1. [bookmark: _Toc71551278]Using examples, discuss how a diverse gene pool is important to conservation biology.
Introduction
The history of human expansion and development has seen huge amount of destruction and degradation of natural habitats, and large-scale hunting and killing of animals. In the past century, pollution and climate change have been added to the list of threats facing plants and animals worldwide. Conservation, both now and historically, has focused on tipping the scales back in favour of threatened species, which are often in small or significantly reduced numbers. Conservation efforts have therefore been targeted at boosting or re-establishing populations. More recently, focus has also been on the adaptability of species to anthropogenic environmental changes, including climate change, pollution and habitat loss.
At the same time, advances in genetics have enabled researchers to obtain accurate and detailed data about the genetics of individuals and populations (Begon & Townsend, 2021), and the tools being used will only improve and become more affordable over time. There are several examples of unseen consequences of human intervention – albeit well-meaning – in wild populations as a result of misunderstanding or mismanaging the genetic consequences (for example: Garcia de Leaniz, et al., 2007; Massaro, et al., 2013; Black, et al., 2017, each discussed below). To effectively increase the numbers of threatened or endangered populations and also improve the chances of adapting to future environmental changes, it is therefore crucial to understand how maintaining a diverse gene pool is necessary to avoid long-term damage to the prospects of the population.
The process of natural selection, by which populations adapt to their environments over time by the “selection” of heritable traits beneficial to that environment, relies on there being genetic variation within that population. It is therefore important to maintain a broad base of genes in a population in order for there to be the potential to adapt to changing environmental conditions in the future. In addition, a lack of diversity in the gene pool – in particularly in a small population – can ultimately lead to genetic meltdown. 
[bookmark: _Toc71551284]Adaptation to environmental changes
[bookmark: _Toc71551285]Introduction
A new threat to a population may arise from climatic changes, a parasite or pathogen, or a predator, the latter three of which may become a threat (or more of a threat) because of their own adaptations. A particular heritable trait (being one that is based genetically and not present in all individuals) may confer no advantage in the present conditions, but may be more suited than an alternative in the future.
The importance of genetic diversity in a population for adapting to changing environmental conditions can be seen by the catastrophic effects of plant monocultures. However, it is important to note for the purposes of conservation that introducing (whether intentionally or accidentally) new genetic material into the population without understanding its impact on local adaptations can have unforeseen consequences that actually lead to the reduction of genetic variation over time.
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An extreme example of the problems that can occur where there is low genetic variation is in the crop monocultures produced by humans. In cases where there is little genetic variation between organisms, such as where food crops are selectively bred, often asexually, the population becomes vulnerable to disease, as there may be a significant proportion of the population that has a genetic background that has little defence.
Southern corn (Zea mays L.) blight (SCLB), caused by the fungus Bipolar maydis race T resulted in damage to stalks and the cobs to rot and be covered in a greyish powder. In 1970, the vast majority (85%) of corn farming used a single corn genotype, which was particularly susceptible to the new variety of fungus. Alongside weather conditions that were favourable to the fungus, the susceptibility led to the fungus spreading rapidly and causing a catastrophic epidemic. Over 50% and up to 100% in some areas of the USA, and overall 15% of the corn crop in USA and Canada (Bruns, 2017). Ullstrup (1972) warned, a year after the epidemic: “Never again should a major cultivated species be molded into such uniformity that it is so universally vulnerable to attack by a pathogen, an insect, or environmental stress. Diversity must be maintained in both the genetic and cytoplasmic constitution of all important crop species.”
While corn was (and continues to be) very widely grown, a substantial proportion was destroyed in a short amount of time and some local plantations were wiped out altogether. The corn became vulnerable as a result of a natural mutation of SCLB (Bruns, 2017). As the last 18 months has demonstrated, even humans can be vulnerable to the mutations of pathogens, and we – like all species – are engaged in an evolutionary arms race. Sexual reproduction allows for a high level of genetic variation within a population: the independent assortment of homologue pairs of chromosomes and crossing over during meiosis allows for a huge amount of variation in offspring, provided that the gene pool is sufficiently large (Begon & Townsend, 2021). However, asexually-reproducing species have an initial edge over sexually reproducing species, as a single mutation can be replicated very quickly. New mutations may or may not be a threat to a host, but where a mutation does arise that breaks through existing defences, it takes a very short amount of time for that mutation to spread. On the other hand, the host need only have a single defence, which will be effective against all of the pathogen holding that genotype. If the vulnerable members of the population die, then the rest of the population will carry protection on to the next generation. The best defence, therefore, is wide genetic variation in the population.
