Consumption of fossil fuels adds to the destruction of habitat, emits harmful pollutants, and is the leading cause of climate change [31]. Production and consumption of other goods and services contributes to these threats to species survival. We have exploited animals as varied as whales, turtles, “siskowet” lake trout, and kangaroos [32].



Trends leading toward cultural evolution. Our environmental scan identified several major trends that could result in culture becoming less of a threat to species survival. One important trend is urbanization. Urbanization, defined as more people living in denser urban environments, is increasing worldwide [33]. Over 80% of Americans now live in urban areas. Recently, for the first time in history, the urban population worldwide exceeded 50%. Viewed from a long-term perspective, this is a positive trend because it means that humans may be congregating in more efficient and spatially-limited settlements rather than continuing to disrupt new habitats by spreading out. The challenge to this trend is that there is some evidence that increased human density can be related to decreased quality of life or satisfaction, or at least the perception of decreased quality of life or satisfaction [34,35]. Moreover, urban populations require food and energy that are usually provided by external systems with a lengthy distribution cycle. Over time and with concerted effort, these can be offset with local food and energy production, both of which require changes in infrastructure and thinking.



Trends related to sustainable development in less dense settlements are also positive. For example, the Global Ecovillage Network is increasing the number of member-sustainable communities and the number of initiatives. The Global Ecovillage Network began just two decades ago and now connects more than 600 ecovillages [36]. This is an example of effective and sustained action over time because by 2000 they had consultative status with the United Nations Economic and Social Council; today the network includes thousands of villages around the world ranging from urban projects to permaculture projects [37]. The challenge is that those ecovillages represent a tiny fraction of the total communities in the world. Increasing the numbers of communities and total participants will require additional outreach and clear explication of the benefits, though we may also be at the point where those principles must be incorporated into existing villages and neighborhoods.



Another significant trend is that overall human population growth rates are decreasing, thus we may have fewer humans in the future and could begin to see a decline in anthropogenic effects. In many countries, mostly developed, fertility rates are below replacement levels. Figure 2 presents fertility rates and hotspots worldwide and suggests that population pressures are declining in most of the world’s ecological hot spots, such as in the coastal regions of North and South America, the Amazonian region, and around the Mediterranean Sea. Population pressures remain in Southeast Asia, Central America, and in portions of Africa. However, demographic and economic development forecasts suggest that fertility rates will continue to decline over the next century, with especially significant declines in developing countries [38].



Trends in urbanization and increasing densities match an international trend towards increasing concern about the Earth’s environment [39]. Increasing concern about the Earth’s environment may lead to actual changes in behavior such as decreased development or decreased demand for material goods and thus decreased production and energy use. While in the near-term it appears that energy use will continue to increase, trends towards renewable energy resources and energy efficiency are unmistakable and hold much promise for the mid- to long-term. Lastly, the growing aging population [40], another major worldwide trend, likes to travel and that leads to an incentive towards preserving ecological hotspots for tourists [41,42].
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Figure 2. World Population Density and the 25 Biodiversity Hotspots. World population density (1995) and the 25 biodiversity hotpots (outlined in red, numbered), and three major tropical wilderness areas (outlined in green, lettered). Hotspots: (1) Tropical Andes; (2) Mesoamerica; (3) Caribbean; (4) Atlantic Forest Region; 5) Chocó-Darién-Western Ecuador; (6) Brazilian Cerrado; (7) Central Chile; (8) California Floristic Province; (9) Madagascar; (10) Eastern Arc Mountains and Coastal Forests of Tanzania and Kenya; (11) West African Forests; (12) Cape Floristic Region; (13) Succulent Karoo; (14) Mediterranean Basin; (15) Caucasus; (16) Sundaland; (17) Wallacea; (18) Philippines; (19) Indo-Burma; (20) Mountains of South-Central China; (21) Western Ghats and Sri Lanka; (22) Southwest Australia; (23) New Caledonia; (24) New Zealand; and (25) Polynesia and Micronesia. Major tropical wilderness areas: (A) Upper Amazonia and Guyana Shield; (B) Congo River Basin; and (C) New Guinea and Melanesian Islands. Reprinted by permission from [42]. 
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Challenges of cultural evolution. One fundamental challenge with respect to cultural evolution is that culture evolves organically. It cannot be imposed from the top down. On the one hand, the manner in which individuals and communities worldwide have embraced the concept of sustainability can be considered a sea change in social values. Because most views on sustainability incorporate concerns for biodiversity, species protection, and a host of other-environmentally related values, we could argue that cultural evolution is well underway. On the other hand, culture provides stability for individuals, families, and communities. Culture provides structure and predictability with respect to social and economic interactions. So, while individuals could, theoretically, change their behaviors tomorrow, practically, behavioral change is much more difficult to carry through because of the wide range of cultural influences that act to constrain behavior. For example, Marglin argues that market cultures in the Third World undermine traditional communities to produce a cultural focus on self-interest. He suggests that finding the balance between self-interest and duty to others may rely on finding an approach other than market cultures and traditional economic models [43].



