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Invasive species are major contributors to global biodiversity decline. Invasive mammalian species (IMS), in particular, have profound negative effects in island systems that contain disproportionally high levels of species richness and endemism. The eradication and control of IMS have become important conservation tools for managing species invasions on islands, yet these management operations are often subject to failure due to knowledge gaps surrounding species- and system-specific characteristics, including invasion pathways and contemporary migration patterns. Here, we synthesize the literature on ways in which genetic and genomic tools have effectively informed IMS management on islands, specifically associated with the development and modification of biosecurity protocols, and the design and implementation of eradication and control programs. In spite of their demonstrated utility, we then explore the challenges that are preventing genetics and genomics from being implemented more frequently in IMS management operations from both academic and non-academic perspectives, and suggest possible solutions for breaking down these barriers. Finally, we discuss the potential application of genome editing to the future management of invasive species on islands, including the current state of the field and why islands may be effective targets for this emerging technology.

Keywords: invasive alien species management, island biodiversity, species-at-risk, conservation genetics and genomics, gene drive, university-government-industry collaboration, biosecurity


INTRODUCTION

When first discovered 378 years ago (c. 1502), St. Helena was densely covered with a luxuriant forest vegetation, the trees overhanging the seaward precipices and covering every part of the surface with an evergreen mantle… the general aspect of the island is now so barren and forbidding that some persons find it difficult to believe it was once green and fertile…This irreparable destruction was caused in the first place by goats, which were introduced by the Portuguese in 1513, and increased so rapidly that in 1588 they existed in thousands. These animals are the greatest of all foes to trees, because they eat off the young seedlings, and thus prevent the natural restoration of the forest.

Alfred Russel Wallace, Island Life (1880) pp. 284–285

The devastating impacts of invasive species on native biotas have long been recognized, as documented by 18th and 19th century naturalists-explorers (Simberloff, 2013), including Wallace (1880) in the passage above. Today, invasive species are considered among the most significant threats to global biodiversity, impacting native species, community structures, and entire ecosystems (Clavero and Garcia-Berthou, 2005; Bellard et al., 2016; Doherty et al., 2016; Spatz et al., 2017). The economic consequences of invasive species are just as severe, with costs associated with mitigating their impacts exceeding $220 billion annually in the United States alone (Pimentel, 2011). Invasive species can also negatively impact the physical and spiritual well-being of humans through disease transmission (Kosoy et al., 2015; Chinchio et al., 2020), decline in food security, and loss of connection to indigenous food systems (Huambachano, 2019).

Islands, in particular, have suffered an accelerated loss of species, mainly caused by the introduction of invasive species (Bellard et al., 2016). Hosting disproportionately high levels of biodiversity and endemicity relative to their area (∼15% of all terrestrial species on ∼5.5% of terrestrial surface area; Kier et al., 2009), islands account for 61% of all documented extinctions since 1500 CE (Tershy et al., 2015). In addition to biodiversity loss, invasive species contribute to the critically endangered conservation status of insular flora and fauna, and can directly and indirectly affect island economies, livelihoods, food security, human and non-human community health, infrastructure and culture (Tershy et al., 2015; Russell et al., 2017; de Wit et al., 2020).

One of the most important threats to remaining insular biodiversity and the primary driver of animal extinctions on islands are invasive mammalian species (IMS), including rodents, goats and cats among others (Doherty et al., 2016). The eradication of IMS by governmental agencies and non-governmental organizations have led to substantial conservation gains, with positive distributional and/or demographic responses documented for ∼6% of all highly threatened mammals, birds and reptiles on the IUCN Red List (Jones et al., 2016). Yet, despite the growing frequency of IMS eradications as a conservation strategy, >10% fail to meet their targeted management outcomes (Simberloff et al., 2018). Given the demonstrated benefits to island biodiversity of IMS eradication/reduction, there is a need to consider alternative approaches for informing best practices and improving management success; here we argue that genetic and genomic tools can help fill some of these knowledge gaps to increase the scale, scope and pace of IMS eradications from islands.

In this review, we first summarize general management strategies related to IMS on islands including trends in eradication performance and reasons such activities may fail. We next synthesize the literature on ways in which genetic and genomic tools have effectively informed the development and modification of biosecurity protocols, and the design and implementation of eradication and control programs. In spite of their demonstrated utility, we then discuss impediments that are preventing genetic and genomic tools from becoming more routinely implemented into IMS management strategies and suggest potential solutions for breaking down these barriers. Lastly, we discuss the promise of genome editing for transforming IMS management moving forward and why islands may offer significant advantages for continued research and potential deployment.



CURRENT IMS MANAGEMENT ON ISLANDS


General Management Strategies

Management of IMS on islands can be divided into two general strategies: (1) eradication; and (2) control. Eradication refers to the complete (100%) removal of the introduced species, while control involves sustained harvesting of the introduced species to mitigate negative impacts. The choice between these two general strategies depends on the specific management goals developed within the context of broader ecological (Oppel et al., 2019), economic (Epanchin-Niell, 2017), socio-political (La Morgia et al., 2017; Roberts et al., 2018), and cultural (Bellis et al., 2019) considerations. For example, eradication of IMS is not always necessary for achieving conservation success, which is usually evaluated based on endemic species recovery and/or ecosystem restoration (Simberloff et al., 2011). Alternatively, managers may employ control focused on minimizing impacts of IMS through removal of individuals (Cromarty et al., 2002) when the anticipated conservation gains fail to justify the higher initial costs of eradications (Fraser et al., 2006; Helmstedt et al., 2016) or when eradication is not feasible (Campbell et al., 2015).



