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ABSTRACT 33 

Harnessing the power of new technologies is a vital component to achieving the 34 

global imperative to restore degraded ecosystems. We explored the potential of 35 

genomics as one such tool. We aimed to understand the barriers hindering the 36 

uptake of genomics, and how to overcome them, via exploratory interviews with 37 

leading scholars in both restoration and its sister discipline of conservation – a 38 

discipline that has successfully leveraged genomics. We also conducted a 39 

systematic mapping review to explore publication trends that have used genomics to 40 

address restoration and conservation questions. Our qualitative findings revealed 41 

multiple tensions in harnessing genomics. For example, scholars without genomics 42 

experience felt pushed to use genomics prematurely. In contrast, scholars with 43 

genomics experience emphatically emphasized the need to proceed cautiously. Both 44 

genomics-experienced and less-experienced scholars called for case studies to 45 

demonstrate the benefits of genomics in restoration. However, our qualitative data 46 

contrasted with our systematic mapping review findings, which revealed 70 47 

restoration genomics studies in total, particularly studies using environmental DNA 48 

as a monitoring tool. We provide a roadmap to facilitate a more rapid uptake of 49 

genomics into restoration, which should help the restoration sector meet the 50 

monumental task of restoring huge areas to biodiverse and functional ecosystems. 51 

  52 
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BACKGROUND 53 

 54 

“We’re looking for any tools available that can help us find solutions [to 55 

understanding ecosystem processes and functions]. And, genomics provides, 56 

you know, a new set of glasses to look at and understand our systems, and 57 

therefore, to seek solutions from” (Scholar 4 in our study). 58 

 59 

Humans are now the dominant force in nature, having caused substantial 60 

degradation to ecosystems globally and significant biodiversity loss [1, 2]. Ecosystem 61 

restoration is tasked with reversing humanity’s ecological footprint by returning and 62 

reinstating lost ecosystem services, ecological processes and biodiversity [3], the 63 

scale of which is enormous, as highlighted by the United Nations declaration of the 64 

Decade on Ecosystem Restoration (https://www.decadeonrestoration.org/). The 65 

global community have pledged to restore over 350 million hectares of degraded 66 

land by 2030 under The Bonn Challenge [4]. Thus, there is great urgency to the 67 

upscaling of ecological restoration interventions, from local levels to entire 68 

landscapes.  69 

 70 

Restoration ecology is experiencing a monumental transformation as it wrestles with 71 

challenges posed by climate change, ambitious restoration mandates, and social 72 

and political considerations. Tackling such global challenges is no easy feat and 73 

requires innovation, science-informed practice, and drawing knowledge from sister 74 

disciplines for insight [5-7]. New techniques and methods, such as genomics, offer 75 

potential to address restoration challenges [8], but they also invite debate and 76 

controversy. Pioneering techniques, like genomics, may be viewed as unproven, and 77 
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therefore risky by the majority of the field [9], resulting in a significant lag on the 78 

uptake of innovation. 79 

 80 

Disciplines often experience controversy when new approaches challenge existing 81 

paradigms and existing practices [10]. Changes in methods can take years to unfold, 82 

as information gets disseminated, new practitioners trained, and the conventional 83 

wisdom retired. In addition to barriers from status-quo thinking, innovations may 84 

require significant financial investments that are often perceived as risky given that 85 

the viability of the innovation may not be immediately realised [11]. Indeed, in some 86 

situations, new models and paradigms may prove to be less beneficial than originally 87 

expected, have unintended consequences, be un-scalable, or be superseded by 88 

even better techniques [12]. Further, innovations often require collaborations across 89 

disciplinary and geographic boundaries, which can present barriers to progress and 90 

delayed uptake [13]. 91 

 92 

Despite facing many barriers to its application, genomics has made a considerable 93 

impact on the field of conservation [14-17]. Among the first applications in 94 

conservation was population genomics [18], which offered conservation scientists 95 

and practitioners detailed insight into species lineages and population demographics. 96 

Such data are central to precise delineation of conservation units and key to 97 

conservation management [19, 20]. Genomics also has been applied to detect and 98 

monitor species of conservation concern [21].  99 

 100 

In contrast, restoration is yet to leverage genomics to a similar degree [8]. However, 101 

to achieve its ambitious targets, restoration must adopt new techniques and 102 
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approaches [6, 22]; genomics may be one such technique. Genomics is a valuable 103 

and cost-effective technology that, if used appropriately, could greatly advance 104 

restoration [8]. To better understand the barriers hindering the uptake of genomics, 105 

and how to overcome them, we aimed, firstly, to understand how leading scholars 106 

view the potential role of genomics in restoration ecology. We also explored what 107 

insights scholars in restoration ecology’s sister discipline of conservation could offer, 108 

a field that has leveraged genomics to address many important issues [19, 23]. 109 

Secondly, we explored the trends in publications that have used genomics to 110 

address restoration or conservation. Addressing these two objectives, we provide a 111 

roadmap to facilitate and leverage genomics to meet global restoration targets. 112 

