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200  Genetic monitoring of populations currently attracts interest in the context of the Convention on
201  Biological Diversity but needs long-term planning and investments. Genetic diversity has been
202  largely neglected in biodiversity monitoring, and when addressed is treated separately, detached
203  from other conservation issues, such as habitat alteration due to climate change. Genetic

204  monitoring supports the conservation and management of fisheries, game, and threatened

205  populations. It also can contribute to the assessment of predicted and realized impacts of climate
206  change, and their management. We report the first accounting of genetic monitoring efforts

207  among countries in Europe (their ‘genetic monitoring capacity’, GMC) to determine where GMC
208  suggests the combination of national infrastructure, political support and resources for continued
209  and expanded monitoring. Overlaying GMC with areas where species ranges approach current
210  and future climate niche limits (i.e., niche marginality) helps identify whether GMC coincides
211  with anticipated climate change effects on biodiversity. Our analysis suggests that country area
212 extent, financial resources, and conservation policy influence GMC, high values of which

213 inconsistently match joint species patterns of climate niche marginality. Populations at niche
214  margins likely hold genetic diversity that is important to adaptation to changing climate, and our
215  results illuminate the need in Europe for expanded genetic monitoring across the climate

216  gradients occupied by species, a need arguably greatest in southeastern European countries.

217

218  Key words: climate change, Convention on Biological Diversity, COST, Europe, genetic

219  monitoring, Kunming-Montreal, niche marginality, population genetic diversity
220
221

222 Maintenance of wild population genetic diversity is an important component of the Convention
223 on Biodiversity (CBD) !, but it has received little international attention until recently',

224  reducing our ability to monitor and manage wild populations to sustain population genetic

225  diversity®. The resulting urgent need for expanded monitoring of population genetic diversity
226  (PGD) motivates development of globally implementable indicators of genetic diversity®®, some
227  of which are included in the recently-adopted CBD Kunming-Montreal Global Biodiversity

228  Framework™!?. But while ongoing anthropogenic loss of PGD is being documented!!-!3, efforts
229  to detect climate change effects on PGD are taxonomically and geographically limited'*!>, and
230  absent from international biodiversity agreements. Populations in extreme climatic conditions,
231  such as those near their climatic niche margins, are particularly relevant to species potential for
232 adaptation to changing climate'®. Nonetheless, multi-species patterns of populations near to

233 niche margins, as indicators of adaptive potential and, thus, possible PGD monitoring sites,

234  remain unidentified. This calls for improved accounting of the relationship between species

235  limits along environmental gradients and associated PGD!7-!8 |

236

237  Species populations close to their environmental niche margin may differ genetically from those
238  at the niche center, and influence the course of adaptation to changing environment'®-2°,

239  Evidence shows that populations at niche margins toward stressful environmental extremes are
240  locally adapted®!, having distinguishable genetic architecture independent of their geographic
241  position within the species range??. Populations near warm/dry niche limits likely hold important
242  adaptive genetic diversity??->* that can reduce predicted range loss!®?>, and contribute to

243 adaptation in environmentally central populations®® to warming, drying climate, despite greater
244 gene flow from niche center to these marginal populations?’. Nonetheless, genetic diversity held
245  in marginal populations may be endangered when geneflow to environmentally central areas is
246  impeded?®. These results suggest that global genetic monitoring frameworks!? need to anticipate
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247  climate impacts, collect samples across entire climate gradients, and evaluate the contributions of
248  marginal populations to genetic diversity and adaptive potential®’. However, no accounting of
249  recent and historical PGD monitoring exists, leaving us ignorant of taxonomic, national, and

250  geographic trends in monitoring effort, thus hampering our capacity to detect PGD and adaptive
251  potential under climate change threat. Yet, even without such accounting, known PDG

252 monitoring efforts suggest notable resources, infrastructure, and political support and can serve
253  as an index of current and potential future ‘genetic monitoring capacity’ (GMC).

254

255  Here, we aim to fill this gap by asking: (1) How is GMC distributed across Europe and on which
256  taxa has PGD monitoring focused? (2) Which factors explain among-country variation in GMC?
257  (3) How will countries differ in climate change exposure of threatened species? Finally, (4) How
258  does GMC coincide with anticipated impacts of climate change on habitat suitability for

259  populations? Using evidence of monitoring from the peer reviewed and technical literature, we
260  examine how countries in the European Commission’s Cooperation in Science and Technology
261  (COST) program® demonstrate GMC for purposes of biodiversity conservation and

262  management. We explain variation in GMC in relation to two fundamental characteristics of

263  countries, per capita Gross Domestic Product (GDP) and area extent. We then compare GMC to
264  multi-species indicators of niche marginality and declining environmental conditions due to

265 climate change. We use climate and biological data to stratify species ranges into climatic niche
266  centrality and marginality areas. We then estimate impacts of climate change on the future

267  geographic distribution of conditions near climatic niche margins®!, range-wide and for four

268  groups of species selected for recognized and potential conservation and management interest
269  (amphibians, large birds, carnivorans, and forest trees). We estimate how climate change impacts
270  on these species distribute among European countries, as indicated by present and future patterns
271  of climate niche marginality, and compare it to the distribution of GMC among countries.

272

273 Results

274  Between 22.11.2019 and 31.12.2021, we received 480 submissions of candidate monitoring

275  projects from conservation geneticists, practitioners and stakeholders. We evaluated these for
276  validity as Category II genetic monitoring®?, which report temporally separate assessments of
277  genetic diversity metrics of one or more populations of a species. We focus here exclusively on
278  this type of genetic monitoring because it directly tracks PGD over time, while we also recognize
279  that other genetic monitoring, including genetic assessments and sample identification programs,
280 are also highly relevant to conservation, but address other questions. We found 38 additional

281  candidate Category II monitoring projects through a structured search of the Web of Science. Of
282  the total 518 candidates, we identify 103 as valid Category II monitoring projects, the vast

283  majority of which report sampled populations from one (84) or two (14) countries. We tally

284  international and transboundary projects separately by country, and we document a total of 151
285  national-level projects of Category II genetic monitoring. We find Category II monitoring in 31
286  of 38 COST countries that were full members at the beginning of data solicitation (Fig la, b).
287

288  Genetic monitoring capacity--GMC

289  To understand the patterns of GMC among countries, we examine the variation in the tally of
290  Category II PGD monitoring projects among COST countries, and partition this indicator of

291  GMC to taxonomic and functional groups. We find that GMC is not uniquely attributable to the
292  geographic location of countries, although we generally find few PGD monitoring projects in
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293  southeastern Europe. European countries with few PGD monitoring projects (three or fewer)
294  occur across a range of latitudes and present no striking north-south pattern (Fig. 1a, b).