Eradication Performance Trends

The past 20 years have seen tremendous progress in our understanding of the many threats posed by IMS on islands, conditions for eradication feasibility, and necessary steps for increasing the scale, scope and pace of management operations. This work has been effectively summarized in the proceedings of three international conferences on island invasives over that period (Veitch and Clout, 2002; Veitch et al., 2011, 2019). It remains unclear, however, whether these knowledge gains have translated into an improved frequency of IMS eradication success. Simberloff et al. (2018) used the Database of Island Invasive Species Eradications (DIISE) to evaluate the frequency and success of island-wide eradication attempts for various IMS, with entries dating back over a century. For invasive mammals, the authors identified 1086 eradication attempts, 67% of which occurred in recent times (after 1995; Simberloff et al., 2018). Despite the increased volume of attempts post-1995, the overall frequency of successful eradications during this period (84%) did not significantly differ from the overall rate (85.1%; Simberloff et al., 2018).

The increase in recent eradication attempts can be largely attributed to our improved understanding concerning the extent and magnitude of threats posed by IMS on islands (McCreless et al., 2016). Awareness of IMS impacts is greater than ever before and the attitude of the scientific community is becoming more optimistic and ambitious regarding the scale, scope and complexity of eradications (Veitch et al., 2019). Managers in IMS eradications are guided by well-established principles of eradication (Cromarty et al., 2002) that have been rendered into best practice guidelines for various taxa that simplify IMS management strategies on islands, contextualized using real-world applications (Ramsey and Will, 2012; Keitt et al., 2015; Broome et al., 2017). Together, this awareness has led to more initiatives and funding available for invasion biology research and applied IMS management, enabling innovations in control methods designed to be more effective in removing the target species and less detrimental to non-target species and surrounding ecosystems (Donlan et al., 2003; Campbell K. J. et al., 2015; Carter et al., 2016; Campbell et al., 2019). For small mammals, successful use of rodenticides in particular has greatly benefited from aerial broadcasting techniques that allow managers to target much larger islands (Howald et al., 2007). Use of helicopters and semi-automatic firearms has yielded similar successes for large mammal eradications, from primates (Hanson et al., 2019) to ungulates (Macdonald et al., 2019).

While these advances have resulted in larger, more complex, and more frequent eradications performed with similar levels of success (Veitch et al., 2019), approximately one in ten eradication attempts still fails (Simberloff et al., 2018). The outcome of failed eradications can be significant; targeted populations typically return to pre-eradication densities or higher, thereby rendering any conservation gains temporary. At the same time, failures lead to additional financial costs to complete the eradication, while also incurring future opportunity costs that delay other interventions necessary to combat the massive scope of global biodiversity loss (Gerber, 2016). In addition, failures can diminish confidence in eradication as a viable conservation tool, threatening social license for any future attempts. Consequently, improving the frequency of eradication success on islands requires a thorough understanding of why eradications fail in the first place.



Why Do Eradications Fail?

The three main causes of eradication failure include: (1) incomplete operation that allowed individuals to survive; (2) completed operation, but individuals survived; or (3) completed operation that was initially successful, but the target area was reinvaded (summarized in Kappes et al., 2019). Although the above framework was developed for invasive rodents, it is relevant to the eradication of IMS from islands writ large. For category 1 failures, many of the causes are similar across species and they consist of logistical (e.g., inadequate funding), social (e.g., loss of social license), and/or operational issues (e.g., use of unskilled teams or removal tools ineffectively applied; Kappes et al., 2019).

The remaining two categories, however, are each unique such that they can be heavily dependent on species-specific life history and/or characteristics of the local ecosystem. For instance, common drivers of category 2 failures (i.e., survival) of rats have been due to unexpected levels of bait competition from non-target species, perennial breeding of the target species, and more preferential/abundant food resources versus bait (Keitt et al., 2015). Likewise, influences that lead to failure to eradicate large mammals from islands differ from rodents partially due to differences in eradication methods (e.g., delivery of rodenticide to small mammals versus active hunting of large mammals), but also because of species-specific characteristics. For example, forest-dwelling ungulates such as deer may inhabit densely forested environments that limit their detection, even at high-densities. In turn, reduced detection probabilities render common eradication methods that rely on visual sighting, such as ground or aerial hunting, less effective. Overall, category 2 failures are perhaps most hindered by an inability to detect and respond to species at low densities, as recently evidenced in red deer (Cervus elaphus; Macdonald et al., 2019), mink (Neovison vison; Macleod et al., 2019), rats, as well as feral sheep (Ovis aries) and cats (Felis catus; Ortiz-Alcaraz et al., 2019).