Time is needed for individuals to imagine behavioral and cultural change and test things out. Culture will evolve as the changes become more accepted and worked into the social fabric of everyday life.




3.2. Regulatory Evolution


Regulatory evolution, which includes policy evolution, refers to the ongoing changes over time in one or more characteristics of particular regulations or policies. There are three themes to regulatory evolution. First, interests may desire regulatory evolution but there may not be money to support it. Second, there may be a missing institutional or structural piece [44] for advocating or implementing policy evolution. Third, the relationship between the science and policy endeavors may not be developed enough to effectively transmit information and ideas [45].



Threats to regulatory evolution. The typical threats to regulations or policies are insufficient participation in the planning process; poor implementation strategies; inadequacy of qualified staff; and a piecemeal approach to the planning process [46]. For example, in northern Tanzania, three out of four households surveyed deemed their planning process a failure and cited the preceding reasons, among others [46].



In the United States, species protection is hampered by inadequate funding for ecological research; lack of coordination across federal agencies and political jurisdictions; land use planning that is insensitive to species concerns; and conflicts between species protection on one hand and private property rights and economic development on the other [47,48].



The time frame challenge to regulatory evolution is huge. Often the time frame for a particular elected or appointed official’s term is drastically shorter than the time frame of the problem they are accountable for solving (e.g., high-level nuclear waste disposal or ocean acidification). Thus, even as a human lifetime is too short a time frame, often problems and solutions are only considered in the context of a term of office. Similarly, budget terms are also short. The money to solve problems is often appropriated in one- to five-year increments even for problems that require centuries of sustained effort backed by the requisite financial resources.



Trends leading toward regulatory evolution. The over-arching trend in this area is that the world has acknowledged a need for action. The Intergovernmental Panel on Climate Change (IPCC) is an excellent example of this [49]. Periodically, the IPCC reviews, distills and synthesizes what is known about climate change and the implications for humanity. It provides its findings through assessment reports that now have global impacts. Still, to temper this positive development, despite the fact that the IPCC has existed since 1988 and has published many reports, the global mean temperature increase since 1990 is 0.33 °C [50]. As with any human institution, the IPCC is a work in progress. Critics list the following issues with the IPCC: a hierarchical knowledge structure with the social sciences following the natural sciences; an insufficient number of developing country experts; and reliance on grey literature, among other complaints [51].



The IPCC is not the only active and influential international development. Participants in the 1992 Convention on Biological Diversity created a strategy for addressing the global decline in biodiversity. The 2002 World Summit on Sustainable Development members agreed to conservation targets. The International Union for Conservation of Nature’s Countdown 2010 program helps monitor progress toward stemming biodiversity loss [52]. Recently, scientists and policymakers proposed the Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) that would function like the Intergovernmental Panel on Climate Change (IPCC) to figure out what policymakers need; assess the state of the knowledge; support policy formulation and implementation; and prioritize capacity-building needs [53].



Lastly, the number of United Nations Educational, Scientific and Cultural Organization (UNESCO) Man and the Biosphere reserves is increasing: since the program was founded in 1970 the number of sites has grown to 564 sites in 109 countries [54]. This is another example of effective and sustained action over time because the organization steadily established more sites in more countries across four decades. True, critics could allege that they could have grown more sites more quickly, but growth has to be balanced with quality.



The rise of international collaboration to protect biodiversity is complemented by the emergence of an active and influential non-governmental sector [55] devoted to environmental concerns. In the United States, there is a trend towards an increase in nonprofits by number and as a percentage of Gross Domestic Product (GDP) [56]. Many nonprofits such as the Sierra Club, Environmental Defense, and the World Wildlife Fund work to protect the environment and biodiversity. Other nonprofits, such as Conservation International and The Nature Conservancy, acquire and protect land that has high ecological value.



There are also major trends that are impacting the environmental-friendliness of business. For example, the International Organization for Standardization (ISO) promulgates environmental, climate change, and greenhouse gas management standards [57]. ISO-type standards and green, water-content, and carbon labeling on consumer products [58] could lead to vetted, prioritized information for policymakers as well as significant changes at the individual and organizational behavioral levels.