295  Countries with high GMC appear in both northern and southern Europe (Fig. 1a). We document
296  a maximum of 12 projects for Belgium and Sweden, and 11 projects for Spain and France (Fig.
297  1la). We find no GMC in eight countries (Fig. 1b), including ones as geographically and

298  economically disparate as Turkey and Luxemburg. Nonetheless, a majority of countries (31 of
299  38) demonstrated some GMC. This pattern is robust to the exclusive consideration of terrestrial
300  wild species (i.e. exclusion of programs monitoring fish, marine species, and

301  domesticated/captive populations; Extended Data Fig. 1, Appendix S1, Supplementary

302  Materials).

303

304  The GMC of COST countries varies greatly by taxonomic and functional groups. For example,
305  while many amphibians are of recognized conservation concern, only two European countries
306  demonstrate GMC for amphibians (Belgium and Spain, Fig. 2a). Many more countries (9) have
307  monitored PGD in at least one bird species (Fig. 2b, Extended Data Fig. 2b). Approximately half
308  of COST countries (17) have monitored PGD in one or more large carnivorans (Fig. 2c,

309  Extended Data Fig. 2c), although certain carnivorans are absent from some COST countries

310  (Extended Data Fig. 3a-c). In contrast, while all COST countries have tree species, less than one
311  quarter of COST countries (7) have monitored PGD in at least one of these species (Fig. 2d,

312 Extended Data Fig. 2d).

313

314  Inspection of the data on PGD monitoring programs for COST countries, especially the lower
315  number of projects documented from countries in southeastern Europe, led us to ask whether
316  fundamental geographical and economic data are consistent with this variation. We examine the
317  relationship between GMC and both land area and recent GDP, and we present generalized linear
318  models to test the form and significance of the relationships. Turkey is by far the largest COST
319  country by area, and with almost 784,600 km?, it is 42% larger than the next largest country,
320  France (excluding its overseas territories). With no documented PGD monitoring, Turkey is an
321  outlier for its size and absence of GMC, and is an influential observation in statistical analysis.
322 Omitting Turkey, other COST countries demonstrate that larger countries tend to have higher
323  GMC (Fig. 3a, neg. binomial regression, P=0.02). In contrast, intermediate GDP is associated
324  with greater GMC (Fig. 3b, binomial regression, GDP quadratic term P=0.003; model pseudo-R?
325  =0.47; Appendix S2, Supplemental Materials). Substantial residual variation remains, with

326  Finland, the United Kingdom, and Norway having fewer projects than expected, and Belgium
327  and Sweden more projects, in relation to both size and GDP (Fig 3b). The negative quadratic
328  relationship of GMC with GDP remains statistically significant despite the potential omission of
329  data from any single potential outlier or extreme value.

330

331  Joint environmental niche marginality framework

332 To integrate PGD monitoring into a framework for addressing climate change impacts, we

333 evaluate the relationship between GMC and expected climate change effects on species climatic
334  niche marginality at the national level. Countries with a relatively large GMC should be well
335 prepared to evaluate climate impacts on genetic diversity. These countries have much relevant
336  infrastructure (i.e., genetic laboratories) and some aspects of adapting monitoring programs to
337  detect effects of climate change are technically simple, such as expanding sampling to cover
338  climate gradients. In contrast, countries with relatively little GMC and substantial predicted,
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339  climate-driven decline in habitat suitability likely present opportunities for focused development
340  of PGD monitoring capacity, to help predict, evaluate and manage climate impacts on important
341  populations. We calculated for each species separately an index of climate niche marginality?!,
342  based on variation in climate across the entire species range, as an indicator of marginally

343  suitable habitat for the species (but not necessarily for other species). Areas at niche margins

344  within species ranges are those areas that coincide with the most marginal 25% of climatic

345  conditions within the species global range, while areas in the rest of the species range experience
346  core climatic conditions. We present the joint geographic distribution of niche marginality across
347  atotal of 185 species, spread across amphibians (44 Anura, 26 Caudata), large birds (16 species
348 in the Accipitridae, Anatidae, Gallidae and Otididae), carnivorans (eight species), and forest trees
349 (91 species), which are of current or potential future conservation or management interest

350 (Extended Data Table 1).

351

352  Species vary in range size and geographic location, with the result that current and future

353  distributions of niche marginality conditions for groups of species are diverse and complex

354  (Appendices S3- S6, Supplementary Materials). Patterns of current joint niche marginality vary
355  greatly among the four study groups, with foci of joint niche marginality in the Iberian Peninsula
356  (amphibians, large birds and forest trees), central Turkey (large birds), coastal areas in

357  southeastern Europe (forest trees), and the Carpathian Mountains (amphibians, forest trees; Fig.
358  4). Increases and decreases in the total number of study species with populations at niche

359  margins vary broadly across COST countries (compare Figs. 5a, b). Assuming that species

360  climatic niches remain stable in time, we predict decreases in the number of species with

361  marginal habitat in France, Italy, and Turkey, but increases in Bulgaria, Hungary, and Poland.
362  Spatiotemporal trends in niche marginality in the four groups of species also differ substantially
363  among COST countries (Extended data Fig. 4, Appendices S3-S6, Supplementary Materials).
364  For example, many amphibian species are endemic to Europe or nearly so (Appendix S3,

365  Supplementary Materials). European endemic amphibian species inhabit areas at niche margins
366  in both the northern, higher (cool) and southern, lower (warm) portions of their ranges

367  (Appendix S3, Supplementary Materials). This is also true for a group of large European birds
368  (Appendix S4, Supplementary Materials).