 113 

METHODS 114 

Qualitative interviews 115 

To better understand the nexus between genomics and restoration, we used 116 

qualitative research. Qualitative research methods are appropriate when the 117 

phenomenon of interest is complex or poorly understood [24, 25], and such methods 118 

are used in both restoration ecology and conservation [26, 27]. We used in-depth, 119 

semi-structured interviews to explore scholars’ perceptions of (a) the current and 120 

potential role of genomics in restoration and conservation, and (b) the barriers to and 121 

enablers of using genomics in these disciplines.  122 

 123 

We used purposeful sampling, a method that identifies study participants based on 124 

their ability to provide rich information on the phenomenon of interest. We identified 125 

both restoration ecology and conservation scholars based on their background and 126 

experience [28]. We sought scholars of different career stages (based on their 127 
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publication records and scholarly reputations; Table 1), and scholars who relied 128 

extensively on genomics and those who do not. Unlike quantitative research, the 129 

sample size needed for qualitative research depends on the nature of the research 130 

question, with a focus on sample adequacy rather than statistical power. The 131 

adequacy of sampling is usually assessed in terms of ‘saturation’ [29], where 132 

researchers continue interviewing until no new information emerges [i.e. until 133 

saturation is reached; 30].  134 

 135 

Our in-depth interviews included four senior scholars with ≥30 years’ experience, 136 

three mid-career scholars with 10-29 years’ experience, and two early-career 137 

scholars with <10 years’ experience (Table 1). Of the respondents, six were 138 

genomics experts, while three were familiar with genomics, but did not conduct 139 

genomics research themselves. Four respondents worked primarily in restoration 140 

ecology, two primarily in conservation, and three conducted research that spanned 141 

both conservation and restoration. Each respondent was assigned a number for 142 

anonymity. Interviews were conducted July-September 2019.  143 

 144 

Prior to the interview, a brief script was read to the respondent, adhering to informed 145 

consent guidelines, per Institutional Review Board standards (lead author’s 146 

institution #144-19). An interview guide (see Appendix 1 in the Supplementary 147 

Information for details) ensured comparability across interviews. Respondents 148 

answered questions about their academic background, their understanding of 149 

genomics, how genomics was or might be used in their research field, as well as 150 

about their perceptions and experience regarding barriers and enablers. All 151 

interviews concluded with a set of reflective questions related to cross-pollination 152 
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from conservation to restoration ecology, as well as advice to “restoration ecologists 153 

interested in increasing the uptake of genomics”. The interviews had a 154 

conversational quality; respondents guided the flow of the discussion. Three 155 

researchers participated in all interviews, with one of the team serving as the lead 156 

interviewer. The other two researchers were invited to interject questions to clarify 157 

and probe at selected spots in the interview. This semi-structured approach provided 158 

the benefits of organization and flexibility, while minimising the risk of interviewer-159 

induced bias [31]. Each interview lasted about one hour, was recorded, and 160 

professionally transcribed verbatim.  161 

 162 

Qualitative data are analysed using an iterative process to identify themes emerging 163 

from the data [32]. The three research team members involved in the interviews 164 

each analysed three-to-four transcripts in detail for insights and themes. Based on 165 

this iterative process, data were organized into key themes [i.e. 'thematic analysis'; 166 

33]. We then triangulated these themes by sharing our individual interpretations, 167 

discussing discrepant views, and cross-checking themes against the transcripts. 168 

These findings were then reflected back to the research participants in a written form 169 

to ensure the themes resonated with their experience and perceptions. The themes 170 

that survived this validation process are discussed in the results below. Data 171 

excerpts illustrate specific findings and provide empirical evidence for the themes.  172 

 173 

Systematic mapping review 174 

To determine the characteristics of studies that use genomics in restoration ecology 175 

or conservation (see Box 1 for definitions), we undertook a systematic mapping 176 

review. Systematic mapping reviews are used to categorise and map the existing 177 
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literature, utilising a replicable systematic search [34]. We conducted the systematic 178 

search on March 1, 2020 to identify all peer-reviewed articles published in English 179 

language that used genomics within conservation or restoration ecology. The search 180 

was performed in Web of Science Core Collection and Scopus (see Appendix 2 for 181 

search terms). 182 

 183 

Results from the database searches were exported into Endnote X9 for 184 

management. Within Endnote, duplicates were manually removed, then the titles and 185 

abstracts were screened by two authors for inclusion/exclusion, based on 186 

predetermined criteria (Box 1). The full texts of all remaining articles were obtained 187 

and screened against the same criteria. Where there were uncertainties regarding 188 

inclusion of a study, another author independently assessed the study. 189 

 190 

The following data were manually extracted from all included articles into a Microsoft 191 