These efforts are matched by improved environmental management strategies and federal-to-local collaboration designed to protect species [59]. Policymakers can create and fund programs to manipulate evolutionary processes such as selection, variation, and gene flow and that could allow us to preserve threatened species, combat pest species, or reduce undesirable evolutionary changes [60]. Policymakers also can implement change through fund allocations. In one study, allocating funds based on the ecological stability of ecoregions could reduce “biodiversity loss of terrestrial endemic species from protected areas due to climate change by 22% for the period of 2002–2052, when compared to allocations that do not consider climate change” [61].



Some of these opportunities have become real-life examples. The African Wildlife Foundation’s (AWF) African Heartland Program addresses biodiversity conservation targets while simultaneously seeking to improve local livelihoods [62]. Others have learned from natural resource planning and management exercises that it is important to involve key individuals in the learning process; to be clear about the role of researchers; and to remember that local resource users are also key decision makers [63].



In another example, researchers designing a regional-scale conservation plan had insufficient data about habitat availability, distribution, and abundance of seabream species. Through participatory workshops, they solicited data from marine resource users, managers, and scientists and used the answers to fill in missing data and to verify current data and findings [64].



Challenges of regulatory evolution. Unlike culture, policies can be changed from the top-down and can be changed at any time. Unfortunately, there are numerous challenges to regulatory evolution. The time frame challenge to regulatory evolution is that elected and bureaucratic officials operate on a time frame that is different than the onset or advancement of the problem. Maybe even more importantly, policy-makers typically rely on economic analytical tools to help them make decisions. These tools generally discount future benefits of prospective policies, thus making it difficult to justify expensive policies whose benefits will largely benefit future generations. Culture also impacts policy-making, wherein debates about policy alternatives often disintegrate into power struggles between historical antagonists who are driven by ancient memes rather than rational discourse.



Heuristics and biases challenge regulatory evolution. Humans often make decisions based on the most easily accessible relevant examples—the availability bias [65]. The cognitive resistance to science [66] and the suppression of science [67] are based respectively in the ideas that we resist scientific information that is different than our intuition and that we suppress or reframe information that is politically or socially inconvenience. The bias to optimism [68] is our human tendency to overestimate the future probability of positive events and underestimate the future probability of negative events.



Together, these heuristics and biases afflict citizens and policymakers alike. For example, the North Carolina legislature just sent a bill to the Governor Perdue that would prohibit North Carolina state agencies from considering accelerated sea level rise until 2016 [69], despite significant scientific evidence that sea level rise must be a factor in public planning now. Extraordinary efforts by sustainability researchers and others to imagine, articulate, and create novel and acceptable win-win solutions must be seen as a core component of regulatory evolution.




3.3. Ecological Evolution


Ecological evolution, which includes biological evolution, refers to the ongoing changes over time in one or more inherited traits of individual species and/or the ecosystems within which they exist.



Threats to ecological evolution. The threats to ecological evolution are numerous. Changes in the climate lead to extreme weather and climate events, which in turn require increased disaster preparation and overall resilience [70]. In fact, global climate change is a factor in the increase in natural disasters [71], a critical disrupter to ecological evolution [72,73], and demands scientific and popular attention.



Tropical forests continue to be developed [74] even as extinction of species continues [75] and most ocean fish are over-harvested [31]. Invasive species are increasingly causing great economic and ecological harm yet, as in the example of trout and red deer in Argentina and Chile, some are protected for profit [76]. One especially interesting threat is the relationship between gene flow, mutation, and sexual reproduction that leads to local genetic variation and then local adaptation. It turns out that this cycle may reduce local adaptation by exchanging maladapted for adapted genes [77].



Trends leading toward ecological evolution. Are there any indications that species and/or ecological evolution could act to ameliorate the forces of species extinction? It is clear that some species are already evolving due to various environmental pressures. Microbes are emerging and re-emerging [78]; bacteria are evolving resistance to antibiotics [79]; and insects are evolving resistance to insecticides [80]. Other examples include animals that are adjusting to changing habitats such as sand gobies or the three-spined stickleback [81]; resistance to infections, poisons, and endocrine disruptors; the use of predation defenses such as those we see in aphids and or the inducible defenses of the phytoplankton genus [82]; and the evolution and protection mechanisms in microbes [78].