369

370  Comparison of current and future distributions of niche marginality in individual species often
371 indicates increasing area of environmental marginality, but not always in the southern portion of
372  species ranges (Appendices S3, S4, and S6, Supplementary Materials). In contrast, species with
373 only a small portion of their range in COST countries, such as wolverine (Gulo gulo) and brown
374  bear (Ursus arctos), show little change in distribution of habitat at climatic niche margins in

375  COST countries (Appendix S5, Supplementary Materials). Across the four groups, the number of
376  species with habitat at niche margins in each country is similar between current and future time
377  periods (Fig. 5a, b). Nonetheless, we predict that future numbers of species with habitat at

378  climatic niche margins will decline in some countries, while increasing in others. For example,
379  the number of species of amphibians with climate conditions at niche margins increases in

380  central Europe (Extended Data Fig. 4a, b) but the number of large bird species with niche margin
381  conditions decreases in this region, as well as in France and Italy (Extended Data Fig. 4c, d). We
382  predict that the number of carnivorans that experience climates at niche margins decreases in
383  some Nordic countries and in Spain (Extended Data Fig. 4e, f), providing no evidence of a north-
384  south trend in changing niche marginality in Europe for this taxon. The data suggest that the
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385  number of tree species experiencing niche margin conditions will increase in some countries in
386  southeastern Europe, decrease in others, and decrease in both Spain and Italy (Extended Data
387  Fig. 4g, h). Regional trends in niche marginality are also visible at the pixel level, at which

388  national trends are more difficult to visualize (Extended Data Figure 5).

389

390  Future numbers of species with habitats at niche margins and GMC vary greatly among

391  countries, but show no linear relationship (Fig. 6). Generally, we predict countries with larger
392  geographical extent have more species with niche margin habitat, and have greater GMC, with
393  the exception of Turkey. This country rivals Spain in likely having many species with niche

394  margin habitat in the future, but lacks documented GMC (Fig. 6).

395

396  Discussion

397  Contrary to our expectations, areal extent of countries does not generally account for variation in
398  GMC. Only by excluding Turkey as an outlier do we observe a positive relationship between
399  country area and GMC. Turkey produces population genetic research but is not a member of the
400  EU. The reporting requirements of the EU Habitat and Birds Directives may successfully

401  promote the use of Category II genetic monitoring. In contrast, and in line with our expectations,
402  countries with relatively low per capita GDP generally had lower GMC. However, it appears that
403  countries with intermediate GDP have on average the highest GMC. Countries with high GDP
404  are in many cases relatively small (Fig. 3), and many factors conceivably influence the

405  establishment of monitoring programs, regardless of country size or per capita GDP. Extensive
406  exploration of country characteristics that influence the establishment of PGD and other

407  monitoring programs is beyond the scope of this paper, but could be explored in future research.
408

409  Our data collection on genetic monitoring projects was designed to capture reports in the

410  scientific literature as well as unpublished and unreleased technical documents. Our results likely
411  represent the distribution of such monitoring programs and GMC in Europe, up until the end of
412 2021. Still, a small number of projects may have been missed, as when the criteria for Category
413 II monitoring were met by December 2021, but reports or papers were not emitted until late in
414 2022. Our estimate of GMC is also lower than it would have been had we not held rigorously to
415  the requirements for Category Il monitoring. For example, we do not include or analyze

416  Category I monitoring projects, which address the detection or identification of individuals,

417  populations and species, and do not monitor PGD?*2. Further, our standards of documentation,
418  such as not including studies based only on personal communications, likely excludes a few

419  monitoring efforts. The absence of publicly available documentation with sufficient project

420  description would essentially mean that programs are unannounced, or confidential, and not

421  evaluable by third parties. For example, we exclude some unpublished efforts to develop and test
422 genomic markers prior to the establishment of actual monitoring of populations. Finally, some
423 published genetic assessments present sufficient data to serve as genetic baselines (see), but
424  without a clear declaration of the establishment of a monitoring program, would not be included
425  in our tally.

426

427  The monitoring programs we report here generally focus on detecting changes in population

428  diversity of neutral nuclear marker loci and of mitochondrial DNA (haplotypes). These loci are
429  not likely directly involved with adaptation to climate. The studies minimally report allelic or
430  haplotype diversity and none are specifically designed to detect genetic response to climate
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431  change or deteriorating environment per se. Nonetheless, climate change can affect both species
432 distributions and PGD*** and, thus, needs to be accounted for in the design of monitoring

433  projects. Genetic characteristics of populations at environmental niche margins could make them
434  critical resources for managing the impacts of climate change, such as through translocation
435  programs’®*7(but see*®). However, monitoring neutral genetic markers and indicators of effective
436  population size alone is unlikely to provide representative data on the ability of populations to
437  adapt to changing environments, such as caused by ongoing climate change, because of weak
438  correlation between population genetic marker loci and specific genetic variants affecting

439  functional traits that confer adaptation to environment**-*!. Nonetheless, GMC and genetic

440  monitoring using marker loci is suggestive of the future capacity of countries to conduct

441  monitoring of genetic diversity related to predicted or observed climate change response of

442 species. The technological capacity and financial resources relevant to PGD monitoring are

443 likely highly relevant to efforts to monitor populations at functional loci. Diversity at functional
444 loci, combined with neutral loci and demographic information, may provide improved empirical
445  indicators of potential for resilient adaptive responses to changing climate3*#>#, Finally,

446  substantial national activity in additional types of population genetic and evolutionary research
447  may also reflect potential national responses to international initiatives for expanded genetic
448  monitoring!®.