Excel spreadsheet: country of the study, year(s) of data collection, publication year, 192 

whether the study related to conservation and/ or restoration ecology (based on the 193 

definitions in Box 1), and the genomic methods used (e.g., eDNA, population 194 

genomics). A second author independently coded the data from any study where the 195 

other author was uncertain.  196 

 197 

RESULTS AND DISCUSSION 198 

Our qualitative research findings revealed that scholars with high levels of 199 

experience in using genomics expressed different perspectives on harnessing 200 

genomics in restoration compared to scholars with less genomics experience. These 201 

differences were organized into three inter-related areas of tension – academic 202 
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training and background, methodological, and philosophical – which we discuss in 203 

turn below. The insights gained from these qualitative data prompted us to explore 204 

the trends in the literature via a systematic search to better understand where and 205 

how genomics tools were being applied in conservation and restoration, which are 206 

discussed following the qualitative findings.  207 

 208 

Qualitative Findings  209 

Differences in academic training and background: Scholars experienced in genomics 210 

had background training in genetics and/or evolutionary biology. As Scholar 2 211 

expressed, the understanding of genetics “and all that stuff about small populations 212 

and genetic bottlenecks is well-embedded in conservation thinking and much less so 213 

in restoration.” In contrast, “the restoration field is more ecologist-driven than 214 

geneticist driven” (Scholar 8). Scholars less experienced in genomics acknowledged 215 

this field-based training difference and expressed concerns about the stereotype of 216 

restoration “as a gardening exercise” (Scholar 3). To harness genomics, restoration 217 

ecologists require at least some training in genetics and/or evolutionary biology, and 218 

it was noted that, without this training, experts expressed concern about how 219 

“anyone who manages an ecosystem could do so effectively” (Scholar 6). 220 

Paradoxically, the more classically-trained restoration ecologists expressed concern 221 

about genomics scholars ‘overpromising’ what genomics can do for the field, that 222 

genomics scientists “have the hammer and are looking for the nails” (Scholar 3). 223 

 224 

Another key difference in training voiced by genomics experts is their proficiency in 225 

handling the ‘big data’ aspects of high-throughput sequencing and requisite 226 

bioinformatics. Genomics scholars describe themselves as “total data nerds [who] 227 
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dive into two terabytes of data with great enthusiasm (Scholar 8).” Scholar 9 noted 228 

that traditional restoration ecologists may be “unprepared for the fact that they can’t 229 

open this data in Excel and you can’t eyeball it…It requires specialist expertise to be 230 

able to handle this sort of data.”  231 

 232 

Methodological differences: Three clear differences emerged between more and less 233 

experienced scholars regarding the interpretation of results from genomics data and 234 

the experimental design underlying the data. First was the importance of a rigorous 235 

research design. Scholars who were not as experienced using genomics expressed 236 

concern that genomics researchers might be putting the “cart before the horse” 237 

(Scholar 3), that genomics is important but it’s not everything” (Scholar 7: “People 238 

who embrace new technologies can forget the old school methods of just growing 239 

plants in a glasshouse”). However, the experienced genomics scholars themselves 240 

noted the need to ensure defendable research designs. Scholar 5 noted that “we’re 241 

still analysing and trying to figure out the best analyses to take for these big … 242 

genomics studies. The challenge is, even with the expertise, getting the analysis 243 

right, making decisions around which comparisons and what analysis do you run”.  244 

 245 

The second methodological difference concerned the confidence in drawing 246 

conclusions based on methods developed using model organisms. The field of 247 

conservation benefited from publicly-available genomic resources, such as 248 

assembled and annotated genomes stemming from human medicine or agriculture 249 

[35]. “Most of the first examples of using genomics in conservation benefitted from 250 

agriculture, where they had already collected and analysed the genomic information” 251 

(Scholar 1). Experienced genomics scholars were comfortable using these model 252 
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organisms. Scholar 5 stated, “As an evolutionary biologist, I can say fundamentally, 253 

how genetic diversity drives population dynamics and persistence is universally the 254 

same, regardless of taxa.” However, Scholar 5 expressed concern that less 255 

experienced genomics scholars “are reticent to accept arguments about the 256 

importance of considering genetic diversity when that data comes from model 257 

organisms. [They wonder how] does that translate to my particular species or my 258 

ecological context?” 259 

 260 

A final methodological difference was the ability to use genomics data to understand 261 

genetic variation between populations that is relevant to restoration. On the one 262 

hand, experienced genomics scholars were comfortable using genomics to 263 

understand the genetic basis of adaptation. For example, Scholar 9 said, “As much 264 

as anything, I’ve been following my nose; genomics can help us take more apart and 265 

start to understand adaptive differences”. In contrast, restoration ecologists with less 266 

experience in genomics expressed worry and concern about the inability to draw 267 

precise conclusions from genomics data. For example, one suggested that genomics 268 

allows researchers to describe important genetic differences between plant 269 

populations faster, but “we still need to ascribe functional significance to those 270 

differences”, stressing the need for classic experiments with control groups in order 271 

to “close the loop on the functional impacts of genomics findings” (Scholar 3).  272 