Category 3 failures (i.e., reinvasion) differ in that they result from non-existent or ineffective biosecurity protocols that ideally should precede attempted eradications, or from inappropriately scaled eradications that do not encompass the entire eradication unit (e.g., islands that require simultaneous IMS removal to prevent reinvasion; Abdelkrim et al., 2005). Such protocols greatly benefit from tools that can reconstruct the source population of reinvaders, as this information may further point to the underlying cause of eradication failure (Kappes et al., 2019). To be effective, biosecurity measures must account for species reinvasion that are human-mediated (e.g., rats transported on boats) or a natural consequence of high dispersal (e.g., deer swimming from nearby islands). For example, conservation efforts often prioritize single islands for eradication from within a cluster of invaded islands, due to biological or other considerations such as targeting Important Bird Areas or World Heritage Sites. Yet, if IMS are readily moving within an island cluster, reinvasion of a cleared island is likely, leading to eradication failure. Likewise, successful eradication of IMS from an entire island cluster may still fail to avert reinvasion if effective biosecurity measures are not in place to prevent, detect and respond to an introduction from external sources.

Genetic and genomic tools exist that can address several challenges surrounding eradication failures, including but not limited to: (1) defining eradication units; (2) determining the source(s) of (re)invasion; (3) identifying invasion pathways; and (4) detecting IMS at low-density (Table 1). Integration of genetic information into biosecurity and control protocols has been recommended (Abdelkrim et al., 2005; Kappes et al., 2019), but is far from seeing regular application, warranting greater discussion of their utility for insular IMS management.


TABLE 1. Examples of common genetic/genomic applications to invasive mammal management on islands.
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THE PROMISE OF GENETICS/GENOMICS TO INFORM IMS MANAGEMENT ON ISLANDS


Genetic and Genomic Tools for Informing the Study and Management of Invasive Species

Since publication of The Genetics of Colonizing Species (Baker and Stebbins, 1965), genetics has played a key role in the study of invasive species, both from the standpoint of using such systems for investigating ecological and evolutionary principles related to colonization of novel environments, as well as for informing applied management strategies. Investigating the population genetics of invasive lineages has been instrumental for testing evolutionary theory related to adaptation and population bottlenecks, reconstructing the complex history of biological invasions to provide insights on the invasion process, and, more recently, uncovering the genetic basis of features associated with invasion success (Barrett, 2015). The sheer impact of invasion genetics over this period was recently highlighted by a symposium marking the 50th anniversary of the seminal work that covered the current state of the field, which was subsequently communicated in a special issue of Molecular Ecology (2015) as well as an expanded edited volume (Barrett, 2015). Aided by our ever-improving ability to mine the genomes of living organisms, such work has been carried out over a wide taxonomic breadth, from zooplankton, terrestrial plants and fungi, to fish, amphibians, reptiles, birds and mammals.

The use of genetics for informing applied management of invasive species was initially centered around plant invasions to clarify taxonomic uncertainties for biosecurity, address questions underpinning the impacts of hybridization and introgression, and identify sources of invasion and potential invasion pathways (Le Roux and Wieczorek, 2009). Different classes of molecular markers have been employed in invasive species research, historically including protein-based allozymes, polymorphic nuclear and organellar DNA fragments [e.g., restriction/amplified fragment length polymorphisms (RFLPs/AFLPs), mitochondrial/chloroplast DNA (mtDNA/cpDNA), respectively], and hypervariable tandemly repeated DNA sequences (e.g., microsatellites and minisatellites; Le Roux and Wieczorek, 2009). Microsatellites and mtDNA, in particular, have seen frequent application in IMS research (Browett et al., 2020), although they may not be sensitive enough to reconstruct invasion histories and delineate eradication units in recently diverged populations or those exhibiting contemporary gene flow (Cowen et al., 2019; Yoshida et al., 2020).

More recently, the advent of massively parallel (MPS; also known as next- or second generation; Margulies et al., 2005; Metzker, 2010) and single-molecule, long-read (also known as third-generation; Branton et al., 2008; Eid et al., 2009) DNA sequencing has elevated our ability to generate orders of magnitude more data and to make use of more robust molecular markers in the form of single nucleotide polymorphisms (SNPs), extending the depth and breadth of questions that can be addressed (Rius et al., 2015), while providing unprecedented insight into the processes underpinning biological invasions (McCartney et al., 2019). In particular, these technologies have enabled low-cost SNP discovery and genotyping-by-sequencing (GBS) of thousands of genetic markers for any species using a range of approaches including restriction site-associated DNA (RAD) sequencing (Baird et al., 2008) and others (e.g., nextRAD; Russello et al., 2015). For example, Bay et al. (2019) used GBS to investigate interactions of introgression and selection between hybridizing invasive rainbow trout (Oncorhynchus mykiss) and threatened westslope cutthroat trout (Oncorhynchus clarkii lewisi). The authors found evidence of parallel adaptation by identifying several loci under selection in admixed populations across multiple river basins that represent important tools for informing management action to prevent the genomic extinction of westslope cutthroat trout. In addition to GBS applications, leading-edge DNA sequencing technologies have greatly facilitated whole genome sequencing of any target organism. As a case in point, full genomes have now been sequenced for 27 of the 100 worst invasive species listed by the IUCN (McCartney et al., 2019). This number promises to increase as sequencing costs decrease and the advantages of reference genomes become more apparent, including providing greater resolution for reconstructing invasion histories, resolving fine-scale structure among recently diverged populations, and identifying targets for genome editing.



Utility of Genetics/Genomics to Design and Evaluate Eradication Programs

When performed prior to an eradication attempt, genetic surveys of a target species can provide an evidence-based platform to direct effective management strategies (Abdelkrim et al., 2005; Kappes et al., 2019). Genetic information generated from these surveys can be used to inform design of management strategies, define eradication units, improve cost-effectiveness of implementation, and evaluate outcomes.