449

450  The geography of monitoring efforts to date does not align well with the distribution of

451  decreasing environmental suitability due to changing climate niche marginality. The geographic
452  distribution of GMC suggests that monitoring capacity is not adequately distributed to detect
453  effects of climate change on genetic diversity, degree of adaptation, or developing vulnerability
454  to climate change effects. In particular, efforts to increase capacity for genetic monitoring could
455  emphasize eastern and southeastern COST countries, where the number of species in areas at
456  their climatic niche margins is relatively high currently and expected to remain so in the future
457  (Fig. 5, Extended Data Fig. 4), and GMC for terrestrial species is sparse (Extended Data Fig. 1).
458  Baseline genetic assessments are needed in geographic areas, such as the Iberian Peninsula for
459  amphibians and southeastern Europe for forest trees (Extended Data Fig. 4, Appendix S3, S6,
460  Supplementary Materials), where multiple species will experience environmental deterioration
461  due to rapidly changing climate. These geographic areas differ substantially depending on the
462  taxonomic group under consideration (Fig. 5). Future efforts to monitor genetic diversity of all
463  kinds need greater political and financial support in order to focus on areas where species will
464  increasingly experience niche margin for climate and other environmental conditions, where
465  adaptive genetic variation needs to be maintained, and loss of diversity due to low effective

466  population size needs to be avoided. These efforts will complement approaches that predict

467  climate change effects relative to the distribution of adaptive genetic variation?’.

468

469  To address the importance of environmental gradients to the conservation of genetic diversity,
470  we distinguish here between populations that are geographically peripheral with regard to a

471  range centroid and populations that are environmentally marginal, occurring towards the edge of
472  their realized environmental niche. Relative geographic position can present little relationship to
473  variation at functional loci, while relative environmental niche marginality of populations can
474  predict the amount of variation at these loci*!. Establishment, adaptation, and persistence of

475  populations at environmental niche margins may depend on the steepness of environmental

476  gradients, rates of gene flow from non-marginal populations, and stochastic processes?*#4,

477  Monitoring studies that employ both neutral and functional loci, and are designed to span

10


https://doi.org/10.1101/2023.03.24.533448
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.24.533448; this version posted March 25, 2023. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

478  environmental gradients to include populations from both core and marginal niche situations,
479  will help elucidate generalities in how genetic diversity and adaptive potential vary across

480  species ranges. Our results here based on a joint niche marginality approach indicate that for

481  various groups of species, the Iberian Peninsula, the eastern Adriatic coast, central Turkey, and
482  the Carpathian Mountains can serve as foci for international, cooperative monitoring programs
483  that anticipate the effects of climate change by establishing genetic baselines that include

484  populations in these areas. Monitoring multiple species with populations in areas of high joint
485  niche marginality may help to identify similar genetic responses to environmental decline among
486  species, much as exists for life history traits*’, with the potential to develop genetic indicator
487  species.

488

489  Our results indicate that the number of species with climatic conditions at niche margins will
490  likely decrease in some southern European countries, for example trees in Italy and France (Fig.
491 5). This counter-intuitive pattern is the result of both methodological and biological factors.

492  First, we account for all types of climatic niche marginality, not just for warm edge marginality.
493  Countries in southern Europe have species with cold marginal conditions at upper elevation
494  limits, and these areas face rapid warming, loss of cold marginal conditions, and substantial

495  predicted changes in species distributions*®. Tallies of marginal populations may decrease when
496  climate change causes leading edge populations to newly experience core climatic conditions, or
497  causes trailing edge populations to experience conditions outside of the species niche. Second,
498  our approach also only reports changes in niche marginality within current species ranges in
499  Europe. Species for which the distribution of populations at climatic niche margins in Europe
500 changes little may experience substantial changes elsewhere. We leave examination of these
501  patterns for future studies that take focal-species approaches. Further, range expansion with

502  climate change will result in the influx of species into areas with newly suitable climate on

503  leading range edges'®. Future studies can refine predictions for climatic conditions and niche
504  marginality in the context of specific goals for genetic monitoring and population management.
505

506  Populations at environmental niche margins, although often substantially locally adapted, have
507  been found repeatedly less fully locally adapted than those in more central situations within the
508  niche?!*!. Additionally, populations towards species warm niche margins (i.e., trailing edges)
509  may be relatively isolated from one another!®. For these reasons, populations at niche margins
510  can together present valuable genetic diversity at loci associated with local adaptation to climate
511 that is not present or rare in populations more centrally located within the niche*!. The

512 relationship of this variability to the efficacy of adaptation to changing climate is complex (see
513  Appendix 7 Extended Discussion, Supplementary Materials). Nonetheless, detecting any loss of
514  genetic diversity in niche margin populations should be a priority, and if detected should likely
515  trigger management response. To inform management in this way, monitoring projects need to
516  span entire environmental gradients as occupied by species, in order to sample relevant genetic
517  variation in niche marginal populations. Genetic samples from such prospective monitoring

518  designs will be well suited for evaluating PGD and adaptive capacity of populations, and

519  designing appropriate management strategies*’. The present study suggests that populations

520  towards the warm/dry, retreating niche margins are geographically clustered in Europe, which
521 indicates the need to promote and develop monitoring capacity in countries with low GMC and
522 high joint niche marginality (Figs. 4-6; Extended Data Fig. 5).

523  Online Methods
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524  We compare data on genetic monitoring capacity (GMC) and climatic niche marginality to

525  address whether historical effort and experience in PGD monitoring at a national scale

526  correspond to the anticipated impacts of climate change on environmental suitability for

527  ensembles of wild species. We call this approach a ‘joint species niche marginality framework’,
528  to express how areas of marginal conditions within the niches of multiple species coincide

529  geographically, and we use it to propose taxonomic and geographic foci for future programs of
530  genetic monitoring. Generally, we anticipate that larger, high-GDP countries will have conducted
531  a greater number of monitoring programs than smaller and less wealthy ones. To address our
532 four guiding questions, we report results from a comprehensive survey of the scientific literature,
533 asrepresented in the Web of Science Core Collection of journals, with use of a simple, inclusive
534  search string of relevant terms. We also collect references and documentation of unpublished
535  monitoring programs by using professional networks to comprehensively access the gray

536 literature, including governmental and non-governmental reports and web pages in national

537  languages. We focus our analysis exclusively on monitoring programs that report repeated

538  measures of PGD indicators (Category II programs®?), and we exclude genetic assessments,

539  which lack temporal replication, from consideration. We compile and summarize these data by
540  country to address the geographic and taxonomic distribution of monitoring projects as an

541 indicator of GMC. We then assemble groups of species of current or potential conservation

542  interest based on taxonomic and functional characteristics and predict changes in their

543  environmental niche marginality within their current range by using the range-wide occurrence
544  of species, range polygons, and digital layers that express current climate and projected

545  changes®'.