 273 

Philosophical differences: The last difference that emerged surrounded the scholars’ 274 

attitudes and beliefs about embracing both the upside potential and downside risks 275 

that come with using genomics in restoration, including concerns about using 276 

genomics to surface new knowledge. On the one hand, scholars experienced in 277 
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genomics evinced scepticism and caution on the use and interpretation of genomics 278 

data in order to avoid “putting the cart before the horse” (Scholar 4), with explicit 279 

recognition of the work yet to be done to validate genomics’ potential and the need to 280 

explore the potential of genomics even if it does not pan out as expected. On the 281 

other hand, scholars with less genomics experience were more hesitant to 282 

experiment with unknown protocols and were concerned about the ambiguity 283 

surrounding unknown aspects of genomics. Less experienced scholars expressed 284 

the perspective that genomics was ‘over-hyped’ and perhaps over-promised what it 285 

could deliver. These scholars with less experience in genomics characterized other 286 

restoration ecologists as being risk averse: “[some] restoration people don’t like 287 

anything new at all…” (Scholar 2), as well as possible concerns about how “scary 288 

and troublesome” genome editing is: “if you unleash this technology into nature, 289 

you’re unleashing the ‘dogs of hell’ and it’s all going to be bad” (Scholar 2).  290 

 291 

Despite the need for “creative thinkers, people willing to take the chance, to jump 292 

upon those new methods, and think outside the box” (Scholar 8), experienced 293 

genomics scholars simultaneously acknowledge the need to temper the hype. 294 

Scholar 7 said, “There’s a lot of scepticism on the method [genomics] but there’s 295 

also a lot of excitement—which we’re trying to temper by saying we need to do a lot 296 

of research to actually show how well this is going to work.” Scholar 7 continued, 297 

“People are running to it because it’s new and shiny…we need to set realistic 298 

expectations about how well genomics is going to work, how much work we need to 299 

put in to prove how well it’s going to work.” Scholar 8 agreed with the need for 300 

tempering: “I understood how difficult genomics was, how uncertain it was, and I was 301 

like, ‘Hold on. Pump the brakes. I’ve worked really hard to get through to the more 302 
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senior people the difficulty and the uncertainty surrounding these data…It’s not a 303 

silver bullet. There’s so much we need to do to make it a usable and reliable, 304 

trustworthy tool for restoration assessment.”  305 

 306 

Shared views: A final set of qualitative findings regards similar views. Firstly, both 307 

genomics experts and those less experienced with genomics stressed the need to 308 

“build up enough case studies to demonstrate positive outcomes in terms of the 309 

success of particular restoration programs” (Scholar 5). This scholar emphasized the 310 

importance of identifying and validating “current use cases where genomics could 311 

offer tangible value in research today and addressing pressing questions now.” 312 

Similarly, Scholar 3 noted that “the greatest challenge for genomics is to 313 

demonstrate ‘runs on the board’”, to show that it is a cost-effective tool that provides 314 

relevant answers to restoration questions that, without which, practitioners may 315 

make less optimal management decisions. We note that this stated desire for case 316 

studies contrasts with the findings from our systematic mapping review (see below), 317 

which counted 70 studies that leverage genomics to address restoration issues—318 

evidence of the clear interest in using genomics in restoration ecology. In addition, 319 

the interviewed scholars emphasized the need for greater education and training 320 

regarding what genomics is, the types of research questions it can usefully address 321 

today, and generally, building capacity, skills and knowledge.  322 

 323 

Moreover, scholars emphasized the importance of collaboration: between 324 

conservation biologists and restoration ecologists, between classically-trained 325 

restoration ecologists and genomics experts, and between practitioners and 326 

scientists. Scholars 3, 4, and 6 each emphasised the benefits of interdisciplinary 327 
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approaches and collaborative teams comprising people with very distinct skill sets. 328 

Scholars 5 and 7 noted that collaborations between practitioner and scientists are as 329 

important as collaborations between genomics experts and classically-trained 330 

restoration ecologists. Scholar 5 believed that having joint discussions with 331 

practitioners regarding the design of field-based studies could advance uptake and 332 

demonstrate the benefits genomics might offer in certain areas of practice (e.g., 333 

assessing soil function; for ecological monitoring) to close the gap between science 334 

and practice. However, Scholar 3 worried that scientists see the value in the tool, but 335 

practitioners will not. Indeed, a less experienced genomics scholar described “the 336 

genomics people” as “the guys in the other room”, who “have to demonstrate that 337 

they understand what the restoration community does” to bring the conversation 338 

about genomics in restoration “into the fold.” This us-them distinction could stymie 339 

collaborative efforts.  340 

 341 

We advocate for thinking proactively about how to ensure that genomics does not 342 

widen the gap in adoption by practitioners, as collaboration alone is likely to be 343 

insufficient, an issue raised previously in discussions of the value and uptake of 344 

genomics in conservation [19]. Without improved training in evolutionary biology and 345 

genetics, restoration ecologists may find it difficult to harness genomics to address 346 

critical questions in climate change adaptation, ecosystem resilience and soil health, 347 

for example. Scholar 7, a genomics expert, stated, “Genomics complements 348 

traditional approaches. We’ve got to work together with people who use traditional 349 

approaches, work side-by-side with them. Our work will feed into theirs and their 350 

work will feed into ours. Together, we will make it better and, you know, have better 351 

restoration outcomes for the world.” 352 
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 353 