In multi-island systems, estimates of population genetic structure and individual relatedness of IMS may reveal signatures of historical and contemporary gene flow (Escoda et al., 2017; Pichlmueller et al., 2020). Managers can use these data to infer the extent and direction of IMS dispersal within island systems; such information can minimize eradication failures due to reinvasion by helping to define eradication units and frame biosecurity plans and practices (Abdelkrim et al., 2005). For example, Sjodin et al. (2019) used population assignment tests and Bayesian clustering of SNP genotypes to investigate patterns of population connectivity of black and brown rats in the Haida Gwaii archipelago (British Columbia, Canada), identifying six eradication units that constituted single or clusters of islands. On-going rat management efforts in Haida Gwaii should target these eradication units to minimize potential for reinvasion.

On large islands, such as New Zealand’s South Island, genetic data can inform regional IMS management, despite the differences in dispersal barriers. For example, Adams et al. (2014) used Bayesian clustering of microsatellite genotypes to reveal two distinct population clusters of invasive common brushtail possums (Trichosurus vulpecula) in and around Dunedin City and on the rural Otago Peninsula. As a result, a single reinvasion pathway onto the Otago Peninsula was inferred from urban areas to the south; the researchers recommended that eradication of possums on the Otago Peninsula should be paired with on-going monitoring of an urban buffer zone and highlighted the importance of pre-eradication genetic surveys for informing management planning and maximizing eradication success (Adams et al., 2014).

When eradications are not successful, managers who conducted pre-eradication genetic surveys may have the ability to identify the cause of failure by comparing the genetic material from individuals before and after the eradication operation. A recent example was demonstrated by Sjodin et al. (2020a), where the cause of a failed brown rat eradication on the Bischof Islands in Haida Gwaii was due to reinvasion from nearby Lyell Island, rather than from surviving rats in situ (Figure 1B). In New Zealand, pre-eradication genetic surveys of three rat species from Pearl Island allowed genetic assignment of individuals post-eradication that revealed the cause of failure likely being reinvasion from Stewart Island, directing management to reconsider the eradication unit and not the procedure itself (Russell et al., 2010).
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FIGURE 1. Examples of the use of genomic tools for informing biosecurity protocols and evaluating eradication operations, based on case studies involving invasive brown rats (Rattus norvegicus) in the Haida Gwaii archipelago off the coast of British Columbia, Canada. (A) Genome-wide single nucleotide polymorphism (SNP) data at 16,598 loci and Bayesian coalescent modeling were used to infer multiple invasions of brown rats in Haida Gwaii. The initial invasion into the southern portion of the archipelago was likely from Western Europe in the late 19th or early 20th century, with a second invasion into northern Haida Gwaii from mainland British Columbia occurring in the early 21st century, suggesting the need for continued vigilance and enhanced biosecurity protocols (Sjodin et al., 2020b). (B) Targeted SNP data using the RapidRat Genotyping-in-Thousands by sequencing (GT-seq) panel (see Figure 2) combined with principal components analysis was used to determine that the cause of a failed brown rat eradication in the Bischof Islands in Haida Gwaii was due to reinvasion from nearby Lyell Island, rather than from surviving rats in situ (Sjodin et al., 2019, 2020a).


A previous limitation of genetic tools for informing the design and evaluation of eradication programs was related to obtaining a sufficient number of DNA samples for conducting pre-eradication surveys or post-eradication monitoring, especially in elusive species and/or those found at low densities. This impediment has been overcome in the past two decades as genetic and genomic tools have been optimized for use with non-invasive DNA samples, such as feces, hair and feathers (Kohn et al., 1999). Although such sample types characteristically contain low levels of target DNA that is often degraded due to environmental exposure, use of targeted, species-specific markers such as mtDNA (Taberlet and Waits, 1999), microsatellites (Waits and Paetkau, 2005) and, more recently, SNPs (Russello et al., 2015; Andrews et al., 2018; Schmidt et al., 2020) has circumvented these issues. Non-invasive samples are especially useful for island eradication programs that target species such as deer or feral pigs, which can easily escape direct detection in densely forested environments, but leave readily identifiable sign (e.g., feces). For instance, Brinkman et al. (2011) demonstrated the ability of microsatellites to estimate population density of Sitka black-tailed deer (Odocoileus hemionus sitkensis) using fecal pellets collected on Prince of Wales Island, Alaska. Likewise, Ferreira et al. (2018) used a similar approach for the much smaller and elusive Cabrera voles (Microtus cabrerae), finding that non-invasive genetic sampling generated better estimates of population density at one third of the cost of live trapping. Island eradication programs can benefit greatly by using such estimates of population density to prioritize areas for action and guide efficient resource allocation, such as the number of hunters hired or the duration of a hunting event. This application was demonstrated during the eradication of red deer (Cervus elaphus) from Secretary Island in New Zealand (Macdonald et al., 2019); after several failed eradications attempts, management strategies employed DNA profiling of fecal pellets to create an inventory of individual red deer present that helped guide hunting teams by comparing DNA of deer killed to those identified using fecal pellet DNA (Macdonald et al., 2019). This incorporation of genetic tools proved effective for mitigating the high costs of detecting individuals at low density during the critical period following the initial population reduction. Moving forward, the development and deployment of targeted SNP panels that harness leading-edge DNA sequencing technologies, such as in Genotyping-in-Thousands by sequencing (GT-seq; Campbell N. R. et al., 2015), can provide scalable, rapid and cost-effective tools for informing the design, implementation and evaluation of eradication operations (Sjodin et al., 2020a), even when paired with non-invasive genetic sampling (Schmidt et al., 2020; see Figure 2 for a generalized workflow for GT-seq SNP panel design). Further advances in DNA sequencing technologies have enabled portable genotyping in the field (e.g., Oxford Nanopore MinION; Lamb et al., 2020); although not yet opertionalized within the context of IMS eradication or control programs, this technology holds great promise if paired with pre-eradication inventories (e.g., Macdonald et al., 2019) for informing management operations in real-time.