546

547  Distribution of genetic monitoring capacity in Europe

548  The gray literature: Beginning in October 2019 we began to solicit submission of published and
549  unpublished (grey literature) materials documenting genetic monitoring programs, projects, and
550  activities (forward, ‘projects’). We used social media and e-mail to contact the extended network
551  of relationships centered on participants in the COST Action ‘Genomic Biodiversity Knowledge
552  for Resilient Ecosystems (G-BiKE, https://www.cost.eu/actions/CA18134/), a Europe-wide

553  effort to improve and promote the use of genetic and genomic methods for supporting delivery of
554  ecosystem services. We directly contacted colleagues, government officials and non-

555  governmental agency (NGO) representatives in their home countries to identify and solicit

556  information on past and on-going projects. Submission of information was open to this broad
557  community of scientists, policy makers and stakeholders, and was structured by variables

558  describing each project, organized in an on-line spreadsheet (Appendix S8, Supplementary

559  Materials). We labored to follow leads and make direct contacts in order to obtain internal

560  documents and unreleased private reports. We collected all available documentation in the form
561  of web documents and their URLs, white papers, internal and released reports, and published
562  papers that were associated with, and substantiated, each submitted project. Solicitation and

563  submission of information continued until 31 December 2021. We focused our data collection
564  efforts exclusively on COST Full Member countries (here forward, COST countries) except for
565  Ukraine, due to its inclusion in the COST program after the start of data collection. Submitted
566  projects that did not sample populations in at least one COST country were excluded from

567  subsequent data aggregation and analyses.

568

12


https://doi.org/10.1101/2023.03.24.533448
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.24.533448; this version posted March 25, 2023. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

569  Project submissions required independent evaluation because no consistently applied definition
570  of ‘genetic monitoring” was evident upon inspection of the submissions. We developed

571  standardized criteria for judging the validity of projects to monitor population genetic diversity
572 by following a published definition of genetic monitoring*? and by defining a decision tree

573 (Online Methods Fig. 1). Each submitted project was assigned using computer-generated

574  pseudo-random numbers to two of 14 evaluators, who sought additional information in national
575  languages as needed through web search and personal inquiries. Pairs of evaluators examined
576  projects independently from one another. When the evaluators disagreed on project validity, the
577  evaluators attempted to reach consensus. Persistent disagreements were mediated by two co-
578  authors (PBP and MB). Written documentation, broadly defined, was required for positive

579  decision on project validity, thereby excluding projects only reported by personal

580 communication, e-mail, or lacking documentation (Online Methods Fig. 1). Valid monitoring
581  projects included those that acquired and analyzed genotype data from the same populations or
582  identical locations, at two or more time points at least one year or one generation apart,

583  whichever was longer. Additionally, candidate projects needed to explicitly declare the goal of
584  informing management and/or conservation policy and activities (Online Methods Fig. 1).

585  Genetic assessments, i.e., projects lacking temporal replication, also known as ‘snapshot’

586  studies®?, were excluded, as were projects with no clearly stated motivation to inform

587  management, conservation policy or activity. This excluded studies on pathogens and disease
588  vectors, as well as studies focused on questions clearly restricted to the field of population

589  biology and without explicit conservation motivation. Several criteria permitted inclusion of
590  monitoring projects that had not yet collected initial data (Online Methods Fig. 1).

591

592 A second round of evaluation classified valid monitoring projects into two groups. We

593  distinguished between Category I projects that collected genotype or haplotype data for species
594  and individual identification, and Category II projects that reported at least one index of

595  population genetic diversity, such as number of alleles, observed or expected heterozygosity, etc.
596 2. The use of genetic data from archived samples or collections to establish an initial temporal
597  reference for focal populations was acceptable, as long as the populations were strictly identical.
598  Certain problems were presented by projects that evaluated changes in genetic diversity in re-
599 introduced populations and those receiving introduced individuals to support levels of population
600  genetic diversity (i.e., genetic support or assisted gene flow)*°. For validity of these studies as
601  Category Il monitoring, a baseline sample was needed from the population of individuals

602 initially chosen for re-introduction, or repeat temporal samples from the focal, reintroduced or
603  supported population itself. We excluded projects comparing genetic diversity in contemporary
604  samples to that from the original or putative source populations when these were only sampled
605  after (re-) introductions, due to the potential for sampling bias. As in the initial evaluation of
606  validity, both evaluators needed to express a consensus concerning the type of monitoring

607  (Category I or IT) that was conducted.

608

609  The scientific literature: We also conducted a separate survey of the peer-reviewed scientific

610 literature to identify projects monitoring genetic diversity. On 1 December 2021, one co-author
611  (PBP) conducted a search of all Web of Science (WoS) collections with the search string “Topic:
612  ‘genetic population diversity monitoring” NOT ‘cell’ NOT ‘virus’ NOT ‘medical’. Citations

613  were then filtered to come only from the following journal categories: Agriculture, Agronomy,
614  Dairy Animal Science, Biodiversity Conservation, Marine Freshwater Biology, Ecology,

615  Entomology, Environmental Sciences, Evolutionary Biology, Fisheries, Forestry, Genetics and
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616  Heredity, Horticulture, Multidisciplinary, Multidisciplinary Sciences, Ornithology, Plant

617  Sciences, and Zoology. Other strategies, such as additionally restricting the search to COST
618  countries, resulted in the omission of studies that qualified as Category Il monitoring in Europe.
619  One co-author (PBP) scored all collected citations for being conducted in COST countries and
620  either Category I or II monitoring. Each of these candidate studies was re-examined

621  independently by one of four additional co-authors (DR, EB, AK, FEZ), to both evaluate the
622  initial assessment and to identify redundancy within the original list of validated projects.