Systematic Mapping Review  354 

Our systematic search identified 1845 unique articles, 176 of which met our inclusion 355 

criteria and were included in our review (see Appendix 3 for the flow chart of study 356 

inclusion/exclusion; full details of all included papers are in Appendix 4). Based on 357 

the field definitions we used in our review (Box 1), 106 articles were classified as 358 

conservation only, 35 were restoration only, and another 35 had results applicable to 359 

both conservation and restoration. The studies that span both conservation and 360 

restoration highlight the potential for bridging the discourses between the two 361 

disciplines as identified above (see “Differences in academic training and 362 

background”). Indeed, collaborations between the two disciplines can help diffuse 363 

the use of genomics and knowledge more broadly.  364 

 365 

The finding of 35 studies that use genomics in restoration (in addition to the 35 that 366 

span both disciplines) contrasts with the qualitative data that emphasized the need 367 

for “runs on the board” and “case studies of restoration using genomics”. Distilling 368 

the reasons for this discord is complex; perhaps the studies employing genomics 369 

may not yet represent a viable approach for the restoration discipline. Alternatively, it 370 

is possible that ecology scholars focus their literature reading within their own area of 371 

expertise and are not exposed to genomics research [36]. Or perhaps the lexicon 372 

and presumed knowledge that complicate new technologies may hinder the 373 

recognition of value that genomics may offer. Regardless of the reasons, the need 374 

for relevant and understandable case studies was voiced by both less and more 375 

experienced genomics scholars. Box 2 provides broadly-applicable examples that 376 

illustrate the use of genomics in a restoration context. The cross-pollination of 377 
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specialist journals in these disciplines offer a further potential to increase the visibility 378 

of genomics in restoration.  379 

 380 

The earliest application of genomics in conservation or restoration that we detected 381 

in our dataset was 2008 [37], followed by a period of very few studies between 2009 382 

to 2012, after which there was an exponential increase in studies applying genomics 383 

in both restoration and conservation (Figure 1). Most studies were published 384 

between 2018-2020 (59 conservation, 26 restoration, 21 conservation and 385 

restoration). This temporal trend appears consistent with other review studies on 386 

conservation genomics [38]. While we counted more studies that used genomics to 387 

address conservation issues than restoration, the temporal trend showed a rapid 388 

increase in restoration studies that used genomics over the past two years. The 389 

temporal trend in growth of publications suggests genomics studies applied in a 390 

restoration context may surpass the prevalence of genomics in conservation studies. 391 

While the use of genomics in restoration is increasing, this trend might also reflect 392 

increased cross-over between the two disciplines.  393 

 394 

With respect to geography, most conservation genomics studies were undertaken in 395 

North America (n = 36) and Europe (n = 17; Figure 2). These same two continents 396 

were among the least common locations reporting restoration genomics studies 397 

(Europe: n = 4; North America: n = 8; Figure 2). The number of conservation papers 398 

from North America and Europe has generally increased annually, which has not 399 

occurred in restoration genomics papers (Appendix 5). However, the number of 400 

restoration genomics papers from Russia, China, South Asia shows a clear increase, 401 
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with the number of restoration studies overtaking the number of conservation studies 402 

in 2020 (Appendix 5). 403 

 404 

Across the studies assigned to conservation, restoration, and conservation and 405 

restoration, the majority of articles reported the use of eDNA approaches 406 

(conservation: n = 47; restoration: n = 33, conservation and restoration: n = 27), and 407 

a steady increase over time (Figure 3). This genomics approach was most used in 408 

conservation and restoration studies from Russia, China, South Asia (n = 27), North 409 

America (n = 21), and Europe (n = 20; Figure 2). These findings indicate that there 410 

may be broader opportunities in restoration genomics through the appropriate 411 

utilisation of eDNA over population genomics, as suggested in previous studies [39], 412 

but there remains a clear use of population genomics in restoration to inform seed 413 

sourcing practices [8].  414 

 415 

Population genomics was utilised in 53 conservation studies, 1 restoration study, and 416 

8 studies that crossed over between conservation and restoration (Figure 3). 417 

Between 2018-2020, there was a marked increase in the uptake of population 418 

genomics, which was most pronounced in the conservation studies (n = 31) and 419 

conservation and restoration studies (n = 6; Figure 3). The use of population 420 

genomics in conservation was most evident in studies from North America (n = 25); 421 

however, we detected no restoration studies from North America that utilised 422 

population genomics (Figure 2). Rather, Latin America (n = 4; pooled across 423 

restoration and conservation and restoration) and Oceania (n = 3) were the most 424 

common locations to use population genomics in a restoration context.  425 

 426 
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Helping genomics cross the chasm into restoration 427 