Periods of increased biodiversity have been characterized by the punctuated equilibrium model wherein stasis is the norm and is only rarely interrupted by splits [83]. The spread of invasive species, while damaging in the near-term, may lead to a new explosion of biodiversity tested by the rigors of climate change. Thus, there is some hope that enough species will be able to evolve fast enough on their own to outpace the combined set of threats to their existence posited in Figure 1.



Some aspects of “directed” ecological evolution already exist in the world. Treatments exist to “slow the evolution of resistance by weeds, pests, and pathogens” and there are now breeding programs that maximize crop yield or quality [84]. Researchers have noticed that some species are struggling while others thrive and are studying the variations in order to figure out why [85]. For example, studying phenotypic plasticity, plants’ approach to global change may prompt ideas related to other species’ evolution [86].



Species adaptation may become a factor in successfully responding to changing climates [87]. Others suggest that we must move endangered species as the only way to maintain some climate-endangered species in the wild [88]. Regardless, local adaptation must be a factor as we consider the ecological effects of climate change.



To this point, we have characterized climate change as a threat. In this instance, climate change is an opportunity: It turns out that climate change can highlight evolutionary resilience in which local environments retain the high levels of genetic variation that are likely to be necessary given climate change [89]. As they anticipate biodiversity changes related to climate change, researchers seek to determine the extent of species’ natural resilience and have already found that the capacity to cope depends on both “intrinsic factors (species biology, genetic diversity) and extrinsic factors (rate, magnitude, and nature of climatic change)” [90].



Challenges of ecological evolution. There are two key challenges of the ecological evolution we describe. First, humans are aware of the issues and the impacts yet we continue to over-harvest species even as we continue to introduce invasive species. Second, ecological evolution is challenged by the still-unknown effects of climate change and extreme events. We can address these two challenges to ecological evolution or watch them emerge and see what happens.



The time frame challenges to ecological evolution are that individual species evolutions are happening faster than we can study them and environmental conditions may be changing more quickly than species adaption capabilities. Worse, we tend to study evolutions by species or habitat, which means we are missing the big picture of what is happening across species and habitats. Thus, ecological evolution can only be effective to the extent that researchers learn quickly enough complex ecological systems in order to give the regulatory world time to make informed decisions.




3.4. Technological Evolution


Technological evolution refers to changes over time in one or more inherited characteristics of a particular technology or suite of technologies. Ultimately, triumphs of technology may overcome the threats already noted above and those mentioned next—we may be able to outthink the problems in the other realms and implement technological solutions.



Threats to technological evolution. A conventional argument is that technology is at the root of most if not the majority of factors that threaten species survival. Advances in agricultural technology led to widespread land conversions. The Industrial Revolution led to our current fossil-fuels-dependent economies and all of the environmental externalities associated with it. The invention of the automobile, highways, electricity production and transmission, and advanced telecommunications enabled sprawl development resulting in negative impacts to land, air, and water.



Consumption-based societies engender natural-resource-consuming and pollution-emitting industries. Technological fixes, such as the synthetic pesticide dichlorodiphenyltrichloroethane (DDT), often have unintended consequences [91]. There are international conversations about geo-engineering to repair some of the atmospheric damage caused by greenhouse gases [92], but scientists disagree about the effects and cite concerns about effects on regional climate, continued ocean acidification, and human error, among others [93,94]. Humanity would have to be facing extremely dire consequences to risk geo-engineering the planet.



Trends leading toward technological evolution. If one adopts Arthur’s theory that new technologies evolve in part from the combination of new and existing technologies [95], then the opportunities for technological evolution are essentially limitless. The question is whether advances in information technology, biotechnology, nanotechnology and cognitive technologies [96,97,98], either individually or in combination [99], will lead to reduced or increased threats to species over time.



The world may be leaving the age of centralized and dirty technologies and production. Technologists are already learning how to make items smaller, stronger, smarter, and cleaner [100]. We are also learning how to improve recycling, reuse and refurbishment of products and materials. Technological enthusiasts such as Kelly [101] argue that the “technium” is now a self-perpetuating organism that values efficiency, diversity, freedom, and “evolvability.” The technium will only survive and prosper as long as humans and other Earth life survive and prosper. Thus, it is in the self-interest of the evolving technium to be as environmentally-friendly as possible. For better or worse, the technium offers potential solutions to many vexing environmental problems that threaten species survival. For example, the technium offers the possibility of managing Earth’s climate by releasing tons of sulfur into the atmosphere or iron into the oceans to counter global warming [92].