623  Confirmed, non-redundant cases were then added to the list of monitoring projects. Ad hoc

624  repetition of the WoS search to identify additional studies published in late 2021 and efforts to
625  obtain documentation of specific unpublished projects, produced before the end of 2021,

626  continued during the first four months of 2022.

627

628  We focused on Category II monitoring studies because of their relevance to mandates to

629  conserve genetic diversity, and we carefully tallied these studies by country, and by taxonomic
630  and additional groupings (Appendix 8, Supplementary Materials). We considered submitted

631  projects that monitored particular single species in a country as distinct projects when different
632  populations were studied by different research groups, institutes, or organizations. We also

633  considered projects conducted by a single research group but having more than one focal species
634  as distinct. Projects addressing different focal populations of a single species, analyzed as

635  exclusive, distinct sets of populations by a single research group, were also counted as distinct
636  projects. Nonetheless, publications that presented analyses of repeated samples from a single set
637  of populations, and were extensions of original studies, and used the original published data in
638  establishing temporal trajectories of genetic diversity, were not counted as separate projects

639  regardless of author identity. Analyses of samples by contract laboratories, in a separate country
640  from that of the study population(s), research group or monitoring organization, did not qualify
641  the project to count toward the tally of projects for that separate country, unless of course at least
642  one sampled population came from that country. In multi-country projects generally, samples for
643  genetic analysis needed to be physically collected within a country for a project to count towards
644  the tally of projects in that country. This meant that potentially a project was assigned (tallied)
645  only to a subset of participating countries that were the sources of genetic samples. Projects

646  reporting a temporal trajectory of genetic diversity in captive or domestic populations needed to
647  employ genetic analysis of repeated samples and not rely exclusively on estimates of genetic
648  diversity or change thereof that were obtained from pedigree analysis of breeding records.

649  Because some projects sampled populations in more than one country, we defined the ‘genetic
650  monitoring capacity’ of a country, GMC, as the tally of Category II monitoring projects

651  obtaining genetic data from within the country. We determined the geographic distribution of
652  GMC for focal taxonomic and functional species groups by mapping GMC for each group in
653  each COST country and examining the frequency distribution of GMC among countries. We
654  focus our analyses exclusively on Category Il monitoring studies and will address Category |
655  studies in a future publication.

656

657  Climate niche marginality in Europe

658  Focal species-- We defined four divergent groups of species for examination of current and

659  future geographical patterns of climatic conditions. Our objective was to construct groups with
660  membership that exceeded the scope of current genetic monitoring efforts and which, because of
661  taxon identity or life history traits, are either currently of conservation interest or could

662  conceivably become of interest as climate change proceeds. Thus, while many of the species may
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663  be on national Red Lists in European countries, this was not a requirement for inclusion. We also
664  did not attempt to comprehensively include species of conservation interest. We explicitly

665  disregarded membership on Red Lists and European Union (EU) Directives as criteria because of
666  the varying completeness, taxonomic resolution, and criteria for species inclusion of national
667  Red Lists across Europe made it impossible to implement a single standard. Additionally, COST
668  countries could not be assumed to place uniform emphasis on Red Lists as a foundation for

669  conservation, management, or future development of monitoring programs. Further, not all

670  COST countries are members of the EU and subject to the Directives. We developed lists of

671  focal taxa to include: (1) most native European Amphibia (44 Anura. 26 Caudata), because of
672  their recognized sensitivity to climate change. We excluded cave dwelling amphibians because
673  of their limited exposure to terrestrial climate; (2) sixteen species of large birds, representing the
674  Accipitridae, Anatidae, Gallidae, and Otididae, because size is related to extinction probability in
675  birds globally*®; (3) a set of eight relatively large carnivorans because of their general economic,
676  ecological and cultural importance, and (4) a set of 91 species of forest trees (64 Magnoliopsida,
677 27 Pinopsida), because of the general economic and cultural importance of trees (Extended Data
678  Table 1). Global range maps for each focal species were retrieved as polygons from the data

679  portal of the International Union for the Conservation of Nature (IUCN) #°, and species

680  occurrence data from the Global Biodiversity Information Facility>’-® . We then defined species
681  distributions as the pixels occupied by the species according to the IUCN range maps. We further
682  refined species distributions within range polygons by filtering out pixels that corresponded to
683  the CORINE Land Cover 2018 habitats classes>* that were not intersected at least once by

684  occurrences of the corresponding species in question. This removed urban areas and other

685  habitat/land cover types for which we found no evidence of occupation by species in the

686  occurrence data.

687

688  Marginality calculations-- We used the worldwide 19 bioclimatic variables from the Chelsa

689  database of global climate values at 30 arcsec resolution (http://chelsa-climate.org>>) to calibrate
690  principal component scores (PCA). We defined a working environmental space consisting of the
691  first two PCA axes. This space summarized the main climatic gradients present on Earth (75.7%
692  of variation explained). We rasterized IUCN species range maps at 30 arcsec resolution,

693  extracted bioclimatic values for every occupied pixel (after filtering with CORINE 2018), and
694  projected these values to the global climate space to generate species scores®®. Using these

695  species scores, we delineated the niche margins of each species by kernel density estimation (i.e.
696  the 0.99 quantile)*!3. These niche margins delineated the boundaries of the climatic conditions
697  currently occupied by the species throughout their global ranges. Finally, we calculated a

698  standardized metric of climate marginality for each pixel of each species distribution, based on
699  the multivariate distance to the niche margins, using the approach of Broennimann et al. 3!. The
700  marginality metric for each species varies from 0 to 1, with values of 0 indicating that the

701  climatic conditions in the pixel are at the center of the niche, and values of 1 indicating that

702  conditions are at the niche margin. In order to provide synthetic niche marginality maps for each
703  species, we considered that pixels with the 25 percent most marginal conditions for a species,
704  determined globally, constituted climatically marginal areas for the species, while the rest of
705  pixels within the species niche constituted the core of the species environmental distribution.
706  Notably, niche marginal situations could occur in geographically central or peripheral areas of
707  the species range.