A prominent model used to develop a strategy to hasten the market uptake of novel 428 

innovations such as genomics is ‘crossing the chasm’ [40]. The chasm refers to the 429 

gap between early adopters of a new technology and more pragmatic adopters; a 430 

key differentiator between these two groups is their appetite for risk, comfort with 431 

uncertainty, and willingness to try novel solutions [9, 40].  432 

 433 

The strategy first requires identifying what is referred to as a beachhead: a single 434 

application area and/or industry use case where the novel innovation offers a 435 

compelling solution to problems faced in that area. Breed et al. [8] proposed that a 436 

compelling application for genomics is using population genomics to inform seed 437 

sourcing practices. Genomics offers critical information that is not easily attainable 438 

using other methods. For example, it can rapidly identify signals of genetic based 439 

adaptations that have the potential to increase resilience of seed stocks to future 440 

environmental change. Breed et al. [8] also proposed that eDNA approaches offer 441 

crucial benefits to track important ecological components and interactions during 442 

restoration (e.g., soil microbial communities; plant-pollinator communities). In 443 

addition to these application areas of genomics, beachheads can focus on a 444 

particular industry that faces a critical need to solve a problem or issue for which the 445 

novel technology is uniquely suited. For example, with respect to restoration ecology, 446 

the mining sector has increasingly regulated rehabilitation requirements that place 447 

tremendous pressure on the availability of cost-effective restoration practices [41]. 448 

The desire of scholars in our qualitative study to identify use cases where genomics 449 

offers compelling value illustrates the face validity of the ‘crossing the chasm’ model. 450 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 6, 2021. ; https://doi.org/10.1101/2021.08.05.455206doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.05.455206
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 
 

Matching the value proposition of genomics to a critical application area allows 451 

pragmatists a compelling reason to overcome their uncertainty and move forward.  452 

 453 

The notion of targeting a specific application area in a particular industry to gain 454 

broader market acceptance is somewhat paradoxical: why would a new technology 455 

narrow its focus rather than pursue multiple application areas and industry 456 

applications all at once? The answer lies in both the nature of word-of-mouth 457 

communications--a critical consideration for pragmatic adopters’ decision making--as 458 

well as important subtleties in how a new technology is deployed across industries 459 

and applications. Hence, a second consideration in developing a strategy for 460 

genomics to cross the chasm in restoration ecology is to explicitly consider how 461 

word-of-mouth communication might flow between areas within restoration ecology 462 

(e.g., do those who focus on seed sourcing and provenance issues interact regularly 463 

with those who focus on soil microbial communities and ecological monitoring?) as 464 

well as between different industries that face restoration pressures (e.g., do those in 465 

the mining industry share knowledge and insights with those in agriculture and/or 466 

reforestation sectors?). Another consideration is how word-of-mouth networks 467 

operate geographically, both different countries as well as types of ecosystems 468 

(rainforests vs. temperate forests vs. deserts; aquatic vs. terrestrial ecosystems).  469 

 470 

Putting these two considerations together (selecting a beachhead and considering 471 

word-of-mouth communication) results in a strategy that, if implemented correctly, 472 

can build momentum for a new technology. A useful analogy for this strategy is to 473 

view the beachhead like a lead pin in a bowling alley: if hit properly, this lead pin will 474 

knock down adjacent pins behind it (e.g., through the word-of-mouth networks). For 475 
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example, one possible “bowling alley” could start with using genomics to assess 476 

seed sourcing and transfer zones in the reclamation for degraded mining sites; then 477 

momentum could build on the one hand, to applying genomics to monitor ecological 478 

communities in those reclaimed mining sites, and on the other hand, to using 479 

genomics to inform seed sourcing and transfer zones in a related industry, such as 480 

repairing degraded agricultural ecosystems.  481 

 482 

Finally, all new technologies require additional elements in catalysing market uptake. 483 

First, a communications strategy is required to build awareness about the value 484 

proposition that this new technology has to the identified beachhead, as well as to 485 

educate potential adopters about how to leverage this new technology [42]. Our 486 

qualitative findings highlighted the need for greater education and training with 487 

regard to what genomics is, the types of research questions it can usefully address 488 

today, and generally, building capacity, skills and knowledge. Hence, efforts to build 489 

awareness and capability could include workshops, education, training, and 490 

outreach, again, strategically delivered to a specific industry for a specific application 491 

to build momentum for communication via word-of-mouth networks to related 492 

applications and industries.  493 

 494 

Second, funding for genomics research is equally critical. There is anecdotal 495 

evidence that some areas of restoration practice have the funding, knowledge, and 496 

motivation to use genomics, for example, to understand the impact of mining 497 

rehabilitation practices on soil microbial communities [43, 44]. Other areas of 498 

restoration suffer from insufficient funding, such as large scale restoration efforts and 499 
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adequate restoration project monitoring [45], and in these cases genomics may not 500 

be easily available or a priority investment.  501 

 502 

Third, most novel technologies require related products and services to function 503 

properly, a concept referred to as the “innovation ecosystem” [46, 47]. For example, 504 

bioinformatics and technological infrastructure are critical components for leveraging 505 

genomics. Even while attention is given to the various genomics tools and 506 

applications, equal attention must be given to properly preparing samples in the field 507 