Local adaptations
The Atlantic salmon (Salmo salar) is distributed widely through Europe and is an important species from an eco-system services perspective: for food, recreation and tourism (JNCC, 2021). As such, declining populations have historically been a target for mitigation measures such as fish stocking, the practice of raising fish in a hatchery and then releasing them into the wild (Östergren, et al., 2021). Due to their popularity as a food source, there is also salmon farming on an industrial scale in areas close to wild populations (Kurlansky, 2020).
There is a wide diversity in river ecology and hydrology, and this is reflected in the diversity in phenotype of salmon (Garcia de Leaniz, et al., 2007), which have adapted locally to the different environmental characteristics of their native river and climate (JNCC, 2021). Salmon populations have been found to have significant heritable variation in body shape and size, life history characteristics and behaviour, which vary between rivers and also even parts of the same river (Miettinen, et al., 2021). In other words, different populations appeared to have different adaptations suitable to their own native habitats. There is evidence that the variation in phenotype is both as a result of genotype variations and also environmental factors, so it is likely that the variation is as a result of both and the interaction between the two (Garcia de Leaniz, et al., 2007).
There are selective agents present in certain rivers or parts of rivers; for example, the parasitic flatworm Gyrodactylus salaris is present in only parts of rivers and where it is present, salmon native to that area show adaptations relative to that parasite (Miettinen, et al., 2021). However, a “foreign” salmon, or a hybrid without the relevant phenotype, may therefore be less fit in that part of the river, and therefore less likely to reach reproductive age (Klemetsen, et al., 2003). 
Traditionally, the conservation strategy for declining salmon populations has been “supportive breeding”, through fish stocking, which aims to boost local populations (Garcia de Leaniz, et al., 2007). This practice also introduces new genetic material into a population, if the stocked fish are non-native to the relevant area, and so ostensibly improves genetic variation. Environmental conditions in rivers fluctuate substantially through time, and so a high level of variation in the gene pool is important to maintain the ability of salmon populations to adapt to differing environments.
However, while genetic diversity within local populations increased as a result of the hybridisation with non-native individuals, the practice of fish stocking has in fact reduced the overall genetic variation in salmon (Östergren, et al., 2021). This is in part because of an increasing amount of straying between rivers, which increases the gene flow and therefore leads to homogenisation between habitats, and also the relatively small numbers of captive fish from whom the introduced individuals have descended from.
As a result, the ability of wild salmon to adapt in response to changing environmental conditions has ultimately been negatively affected. Additional problems arise where the individuals introduced do not carry the appropriate phenotype for that particular habitat (Garcia de Leaniz, et al., 2007). The problems caused by fish stocking are compounded by accidental introduction of maladapted individuals into the wild, such as from escapes from salmon farms (World Wildlife Fund, 2005). The individuals may be less fit in that environment, and, if they successfully reproduce with the native salmon, their offspring will be as well (Garcia de Leaniz, et al., 2007).
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A small population tends to have less genetic variation than a large one; a small population therefore may be more vulnerable to changing environmental conditions (as discussed above) and also is more susceptible to genetic drift, which occurs in all populations but is more pronounced in small ones. Genetic drift occurs as a result of random changes, where the frequency of alleles appearing in a population is determined by chance rather than evolutionary advantage (Begon & Townsend, 2021). The changes may be more or less favourable now or in the future. 
Threats such as hunting, poaching and habitat loss have sharply reduced the numbers of certain populations in the wild. In addition, the encroachment of human activities and urban development has led to natural habitats becoming fragmented. As a result, the overall numbers of a species have declined and also populations have become divided into smaller populations, which are physically isolated from one another because of intervening barriers. If the gene flow between them becomes limited as a result, the fragmented populations will suffer from the genetic effects of small populations (Fountain, et al., 2016). It is particularly important for conservation therefore to understand how the size of populations affects their gene pool.
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Recessive alleles, which are carried within all populations, can occasionally be harmful and possibly lethal to a homozygous individual (i.e. one which inherits a copy of that allele from each parent) (Begon & Townsend, 2021). For example, the recessive gene that causes Manx cats to be born without a tail is lethal when homozygous (Buckingham, et al., 2013). Within a small population, where breeding with close relatives is more likely, it is more likely that offspring will be homozygous, leading to inbreeding depression (Keller & Waller, 2002). 
In general terms, the frequency of alleles is very likely to change in each generation: as a matter of random chance, they may become more or less likely. However, in smaller populations, the amount of difference will be greater as a result of the smaller sample size. In each successive generation, the probability of a particular allele appearing will depend on the frequency in the previous generation, and therefore over time, the frequency will drift to either fixation (where it appears in all offspring) or extinction (where it no longer appears at all) (Kliman, et al., 2008).