[image: image]

FIGURE 2. Schematics of Genotyping-in-Thousands by sequencing (GT-seq), a method that can simultaneously genotype few to thousands of individuals at hundreds of single nucleotide polymorphisms (SNPs). (A) Data collection workflow demonstrating multiplex amplification of loci containing SNPs of interest ([image: image], [image: image], [image: image], [image: image]). The schematic is based on Figure 1 of Campbell N. R. et al. (2015). (B) Generalized workflow for developing a GT-seq panel, including initial source of data, filtering steps, and primer optimization. The flowchart is based on Figure 1 of Chang et al. (submitted).




Utility of Genetics/Genomics to Inform and Modify Biosecurity Protocols

Biosecurity includes all efforts made to prevent the immigration, establishment, and spread of invasive species; thus, eradications that proceed without biosecurity protocols in place are often doomed to failure (Kennedy and Broome, 2019). The effectiveness of such protocols depends on evidence-based policy that directs each component of island biosecurity, including quarantines and inspections of invasion vectors (e.g., boat and air traffic), island surveillance for new invaders, and appropriate responses to new invasions (Reaser et al., 2020). Obstacles to effective biosecurity can include technical limitations that arise from inappropriate eradication design (see previous section) as well as insufficient practices for describing and monitoring invasive populations including: (1) incomplete knowledge of invasion pathway(s); (2) inaccurate low-density IMS detection; and/or (3) lack of continuous surveillance (Kennedy and Broome, 2019).

Genetic information can help overcome these obstacles to effective biosecurity. One increasingly common application has been to use genetic data to reconstruct important components of the invasion pathway, such as identifying the source(s) of invasion and point(s) of establishment, with the flexibility to do so at multiple scales. At a local scale, microsatellite analysis of invasive American mink (Neovison vison) in the Atlantic Islands National Park in Spain revealed high genetic affinity to individuals at a nearby fur-farm, suggesting the population was founded by escapees (Velando et al., 2017). At a broader scale, mtDNA-based analyses revealed the origins of invasive monk parakeets (Myiopsitta monachus) in the United States and Spain, and Siberian chipmunks (Eutamias sibiricus) in Italy were directly linked to the legal and illegal pet trades (Russello et al., 2008, 2021; Edelaar et al., 2015; Mori et al., 2018). Further, Puckett et al. (2016) compiled a global SNP database of brown rat (Rattus norvegicus) populations to reconstruct their world-wide invasion history, revealing natural and human-mediated dispersal pathways. This global brown rat SNP database now provides an important resource for identifying sources of invasions on islands around the world, which can be directly integrated into new or existing biosecurity protocols. For example, Sjodin et al. (2020b) used this database to identify multiple invasions of brown rats in the Haida Gwaii archipelago (Figure 1A). Genetic assignment and demographic modeling using several thousand SNP genotypes suggested an initial invasion into the southern portion of the archipelago likely originating from Western Europe in the late 19th or early 20th century, which coincided with active European whaling activities in the area (Figure 1A). This was followed by a second invasion into northern Haida Gwaii from mainland British Columbia in the early 21st century, suggesting the need for continued vigilance and enhanced biosecurity protocols (Figure 1A).

Effective biosecurity is often challenged by the difficulty of detecting IMS at low population densities, representing another area where genetic and genomic tools can assist. Upon establishment, many IMS will undergo a lag phase before exponential population growth and spread, depending on intrinsic genetic and extrinsic environmental conditions (Allendorf and Lundquist, 2003). Consequently, conventional methods such as direct observation, fecal counts, live-trapping, and camera-trapping may not provide sufficient sensitivity for IMS detection during the lag phase. Management may compensate within this critical period by increasing the amount of resources and effort applied, but this can dramatically increase costs (Macdonald et al., 2019). Non-invasive genetic sampling, as described above, can be beneficial for the detection of IMS at low densities because it avoids reliance on methods that involve direct sightings (Ferreira et al., 2018), and can take advantage of reliable and cost-effective methods for sample collection such as wildlife detection dogs (Orkin et al., 2016; Hollerbach et al., 2018; Roda et al., 2021). Additionally, non-invasive genetic sampling also provides opportunities for citizen science contributions that can greatly increase the area searched at much lower costs than field technicians (Biggs et al., 2015; Blåhed et al., 2019).