and laboratory, managing the bioinformatics challenges, and appropriately analysing 508 

and interpreting the data. 509 

 510 

Fourth, as our depth interviews noted, collaboration allows the benefits of bringing 511 

the power of genomics to solving restoration problems while not requiring that all 512 

members of a team be genomics experts. Rather than each person needing to bring 513 

all skills required, interdisciplinary teams are a logical solution can bring together the 514 

unique and disparate skills to a project.  515 

 516 

CONCLUSIONS  517 

 518 

“This tool [genomics] allows us to be much more sophisticated in our 519 

understanding of ecosystem recovery following restoration” (Scholar 520 

7). 521 

 522 

Genomics offers opportunities to better understand many fundamental issues facing 523 

declining ecosystems, yet it is often a missing tool in the restoration ecologist 524 
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toolbox. The goal of our study was to identify and understand the barriers slowing 525 

the uptake of genomics in restoration ecology by collecting qualitative data from 526 

semi-structured interviews and conducting a systematic mapping review.  527 

 528 

We identified multiple tensions between experienced genomics scholars and 529 

traditional ecological scholars regarding the field-based training differences, 530 

designing studies and interpreting genomics data, and the need to weigh up the 531 

benefits versus the risks of using genomics compared to traditional approaches. Our 532 

interviews revealed that scholars without genomics experience feel pushed to use 533 

the tool “prematurely” in their view. In contrast, scholars with genomics experience 534 

emphatically emphasized the need to “pump the brakes”, to proceed cautiously in 535 

ascertaining where and how genomics can be usefully applied. These differences 536 

across categories of adopters with respect to perceptions and willingness to leverage 537 

novel technologies such as genomics are well-established in the innovation literature 538 

[9, 40].  539 

 540 

We also identified that scholars were unified on the need for case studies to 541 

demonstrate the benefits and applications of genomics in tackling restoration 542 

problems and for collaboration to overcome barriers to the uptake of genomics. 543 

However, evidence from our systematic mapping review revealed that genomics is 544 

indeed being leveraged to address restoration issues, and in fact, its use has 545 

increased rapidly in the past few years. This increase was mostly facilitated by eDNA 546 

applications, which is by far the most widely used genomics tool, with population 547 

genomics rarely applied to restoration problems. We urge a synthesis of the 70 548 

studies that show use of genomics to address restoration challenges. 549 
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 550 

We have proposed a roadmap that explicitly considers the various aspects 551 

necessary for genomics to cross the adoption chasm. For restoration ecologists, this 552 

roadmap requires demonstrating the value of genomics in areas with a well-553 

established ecological framework rather than applying genomics where the ecology 554 

is less well-understood, providing education, training, and outreach, ensuring funding 555 

for the research, and developing a robust set of ancillary elements (e.g., 556 

bioinformatics and computing infrastructure) to round out the necessary component 557 

of the innovation ecosystem. With these elements in place, the likelihood of 558 

genomics to address the critical issues facing restoration will be increased.  559 

  560 
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Box 1. Definitions and inclusion/exclusion criteria 581 
 582 
Conservation: “The protection, care, management and maintenance of ecosystems, 583 
habitats, wildlife species and populations, within or outside of their natural 584 
environments, in order to safeguard the natural conditions for their long-term 585 
permanence” [48]. 586 
 587 
Restoration ecology: “the science that supports the practice of ecological restoration, 588 
and from other forms of environmental repair in seeking to assist recovery of native 589 
ecosystems and ecosystem integrity” [3]. 590 
 591 
Genomics: Generated de novo genomic data using modern (i.e., non-Sanger) 592 
sequencing approaches (i.e., high throughput sequencing), or that used genomic 593 
datasets that had already been generated and ran comparative genomic analyses 594 
 595 
Studies were eligible for inclusion where they were: 596 

• published in English language 597 
• published in full text (e.g., not abstracts only) 598 
• published in a peer-reviewed journal [as per UlrichsWebTM Global Serials 599 

Directory; 49] 600 
• used genomics for either conservation or restoration ecology, or that propose 601 

methods that could be applied to conservation or restoration ecology (i.e., 602 
methods with potential implications specific to conservation or restoration 603 
ecology, or provided genomic data on a target species) 604 

 605 
Studies were excluded where they were: 606 

• reviews, perspectives, or essays 607 
• studies of plastid genomes (e.g., chloroplast or mitochondria), or 608 
• studies that used genomics to develop microsatellite markers 609 