This effect has been found to occur in wild populations. For example, a small (fewer than 40 adults) population of Swedish adders (Vipera berus) became isolated as a result of agricultural activities expanding into their habitat. Compared to other populations, the adders displayed genetic changes, such as lower variation as a result of fixation of alleles and higher overall genetic similarity, and reproductive disadvantages, such as smaller litter sizes and higher proportions of non-viable offspring (Madsen, et al., 1996). Introducing new genetic material from non-isolated populations reversed the population’s decline (Madsen, et al., 1999).
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Over time, and without intervention (such as from the introduction of new genetic material from outside), this can lead to genetic meltdown, where harmful mutations accumulate in the population and lead to a loss of fitness and a decline in population.
A large metapopulation of Glanville fritillary butterfly (Melitaea cinxia) is resident in Finland, but local populations live on fragmented islands, relatively isolated from the rest of the populations. Studies on the genetics of the local populations, including those that had declined to extinction, demonstrated that - relative to the metapopulation as a whole - they had lower genetic variation and the frequencies of certain alleles increased or reduced (Mattila, et al., 2012; Fountain, et al., 2016).
There is evidence that the lower genetic variation led to reduced fitness in the population, such as a lower egg hatching rate, suggesting that deleterious recessive alleles had been fixed in the local population (Mattila, et al., 2012). As with the Swedish adders, these effects could be neutralised by outbreeding with individuals from other locations (Begon & Townsend, 2021).
The process of natural selection acts against deleterious alleles, leading to populations sometimes purging their genetic load and therefore removing the mutations that might be harmful or lethal to the population. However, this process is not always effective, particularly where the relevant alleles are less than lethal or the population is small (Keller & Waller, 2002). In the case of the Glanville fritillary butterfly, there was evidence of evolutionary forces acting to improve the success of the species, but it was not enough to compensate, and local populations regularly declined to extinction (Fountain, et al., 2016).
[bookmark: _Toc71551292]Genetic bottlenecks
Where the number of individuals has been reduced sharply, as a result of a particular event, such as a natural disaster (a genetic bottleneck) or because a subset of the population has broken off from the larger population (a founder event) (National Human Genome Research Institute, 2021), the frequencies of alleles may not be representative of the previous population and some alleles may have been lost in their entirety. This leads to reduced variation. This is a problem even where populations rebound because the effectiveness of natural selection relies on effective population size (Ne) and not the actual number of individuals in the current population (N) (Kliman, et al., 2008). Ne will be smaller than N to the extent that N differs from the ideal population; where an ‘ideal’ population is one where the sex ratio is 1:1 and all individuals are able to breed successfully, and mating is random and constant from one generation to the next (Begon & Townsend, 2021).
It is therefore hard to recover genetic variation once it has been lost. It is not enough to simply increase the number of individuals, as the effective population size will continue to be small as a result of the bottleneck, and genetic variation may therefore continue to decrease (Kliman, et al., 2008).
All Chatham Island black robins (Petroica traversi) are the descendants of a single female, Old Blue. Only the population on a single island remained after the rest of the population was wiped out by introduced mammal predators (NZ Department of Conservation, 2020). By 1980, only five black robins had survived, with only one breeding pair. Eggs and young were cross-fostered to a different species, the Chatham Island tits. This artificially increased the amount of egg hatchings per year (the usual is only 2 eggs laid per year). The return of the young robins to the population was also timed to avoid inbreeding.
By 2013, the population had increased to 250 and remained stable. However, there is likely to remain long-term effects from the historic bottleneck, such as vulnerability to disease or other environmental changes, because of the reduced genetic variation in the population (Forsdick, et al., 2017; NZ Department of Conservation, 2020). There is of course no external population of this species of black robin from which to draw new genetic material.
Populations of black robin remain fragmented across islands so it has been recommended that there are translocations of black robins between islands in order to increase gene flow and therefore prevent further decreases in genetic variation through genetic drift (Forsdick, et al., 2017). Increased gene flow will spread favourable mutations across the range and aid in local adaptation by ensuring that new alleles arise in populations, which is particularly important in small populations with low genetic variation.
The Chatham Island black robin also provides an example of how human intervention can have unforeseen consequences where the intervention affects the process of natural selection. While maximising the number of eggs laid per year, the conservationists moved any eggs laid at the edge of the nest (“rim eggs”) to the centre, to avoid them being vulnerable to falls. However, this led to the proportion of vulnerable eggs being laid increasing dramatically, suggesting that it was connected to a rim egg-laying gene, the frequency of which was being increased artificially by the intervention of humans (Massaro, et al., 2013). As a result, the conservationists stopped intervening with rim-eggs, and the proportion dropped (Crew, 2019).
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One of the strategies for increasing wild population sizes is the breeding of organisms in captivity and reintroducing them into the wild. The organisms may have a better chance of survival in human hands, and control can be exercised over breeding and introduction. In more recent times, with better understanding of genetics, conservation projects can use knowledge of the genotypes of the captive population to improve the gene pool in the wild population. However, problems may arise due to the small numbers of individuals in captivity.