Another emerging area of research and development for low density species detection as well as surveillance is environmental DNA (eDNA) barcoding (Taberlet et al., 2012). Animals are constantly shedding DNA into their environment, leaving trace amounts of genetic material within environmental samples such as water, soil, snow, or air, with the majority of applications using water samples in aquatic systems (Ruppert, 2019). By optimizing species-specific genetic barcodes, researchers can use such environmental samples to determine the presence or absence of rare or elusive species indirectly. eDNA technology has been effectively applied to invasive species detection across a variety of taxa (Sarre et al., 2013; Hunter et al., 2015; Smart et al., 2015). For example, eDNA barcoding has been used to detect invasive American bullfrog (Rana catesbeiana) from pond water samples with greater sensitivity than traditional field surveys (Dejean et al., 2012), and has been adapted for surveillance of invasive cane toad (Rhinella marina) on islands off the coast of mainland Australia (Tingley et al., 2019). Applications of eDNA also show promise for terrestrial IMS management. Ushio et al. (2017) demonstrated the utility of MiMammal – a set of mammalian primers for eDNA applications – to detect and distinguish various mammalian taxa using water samples. Many of these taxa included widespread insular IMS such as sika deer (Cervus nippon), brown rats, and raccoons (Procyon lotor). Given that eDNA persistence has been estimated between 1 day to over 2 weeks depending on environmental conditions (Barnes et al., 2014), any detection of IMS would indicate that invasion is probable, supporting immediate management action. Nevertheless, avoiding false species detections is still a major hurdle for presence/absence eDNA applications, which must be carefully considered when designing an eDNA workflow for IMS detection (Ficetola et al., 2015, 2016; Roussel et al., 2015; Beng and Corlett, 2020).




WHAT IS KEEPING PROMISE FROM PRACTICE?


Challenges

Conservation managers are regularly tasked with maximizing conservation returns using typically limited budgets (Gerber, 2016). Given that the collection and analysis of genetic samples has historically been relatively expensive, it is commonly easier to raise funds for eradication operations themselves rather than the necessary a priori science and biosecurity measures that could be enhanced by genetic information. In non-academic circles, genetics may still be perceived as too costly by some (Matzek et al., 2014; Taylor et al., 2017; Cook and Sgrò, 2018), despite the rapid development of laboratory infrastructures that increase the accessibility, applicability, and resolution of genetics for informing invasive species management at ever decreasing per sample costs (Rollins et al., 2006; Rius et al., 2015; McCartney et al., 2019; Browett et al., 2020; Martinez et al., 2020). In fact, the costs of generating genetic and genomic data are lower than ever before – data from the National Human Genome Research Institute suggest the cost of sequencing a human genome has dropped to $1000 in 2020, down from $100 million just 20 years ago (Wetterstrand, 2020). Therefore, the challenge here is not solely related to the costs of generating genetic data themselves, but to reducing the perception that genetics is inaccessible to support a range of evidence-based IMS management operations, regardless of the scale or scope.

In addition, knowledge gaps exist within and outside of academia that may inhibit more frequent implementation of genetics and genomics into IMS management operations. Within academia, geneticists may have an incomplete understanding of what information is actually needed and actionable to best guide IMS management operations. For example, land and conservation managers with decision-making authority in invasive species management programs in California (United States) reported a disparity between their need of scientific information and the research output being produced by scientists (Matzek et al., 2014). Furthermore, IMS management in practice combines several different value sets into decision-making, including social, cultural, economic, and ecological considerations that may not always receive attention in basic research. Outside of academia, conservation managers may lack the genetic expertise necessary to incorporate these approaches into the design and implementation of IMS management strategies. Survey results of conservation managers and scientists in New Zealand and Australia found that insufficient expertise was viewed as a major impediment to the inclusion of genetics within management operations (Taylor et al., 2017; Cook and Sgrò, 2018). Specifically related to the control of invasive species, Cook and Sgrò (2018) found that many conservation managers considered genetics to be irrelevant. This perception may again be attributed to a lack of genetic expertise and awareness, as genetic data have been a key part of informing invasive species management on islands for over 20 years (see section “The Promise of Genetics/Genomics to Inform IMS Management on Islands”). However, for IMS eradications to be more successful in preventing extinctions, we must increase the scale, scope and pace of eradications that is both informing and being responsive to ever-improving and diversifying genetic solutions (Le Roux and Wieczorek, 2009; Geller et al., 2010; Rius et al., 2015; Browett et al., 2020).

Contributing to the divide, conservation scientists and managers within academic and non-academic institutions have different roles and responsibilities; for example, universities and government agencies offer varying reward systems for job performance, require alternate timelines for deliverables, and contain different administrative hurdles that are necessary prior to undertaking research projects (Oliver and Cairney, 2019). Collectively, these disparities may hinder the integration of genetics and genomics into IMS management and contribute to what has been called the conservation genetics gap, a widely discussed division between academic researchers and conservation managers that prevents more frequent use of genetics into conservation practice (Hoban et al., 2013a; Shafer et al., 2015; Taylor et al., 2017; Britt et al., 2018; Holderegger et al., 2019; Sandström et al., 2019). A central argument underpinning many of these discussions is that academic researchers are not rewarded for active participation in conservation and/or engagement with managers because of the perceived reward system in academia (e.g., “publish or perish”). Some argue that the publication pressure for scientists in academia counteracts real world conservation applications because time and resources are consistently invested in projects that generate peer-reviewed publications rather than those that promise conservation success (Vernesi et al., 2008; Arlettaz et al., 2010). If publication output is indeed among the core measures of job performance in academia, contributions to insular IMS removal programs could be limited, as such projects may require great time and resource investment, can occur in remote locations, and always run the risk of failure or postponement due to loss of social license or other factors. Alternatively, government personnel can feel discouraged by working with academic researchers due to incongruence in timelines, perceived lack of interest in ‘practical or real world’ problems in the academy, and/or incomplete understanding of the applicability of the science to the conservation policy or management problem (Choi et al., 2005). Within the government agency or division, personnel may be discouraged by the administrative load of managing the contracting side of the relationship, prevented by senior managers who discourage deviation from conventional approaches, and/or by other cultural factors that are impediments to collaboration with academic scientists and institutions (Oliver and Cairney, 2019).