 610 
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Box 2. Examples of studies that used genomics to answer restoration questions. We identified 70 studies from our literature 611 
search that used genomic methods in a restoration context. Here we provide details of four examples of these studies, where these 612 
studies include: (A) the earliest eDNA study (and restoration genomics study in general); (B) the equal earliest population genomics 613 
study; (C) a more recent eDNA study that used more advanced molecular methods than typically employed; (D) the only study that 614 
combined both eDNA and population genomics.  615 
 616 
Ficetola et al. (A) [37] used eDNA methods in a laboratory environment to demonstrate how this approach could be used to detect 617 
the presence of an invasive frog species in freshwater environments. These findings are important for restoration as detecting 618 
aquatic vertebrate species – whether invasive, rare or common natives – is often an expensive exercise that is challenging in 619 
certain hard to access environments and especially when the organisms are in low abundance.  620 
 621 
Steane et al. (B) [50] used population genomics to identify adaptations across the range of a tree species that is commonly used in 622 
restoration plantings. The use of population genomics here helps to inform seed sourcing decisions that take into account the 623 
adaptive variation among populations, which for long-lived plants such as most trees would otherwise require many years of 624 
common-garden field trials.  625 
 626 
Guo et al. (C) [51] used eDNA methods in a field environment to determine how the taxonomic and functional gene diversity and 627 
composition of soil microbes had changed after restoration plantings. The monitoring of soil microbial communities in restoration is 628 
important as they provide key ecosystem services (e.g. nutrient cycling) and are a rich source of biodiversity in their own right. 629 
However, microbial communities are impossible to monitor accurately without the assistance of molecular methods since most taxa 630 
are not culturable or easily identifiable. The authors combined a more advanced molecular technique – shotgun metagenomics – 631 
with the commonly-used amplicon sequencing.  632 
 633 
Dittberner et al. (D) [52] used a combination of eDNA and population genomics to monitor species hybridisation and population 634 
admixture between populations of two Arabis plant species. eDNA was used to identify the two species, and population genomics 635 
was used to determine population admixture. Sometimes plant species are challenging to identify using traditional morphological 636 
approaches and eDNA approach used here can assist in this process. Measuring gene flow and admixture between populations is 637 
nearly extremely challenging without the use of molecular methods, and population genomic methods provide great insight into 638 
these aspects of habitat connectivity and adaptive potential of populations. 639 
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 640 
 641 

Topic

Study 
location

Taxonomic 
group

(A) Frog species detection 
using eDNA from water 
samples 
– Ficetola et al. 2008

Genomic 
method

eDNA

Study type

Population genomics eDNA & Population genomics

Laboratory experiment Field observational study Field experiment

Molecular 
analysis

Sequencing of fragment of 
cyt-b gene on Roche 454 
GS20

4,851 SNPs via DArTseq
(unknown platform)

Laboratory (France)

(B) Genetic adaptations in 
a eucalypt species used in 
restoration plantings 
– Steane et al. 2017

(D) Monitoring effect of 
restoration on intraspecific 
genetic diversity 
– Dittberner et al. 2019

Eucalyptus loxophleba ssp. lissophloia

Statistics Generalized mixed models Genetic diversity & genetic-
environment associations 

Genetic diversity & admixture

Arabis 
nemorensis
& A. sagittata

32,880 SNPs via RADseq on 
Illumina HiSeq & sequencing 
of fragment of ITS gene 
(unknown platform)

River Rhine 
floodplain, 
Germany

eDNA

Field observational study

(C) Soil bacterial taxonomic 
and functional differences 
with natural revegetation 
– Guo et al. 2018

Diversity, linear models, 
PERMANOVAs

Shotgun metagenomic 
sequencing & sequencing of 
fragment of 16S rRNA gene on 
Illumina HiSeq 2500

Active “Grain 
for Green” 
restoration 
site, Loess 
Plateau, 
China
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 642 
Figure 1. Frequency of published studies from the systematic mapping review over 643 
time, from Jan 2008 to March 1, 2020. Studies were divided into conservation 644 
(orange), conservation/restoration (green), and restoration (blue).  645 
 646 
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 647 

Figure 2. Proportion of studies from the systematic mapping review for seven geographic regions. The outer circle of the donut plot 648 
corresponds to the total proportion of studies belong to conservation (green), restoration (orange), and conservation/restoration 649 
(purple). The inner circle of the donut plot shows the break-down of each study into the applied genomics method.650 
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 651 

 652 

Figure 3. Frequency of published studies from the systematic mapping review 653 
across time for conservation, conservation/restoration, and restoration. Studies 654 
within each of these divisions were broken-down to the applied genomics method, 655 
including comparative genomics (orange), eDNA (green), population genomics 656 
(blue), and population genomics combined with eDNA (purple). 657 
  658 
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Table 1. Years since PhD, discipline expertise and citation and publication data of 659 
respondents (citation and publication data from Google Scholar [accessed 1 July 660 
2020]). 661 
Scholar Years since 

PhD 
Conservation 
or restoration 

Genomics 
used in 
Research 

Citations Publications 

1 >30 C Y >10,001 >100 
2 >30 R N >10,001 >100 
3 >30 R N >10,001 >100 
4 >30 Both Y 5,001-10,000 >100 
5 10-29 years Both Y 5,001-10,000 50-100 
6 10-29 years R N 1,500-5,000 50-100 
7 10-29 years R Y 501-1,499 50-100 
8 <10 years C Y 1,500-5,000 50-100 
9 <10 years Both Y <500 <49 

  662 
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