Moore’s Law of doubling processor power every two years continues to be at work [102] and leads to faster computers that can handle more and more processes. Artificial intelligence is emerging as a function of faster processors and more sophisticated software and means that computers and robots could someday help us even more with these problems. Ideas move faster as a function of the Internet, and especially as a function of social networking, which leads to opportunities to advance ideas and cooperation [103]. Some researchers suggest that we will share more and more ideas and objects as a function of technologies for coordinating and for creating, which leads to further material and energy efficiencies [104]. Thus, at the other end of the spectrum, the technium may allow humans to live in online virtual environments that are satisfying and enriching while also simultaneously leading to substantial reductions in the consumption of material goods and services in the “real” world [105]. Increased use of virtual reality may lead to additional human confusion between virtual and actual reality, though it is also possible to constantly remind the user that this is virtual equipment [106] or offer more training and therapy.



Technologies can also directly improve environmental and species protection. One interesting example of technological evolution is the use of technology to monitor conservation strategies in two of Trinidad’s protected wetlands. Using remote sensing, scientists can immediately detect increases in human activity and changes to the environment [107]. However, instead of monitoring conservation strategies in Trinidad, it may be more effective to set up the cultural and ecological circumstances so that surveillance is unnecessary. For example, increases in the Rwandan gorilla population led to an increase in tourism, which led to an overall increase in much-needed revenue for the nation; increased the amount of money available for conservation; and increased the number of people who are protecting the environment for the gorillas [108].



Technological change must be well thought out. Humans have produced almost 400 herbicide-resistant biotypes weeds such as rigid ryegrass, wild oat, and redroot pigweed [109]. Genetically modified organism (GMO) crops are available and are supposed to lead to cheaper soybeans, corn, rice, and others, yet food prices continue to rise even for the poor [110]. Relying on technological solutions in the future at the expense of solutions in the present can yield its own problems such as runaway technology, new problems we did not plan for, and new problems that cannot be addressed by the solutions at hand.



Challenges of technological evolution. The time frame challenge to technological evolution is coming up with enough technological solutions, vetting them for effectiveness, considering unintended consequences, justifying ethical considerations, legislating (when necessary), funding them, and implementing them in time. For example, Hallegatte suggests that scientists and technologists may not produce a unified climate model in time to make the necessary infrastructure adjustments. He argues that we should adapt by planning future infrastructure that is resilient to a range of climate and extreme event conditions [111].



We also have to find ways to embrace and leverage our cultural tendency to keep doing what we have always done rather than adopt technological evolution. The concept of use-inspired basic research is relevant for these contexts [112] though we argue that the true challenge to technological evolution is a function of human inventiveness, ability to get things done, and willingness to change.





4. Discussion and Conclusions


Is there a way to win the race for evolutionary success? What does it look like when evolution goes right? In what ways can evolutionary successes disrupt the paths towards massive species extinction? Humans tend to focus on ways that everything can go awry. Here, we detail evolutionary successes as well as promising research in related areas that suggest that evolution writ large could go right.



One implication of these evolutions is the opportunity to combine two or more evolutions for an even bigger evolutionary benefit. Technology turns out to offer several opportunities for ecological and biological evolution such as nanotechnology applications for automation and machine replication that could protect species while also improving human productivity. Another implication is the interaction between the components for extinction—energy consumption, land development, economic production, climate change, etc.—and the cultural, regulatory, ecological, and technological evolutions we describe. The overall effects of this system must be considered strategically and holistically.



We propose several opportunities for future research. First, researchers could study these evolutions individually and in combination. Second, there are opportunities to map the various paths towards extinction and specify the ways in which the specific opportunities and examples we outline here could be the disruptors. We see tremendous evolutionary successes and the potential for far more given the opportunities and examples we detailed. Third, we chose to write this paper from a first world perspective, which means that future researchers must do additional work to address third world realities such as rising food prices, water shortages, and famine. Fourth, analysis and research are necessary to figure out the mix of work to be done and the time frame in which it must be completed to take advantage of the positive trends we have outlined.



Rather than using these positive stories to become complacent about what is happening, deciding that additional work and urgency are unnecessary, our challenge is to do enough of the right things at the right time. Page suggests we implement a principal from jujitsu:




“We must turn the awesome forces of freedom, self interest, and ambition against their current wasteful incarnation. We can, and should, continue to aspire, to dream, to achieve, to engage in the pursuit of happiness, meaning, and knowledge, but we should be encouraged to do so without using so much stuff or by using stuff that is renewable and recyclable” [113].





We hope this article will encourage discussion as well as prompt, effective, and sustained action so that we start implementing solutions faster than new problems arise. Imagine what could be possible if these potential evolutions informed our future choices: We could win the race for evolutionary success.
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