Solutions

We echo the call of many for greater collaboration between academic researchers and conservation managers to confront the most pressing future or latent conservation problems (Hoban et al., 2013b; Matzek et al., 2014; Shafer et al., 2015; Sutherland and Wordley, 2017; Taylor et al., 2017; Britt et al., 2018; Cook and Sgrò, 2019; Fabian et al., 2019; Holderegger et al., 2019; Browett et al., 2020); in this case, related to the increased scale, scope and pace of IMS eradications from islands and protecting these investments into the future. For example, collaborations provide the opportunity for academics and managers to pool their funding to maximize the effectiveness of removal programs while enhancing research studies. For academics, costs of obtaining field samples for research are substantially reduced, leaving greater funds available to expand data collection or pursue other lines of inquiry. Conversely, managers would no longer have to worry about purchasing research infrastructure, while also gaining access to graduate students for both field and lab work frequently at lower costs and higher skill levels than other personnel options. Thus, the funding pool mutualism may help to alleviate costs and this barrier to implementation frequently cited by conservation managers (Taylor et al., 2017; Cook and Sgrò, 2018).

Collaborations further enable academic researchers to bring the most advanced, cutting-edge science to address targeted questions raised by managers in order to help fill knowledge gaps that represent barriers to management success. IMS management on islands would benefit greatly from a culture of knowledge exchange that effectively communicates the advantages of genetics and genomics to decision-makers; managers learn more about the utility of genetic and genomic tools for conservation, and academics are incentivized to design innovative studies and solution-focused approaches that are relevant for successful management planning, implementation and monitoring. Academics can also benefit by undertaking research on islands that naturally provide excellent systems to study ecological and evolutionary patterns and processes. For example, by working with eradication or control programs, academics gain access to island systems for investigating microevolutionary questions underpinning local adaptation and consequences of low genetic diversity (e.g., founder effects and inbreeding), while further advancing the growing field of invasion biology. The prevention of extinctions on islands will become increasingly reliant on such research insights as global transportation networks continue to facilitate IMS introductions (Ricciardi et al., 2017). Thus, the solution space for greater collaboration then becomes framed by the question – how are fruitful collaborations developed?

Collaborations can generally be established by way of top-down or bottom-up approaches. The top-down approach is mostly driven by government policy and associated funding to promote university-government-industry relationships that are typically focused on innovation agendas (Etzkowitz and Leydesdorff, 2000). This framework has been successfully used in China for stimulating knowledge creation and commercialization through university-government collaborations (Abbas et al., 2019). As policies move toward addressing climate change and the drivers of biodiversity loss around the world, the possibility exists of shifting the goals of collaborations to conservation innovation and directing funding support to achieving that end. However, there is no need for academics and managers with shared interests in IMS to wait on policy to advance collaborations; a bottom-up approach to establishing collaborations can also be fruitful. Often government agencies hold long-term data that can yield ecological insights (Lindenmayer et al., 2012), but commonly lack time, the mandate or the capacity to apply current analytical tools to the data. Conversely, academic researchers often lack the understanding of the pressing and current issues in management. To provide such connections, there has been success with the use of databases to match interested parties. In a research context, the Federation of African Immunological Societies Legacy Project initiative has been established to match immunology graduate students in Africa with labs in Europe and North America with overlapping research interests (Gewin, 2019); the Canadian Parks Collective for Innovation and Leadership is attempting a similar program for conservation managers in Canada, but is in the very early stages of development. In such a way, government and academic colleagues can provide a mutually beneficial arrangement for data to be analyzed and understood. In such cases, the challenge may be to find a question that has management implications, while also providing the academic context to support a graduate student or allocate laboratory resources to the research. Co-generation of research questions gives ownership to all parties as does co-authorship of publications, patents or other outcomes; academics may not fully recognize the validation this may bring to managers and their programs outside of the academy.




FUTURE DIRECTIONS

The success of IMS eradications on islands is unequivocal, as evidenced by the recovery of threatened and endangered species, restoration of ecosystems, and demonstrated direct and indirect benefits to local communities; yet such management interventions have still only been conducted on ∼0.3% of invaded islands (DIISE, 2020). Conservation managers are hitting the upper limits of total islands that can be restored using current approaches and tools due to the size and complexity of operations. These impediments also limit the benefits of IMS eradications on islands to ∼15% of all threatened species (Campbell K. J. et al., 2015). Overcoming the barriers to implementation requires change to stem the extinction crisis. Genetic and genomic tools can inform, guide, and even catalyze the next generation of conservation efforts on islands.