708
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709  To map the future distribution of marginality of the climate niches of species, we updated the
710  climatic values of pixels corresponding to the species distributions in the study area using a

711  Shared Socioeconomic Pathway scenario, SSP5-8.5, for a 30-year future time period, 2041-2070.
712 which we extracted from the Chelsa database Vers. 2.1°7. We recalculated the marginality metric
713 for each species in each pixel, and produced maps of species future niche marginality. This

714  entails the assumption that the climate niches of species do not change substantially over this
715  time frame (i.e., exhibit niche stability>®>?). Multispecies marginality maps were produced for
716  each species group by stacking the species maps and calculating maps of the number of species
717  in marginal conditions of their climate niche for each pixel, at present and in the future. We

718  compared maps of current and future niche marginality to identify pixels in which we estimated
719  populations of species will shift into climatically marginal niche conditions in the future.

720

721  To facilitate comparison of GMC to the predicted effects of climate change on species niche

722 situations at the country level, we converted species maps of niche marginality to country tallies
723 of species with marginal niche conditions and tallied change over time. For each COST country,
724  we obtained a shapefile of country boundaries at 10 m resolution from the Natural Earth website
725  (www.naturalearthdata.com). We excluded overseas territories and regions of European

726  countries, i.e. islands and areas outside of a rectangular bounding box defined by -25° W, 57° W,
727  29.1° N, 73° N. This excluded, for example, the Canary Islands (Spain), Svalbard (Norway), and
728  French Guiana (France). We implemented a threshold for counting a species as having

729  climatically marginal niche conditions in a country by requiring that at least 5% of the number of
730  niche margin pixels in COST countries be within the country. This prevented countries from

731  accruing species at niche margins because of just a few marginal pixels. We used the R package
732 “tmap” ® to map the number of PGD monitoring projects in each country, the number of

733 marginal species in each focal taxonomic group currently and in the future, and the predicted
734 number of species that newly experience niche margin conditions within a country as an index of
735  the change in niche marginality We plotted future joint niche marginality against country tallies
736  of PGD monitoring programs to visualize the relationship between national capacity for PGD
737  monitoring and geographic foci of future climatic niche margin conditions.

738

739  Statistical analyses

740  We compared GMC among countries by modeling the number of Category Il monitoring

741  projects as a function of two broadly applicable indicators. We used country area as an example
742  indicator of the physical aspects of countries, and we estimated land area of COST countries in
743  continental Europe, the Mediterranean and Baltic islands, and in Asia using the R package ‘sf*°!.
744 While many more physical aspects could be explored, a comprehensive study of physical aspects
745  of COST countries is beyond the scope of the present paper. We also chose per capita Gross

746  Domestic Product (GDP) as an example indicator of economic activity and available resources,
747  one which is available for all COST countries. Data on GDP in 2020 U. S. Dollars were obtained
748  from an authoritative on-line source®?, the most recent year for which data from all COST

749  countries was available. The relationship of monitoring capacity with many other social and

750  economic indicators could be explored, but we leave this as well for future analyses. Based on
751  inspection of scatter plots, country area entered models as a first order effect while GDP entered
752 as a second order orthogonal polynomial.

753
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754  We used a Generalized Linear Model (GLM) framework to analyze country counts of PGD

755  monitoring projects. Models were fit with functions from the R packages ‘stats’, ‘MASS’ and
756  ‘hermite’%%4, Outlier and influential data points were identified with leverage statistics and by
757  inspection. We quantified model explanatory capacity with the Veall-Zimmermann pseudo-R? ¢
758  calculated on deviance residuals, and used model likelihoods and y? statistics to compare models
759  during model development. We modeled the data with Poisson, negative binomial and Hermite
760  regressions and based statistical decisions on negative binomial models because of a significant
761  reduction in over-dispersion of residuals in comparison with the Poisson model, and no

762  additional improvement provided by the Hermite model (Appendix 2, Supplementary Materials).
763  We examined negative-binomial GLM model residuals for small-scale spatial autocorrelation
764  (SAC) using a randomization test of the significance of Moran’s I (Ho: I=0), at successive

765  intervals of 300 km between country centroids, using the ‘correlog’ function in the R package
766  ‘ncf’%. We did not address large scale spatial structure (>1500 km). Because SAC can bias tests
767  of significance of model effects when analyzing spatial data, we removed SAC from GLM

768  residuals by first constructing spatial eigenvectors (Moran’s Eigenvector Maps) with function
769  ‘mem’ from the R package ‘adespatial’®’ and a regional distance network among country

770  centroids constructed with functions ‘dnearneigh’ and ‘nb2listw” in the R package ‘spdep’¢®

771  (Appendix 2, Supplementary Materials). Eigenvectors with positive eigenvalues were included
772  as additional linear terms (regardless of statistical significance) in GLM models. We added

773 eigenvectors until p-values of the randomization test of Moran’s I, calculated on model residuals
774  atintervals to 1500 km, equaled or exceeded 0.05 after rounding. Although significance levels
775  were reduced by the addition of spatial eigenvectors, decisions concerning statistical significance
776  of model terms were not affected.
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980  Tables
981 Table 1. Requested information to characterize submitted monitoring projects/programs.
982  Variable Values
983  Contributor First and last name(s)
984
985  Description of project Text description provided by contributor
986
987  Program/project name Text name, not available
988
989  Barcoding study True/False
990
991  Within-species diversity True/False
992
993  Temporal category ‘Snapshot’, ‘Horizontal’
994
995  Frequency (annual?) True/False
996
997  Country One or more countries
998
999  Political extent Regional, National, Multi-national
1000
1001  Marker type Organelle sequence, other autosomal, SNP,
1002 microsatellite, sex chromosome, multi-marker
1003
1004  Strict/relaxed “Strict’ indicates study was a priori designed as a
1005 monitoring study; ‘relaxed’ if data used post-hoc for
1006 monitoring
1007
1008  Focal groups (True/False) Carnivora, Bear, Wolf, Lynx, Other mammal, Aves,
1009 Insecta, Fish, Marine, Plant, Forest trees,
1010 Amphibians, Other, Domesticated/captive.
1011
1012  Name(s) of focal taxon/taxa Common names (English), scientific names
1013
1014  European Union Directive and Annex Values
1015
1016 ~ Documentation/Document type Project report in national language, project report in
1017 English, Government report in national language,
1018 other report in national language, scientific
1019 publication, not available
1020
1021  Document format pdf, link, paper copy, not available
1022
1023  Document locator DOI if available
1024
1025  Document title or reference Complete citation when available
1026
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1027  Project or report webpage URL listed when available
1028