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Captive breeding populations can be used to re-establish or reinforce populations in the wild and also act as a source of genetic material. In the case of the bearded vulture (Gypaetus barbatus), there was found to be greater genetic variation in the captive population than in the wild populations (Gautschi, et al., 2003). In the 1970s, there were around 40 bearded vultures in zoos and breeding centres, from which individual vultures have been successively returned to their native habitat (Vulture Conservation Foundation, 2018). The vultures were entirely absent from the Alps, but the local population has now returned to 50 breeding pairs (Birch, 2019). Key to the project’s success was coordination between the various breeding centres to match up a number of new breeding pairs, introducing new founder members from the wild and carefully managing studbooks to preserve as many genetic linkages as possible (Vulture Conservation Foundation, 2018).
Although the programme is generally viewed as being a conservation success story (Birch, 2019), there are concerns that the population will lose genetic variation over time, as a result of the small number of birds that are the ancestors of the current captive population (Gautschi, et al., 2003).
Devil’s Hole pupfish (Cyprinodon diabolis), a critically endangered species that lives in a single cavern in Nevada, have also presented problems in using artificial breeding to boost the population size. To the extent that the ultimate goal was to increase the wild population, maintaining a captive population with low genetic variation posed several issues: 
1. pupfish raised in artificial pools demonstrated physical and behavioural changes over generations (Wilcox & Martin, 2006). The small number of pupfish taken from the wild and raised in captivity exhibited signs of the founder effect, where certain alleles were lost and rare alleles became much more likely (Black, et al., 2017). The reintroduced animals may therefore be unable to survive long in the wild or, if they are able to survive to reproductive age, they may introduce maladapted traits into the wild population;
2. the environmental characteristics of the artificial pools are different from the wild, so natural selection works in favour of the captive environment rather than the wild environment. To the extent that natural selection occurred in captivity (as opposed to random changes by genetic drift) the selected traits of the captive animals may be maladapted to the wild environment;
3. the transfer of captive individuals into the native population would reduce the effective population size, because of the small number of ancestors of the captive individuals. The reduced genetic variation would mean that the population as a whole would be less adaptable to changing environmental conditions.
One of the lessons here is that, where possible, managing populations in captivity should be avoided where there is suitable habitat within the species’ natural environment. For example, establishing a captive population of Chatham Island black robins was rejected as an option by the New Zealand Department of Conservation, as there were islands available for use as new habitat for the birds (NZ Department of Conservation, 2020).
[bookmark: _Toc71551297]Preserving diversity in highly specialised species
California Orcutt Grass (Orcuttia californica) is a rare wetlands herb, found in small temporary pools. There is a high level of diversity between the pools and therefore they are home to a diverse range of rare, highly specialised, plant species. More than 95% of the pools have been lost, so conservationists are carrying out an ongoing project to collect seeds of the Orcutt Grass (as well as other rare species) from across the diversity of pools (San Diego Zoo Wildlife Alliance, 2021). The seeds are germinated and seeds produced from the plants grown in a nursery are returned to restored or newly created pools.
Because care has been taken to maintain diversity in seeds and understand the local adaptations needed in each of the unique pool habitats, there should be a higher chance of success, both in the short-term survival of the plants in their new home and the long-term genetic variation of the species. This contrasts with the reintroduction of non-native Atlantic salmon, where local adaptations to niche habitats may be diluted by the introduction of new genetic material.
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Because of the unforeseen genetic consequences of human interventions in wild populations, paying careful attention to maintaining a diverse gene pool should arguably be at the forefront of all conservation strategies that seek to repopulate or increase the numbers of a population. The example of SCLB demonstrates that sheer numbers in a population means very little if the population is not sufficiently varied genetically to be able to adapt.
The examples of Devil’s Pool pupfish, bearded vultures, and Atlantic salmon discussed above, highlight the potential problems of artificial breeding to increase the population size of threatened species, and adds weight to the argument that the best conservation strategy is to preserve the habitats in which the species lives. To the extent that artificial breeding is a last resort for a species threatened with extinction, it is necessary to consider how evolutionary forces may affect the genetic diversity of the wild and captive populations, and mitigate the impact, such as by increasing the numbers of captive individuals crossbreeding to lessen the effect of genetic drift, and limiting the founder effect by regularly transferring small numbers of the species at the beginning of establishing a population (where practicable).
Anthropogenic changes in the environment, such as climate change, pollution and habitat loss, also make it particularly important to consider the adaptability of organisms to those changes. It is also important to note that small population sizes – which pose significant problems from the perspective of genetic variation – are a problem in the first place because habitat destruction, removal (e.g. for consumption) or environmental stresses reduce the population in the first place. 
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