There is considerable interest in emerging approaches in genome editing, including the use of synthetic gene drives to increase the scope and scale of restoration or vector control programs (Esvelt and Gemmell, 2017; Burt and Crisanti, 2018; Campbell et al., 2019). A gene drive is a naturally occurring phenomenon of biased inheritance that can be bioengineered into a target species to ensure that specific allele(s) are transmitted to the next generation at a much higher rate than the 50% expected under Mendelian inheritance (Burt and Trivers, 2006; Burt and Crisanti, 2018). The harnessing of gene drive technology is being explored as a means to potentially transform invasive species management by editing genomes to control populations in various ways, effectively eliminating the need for pesticides or other tools, while also increasing the efficiency and lessening the risks of IMS control or eradication on islands (Oh et al., 2021). The harnessing of CRISPR-Cas9 mediated genetic engineering has greatly enhanced the potential of gene drives by facilitating the spread of a targeted gene up to 100% in a population (National Academies of Sciences, Engineering, and Medicine (NASEM), 2016). Of the many research paths for invasive species, the most active programs to date have endeavored to reduce transmission of malaria (Kyrou et al., 2018) and to control the negative impacts of house mice on islands (Campbell et al., 2019). In both of these examples, the focus has been on biasing or skewing sex ratios toward all male or all female offspring, reducing the ability of the population to find mates and breed, and ultimately leading to population suppression through collapse.

Despite the increased attention directed toward adapting this technology for the control of invasive species, there are significant barriers to implementation. Given that gene drives are only transmitted each generation, the effects are more readily measured and seen in species that reproduce quickly (Burt and Crisanti, 2018; Campbell et al., 2019; Carballar-Lejarazú et al., 2020). The majority of IMS fail to meet this criterion, with some rodent species being notable exceptions. The time required for fixation of a drive allele has been estimated at 10–15 generations, depending on several factors (Unckless et al., 2015), suggesting species with low reproduction rates or longer development periods may not yet be suitable. Even within highly fecund species that reproduce prolifically, such as mice or rats, there are other challenges preventing the deployment of gene drives. One is the potential of species to evolve resistance through random mutation of the drive allele or other means (Gomulkiewicz et al., 2021), which could render the drive unsuccessful while permanently altering the invasive population (Rode et al., 2019). There is also significant concern about the potential risks, impacts, and consequences of introducing the drive allele into non-target species through hybridization (Webber et al., 2015). In light of these considerations and others (James et al., 2020), gene drives have yet to be developed for field use, and only the mosquito gene drive has been demonstrated in a laboratory setting (Kyrou et al., 2018), with limited success to date in mammals (Callaway, 2018).

Gene drive technology will undoubtably continue making advances toward deployment, and discussions are on-going involving the application of this technology to invasive species management. When the time comes, invaded islands will be at the forefront of these discussions, as they offer significant advantages over mainland systems for field trials (Godwin et al., 2019). Primarily, the inherent isolation of islands reduces some of the risks previously mentioned, such as transfer of the drive allele to non-target species through hybridization or non-target populations through natural dispersal (Leitschuh et al., 2018), assuming anthropogenic biosecurity risks can be addressed. Deploying a novel gene drive in mainland systems has greater risk of undesirable consequences as habitat is generally less fragmented and more conducive to gene flow. Additionally, island species contain relatively low levels of genetic diversity compared to mainland conspecifics due to historical founder effects, making insular populations more likely to carry locally fixed alleles that are excellent targets for gene drive technology (Sudweeks et al., 2019; Oh et al., 2021). Importantly, assessing the risks of synthetic biology remains a focus of discussion in global policy arenas such as the United Nations, where gene drives are currently regulated under the Cartagena Protocol on Biosafety to the Convention on Biological Diversity (Keiper and Atanassova, 2020). Considering the global ramifications and promise of this technology, decisions regarding the development and deployment of genome editing technology for IMS management (and other applications) must continue to be informed by way of open and transparent peer-reviewed research, comprehensive and case-by-case risk assessment, and inclusive discussion on an international scale.
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Wild boar (Sus scrofa)

Red fox (Vulpes vulpes)

Island(s)

Brittany Islands, France
Haida Gwaii, Canada

South Island, New Zealand

Congo Cay, United States
Fernando de Noronha, Brazil
Haida Gwaii, Canada

Kaua'l Island, United States

Pearl Island, New Zealand

Asinara, Caprera, Sant’Antioco,
ltaly

Rangitoto/Motutapu Islands,
New Zealand

South Island, New Zealand
Atlantic Islands, Spain

Haida Gwaii, Canada
Hokkaido Island, Japan

Faroe Islands, Denmark
Secretary Island, New Zealand

Prince of Wales Island,
United States

Moreton Island, Australia
United States™
Tasmania, Australia

Marker

Microsatellites
SNPs

Microsatellites

Microsatellite and mtDNA
Microsatellites
SNPs

Microsatellites

Microsatellites
Microsatellites

Microsatellites

Microsatellites
Microsatellites
SNPs
Microsatellites and mtDNA
SNPs
Microsatellites
Microsatellites

eDNA
eDNA
mtDNA

Source

Abdelkrim et al. (2005)
Sjodin et al. (2019)

Adams et al. (2014)

Savidge et al. (2012)
Gatto-Almeida et al. (2020)
Sjodin et al. (2020a)

Wostenberg et al. (2019)

Russell et al. (2010)
Canu et al. (2018)

Veale et al. (2012)

Pichimueller et al. (2020)
Velando et al. (2017)
Sjodin et al. (2020b)

Okuyama et al. (2020)
Puckett et al. (2020)
Macdonald et al. (2019)
Brinkman et al. (2010)

Tingley et al. (2019)
Williams et al. (2018)
Sarre et al. (2013)
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