1029  Notes Unrestricted text

1030

1031

1032

1033

1034
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1035
1036  Online Methods Figures.
1037
1038  Figure 1.
1039
1040
1 04 1 . . . . .
1042 Genetic Monitoring Validity
1043 1. Is actual or planned use of genetic
data or tools documented?
1044
1045 Yes Wj
1046
i F
1047 2. Is it documented clearly that the program's
1048 results are to inform management, or the
development, implementation, or assessment of
1049 conservation policy? No
1050 Ves
1051 .
1052 3. Is there documentation that genetic samples from
1053 the same population or place (study area) from =2
temporal sampling events have been analyzed and
1054 any temporal trends or stability reported?
1055 , w
es
1056
1057 T Yes - 4 Is there documentation that data from a
single temporal sampling event have been
1058 ingl | li have b
analyzed and explicitly serve to establish a
aseline of genetic characteristics for
1059 baseline of ic ch istics f
1060 T comparison with those of future samples?
1061 l No
1062
Yes 5. Is there documentation that states a
1063 "monitoring program" that uses or will use
genetic data is officially. announced,
ic data is officiall d
tablished, funded, or being reported?
1065 T *
1066 Notes:
1. 'Documentation’ may be any kind of No
1067 textual material, report, paper,
1068 website, white paper, etc. A personal 6. Is the establishment of a monitoring program
1069 communication, without other that uses genetic d.ata in planning, in dispussion,
supporting materials, is insufficient. or proposed to begin at some undetermined
1070 2. Here, 'official' means that a claim of da:e n thf. futL:;e and/or is not funded and not
1071 the existence of a "monitoring program" yet operational

1072 with the stated characteristics has been Yex ‘/No

publicly released in some way by a

1073 governmental or non-governmental F
1074 organization.

1075

1076

1077

1078  Online Methods Figure 1. A flow chart for guiding decisions on the validity of projects as constituting genetic
1079  monitoring, given a wide range of potential documentation, originating in government reports, web documents,
1080  and the peer-reviewed literature.
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1090  Figure 1. Documented programs to monitor population genetic diversity for conservation and management in
1091  COST member countries, as an indicator of genetic monitoring capacity, up to 31.12.2021. The geographic
1092  distribution of monitoring capacity to countries, as a tally across all domestic and wild terrestrial and marine
1093 species (a) indicates that countries with relatively high capacity for monitoring are found in both northern and
1094  southern Europe. COST countries in southeastern Europe present generally low genetic monitoring capacity.
1095  The distribution of programs to countries (b) shows that most countries have established six or fewer

1096  monitoring programs.
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Figure 2.

Geographic distribution of genetic monitoring capacity for population genetic diversity, for purposes of
conservation or management, among COST full-member countries, showing the tally of programs for
amphibians (a), birds (b), carnivorans (c), and forest trees (d). Programs included here are consistent with
requirements for Category Il monitoring, and they offer documentation of multiple estimates over time of at
least one index of genetic diversity. Few countries have genetic monitoring capacity for amphibians, while
most countries have established at least one program for a carnivoran species.
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1122 Figure 3. Generalized linear models for the genetic monitoring capacity of COST full-member countries,
1123 represented by international postal codes, as a function of (a) area extent and (b) average per capita gross
1124  domestic product (GDP). Equations of the lines are shown, along with 95% confidence intervals in shading.
1125  Models were fit as negative binomial distribution with the log link function. Model fit is given as Veall-
1126  Zimmermann R Turkey is of substantially greater geographic extent than the displayed countries, yet has no
1127  documented genetic monitoring capacity and is omitted as an outlier and influential observation. Both the
1128  linear area term and the quadratic GDP term are significant in the multiple generalized model (area: P < 0.018;
1129  GDP quadratic: P<0.002; see online Methods for details). A significant quadratic term remains upon omission
1130  of any one of the three high-GDP countries.
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1143 Figure 4. Current joint marginality of four groups of species. The colored areas represent the tally of species
1144  that have marginal climatic conditions in each pixel, for (a) amphibians, (b) a collection of relatively large
1145  birds, (c) large European carnivorans and (d) a set of forest tree species. Pixels with marginal niche conditions
1146  are among the 25% most climatically marginal across the global range of each species. Pixels are aggregated to
1147 100 km? to improve visualization, and the highest value within this area is displayed.
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Figure 5. The number of species with marginal niche situations currently (a) and predicted on the basis of
climate averaged over the interval 2041-2070 (b). A species is included in the tally for marginal species in a
country whenever the country has at least five percent of the total niche marginal pixels for the species across
all COST countries. This tally includes selected species of amphibians, large birds, large carnivorans and forest
trees. As presented here, forest trees drive the differences among countries because this is the largest group,
with 91 species.
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Figure 6. The relationship between genetic monitoring capacity and the number of species with marginal
climatic niche conditions as of the years 2041-2070, showing data for all Category II monitoring as an
indicator of genetic monitoring capacity at the national level (a) and programs monitoring amphibian, avian,
carnivoran, and plant species only (b). Countries are indicated by postal codes. Marginal species include all
species chosen for calculation of marginality, including non-troglobite amphibians, a collection of large birds,
selected large carnivorans, and a set of forest trees. No general linear trends exist, although there is substantial
variation both in numbers of species in marginal niche situations and in genetic monitoring capacity of

countries.
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