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​Abstract​
​Genetic​ ​diversity​​within​​and​​among​​populations​​is​​essential​​for​​species​​persistence,​
​yet​​challenging​​to​​measure​​at​​relevant​​scales​​such​​as​​the​​range​​of​​a​​species​​or​​the​
​extent​ ​of​ ​an​ ​ecosystem.​ ​Conservationists,​ ​ecosystem​ ​managers,​ ​researchers,​ ​and​
​Parties​ ​to​ ​the​ ​Convention​ ​on​ ​Biological​ ​Diversity​ ​(CBD)​ ​all​ ​require​​accessible​​tools​
​for​ ​reliable​ ​and​ ​efficient​ ​assessment​ ​of​ ​genetic​ ​diversity,​ ​relevant​ ​for​ ​knowledge,​
​policy​ ​and​ ​decision-making.​ ​Here,​ ​we​​describe​​how​​Earth​​Observation​​(EO)​​makes​
​essential​​contributions​​to​​enable​​the​​scalable​​assessment​​and​​monitoring​​of​​genetic​
​diversity.​ ​We​ ​introduce​ ​a​ ​stepwise​ ​workflow​ ​for​ ​integrating​ ​EO​​into​​existing​​genetic​
​diversity​ ​monitoring​ ​strategies​ ​as​ ​part​ ​of​ ​biodiversity​ ​conservation​ ​efforts.​ ​We​
​furthermore​ ​describe​ ​how​ ​available​ ​EO​ ​data​ ​can​ ​be​ ​made​ ​accessible​ ​to​ ​support​
​calculation​​of​​genetic​​diversity​​indicators​​and​​to​​inform​​management​​and​​monitoring​
​decisions,​​as​​well​​as​​to​​support​​research​​on​​the​​genetic​​diversity​​of​​populations.​​We​
​argue​ ​that​ ​by​ ​leveraging​ ​EO​ ​data​ ​to​ ​obtain​ ​information​ ​about​ ​local​ ​habitat​ ​and​
​ecosystem​ ​extent,​ ​quality​ ​and​ ​diversity,​ ​it​ ​becomes​ ​possible​ ​to​ ​scalably​ ​monitor​
​genetic diversity at the scale of populations.​

​Keywords​
​remote​​sensing​​(RS)​​—​​Kunming-Montreal​​Global​​Biodiversity​​Framework​​(GBF)​​—​
​effective​ ​population​ ​size​ ​(N​​e​​)​ ​>​ ​500​ ​Headline​ ​Indicator​ ​—​ ​populations​ ​maintained​
​(PM) Complementary Indicator — essential biodiversity variables (EBVs)​
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​Introduction​

​Genetic diversity and biodiversity​
​Genetic​​diversity​​is​​a​​foundational​​level​​of​​biodiversity​​below​​the​​species​​level,​​within​
​and​ ​between​ ​populations:​ ​Defined​ ​here​ ​as​ ​genetically​ ​distinct​ ​groups​ ​of​ ​spatially​
​aggregated,​ ​interbreeding​ ​individuals​ ​of​ ​a​ ​species​ ​(Allendorf,​ ​2017;​ ​Waples​ ​&​
​Gaggiotti,​ ​2006)​​.​ ​Genetic​ ​diversity​ ​underlies​ ​adaptive​ ​potential,​​which​​is​​material​​to​
​the​ ​fitness​ ​of​ ​individuals​ ​and​ ​allows​ ​species​ ​to​ ​persist​ ​in​ ​the​ ​face​ ​of​ ​change​ ​(​​i.e.​​,​
​resilience​​and​​resistance).​​Therefore,​​genetic​​diversity​​needs​​to​​be​​monitored​​as​​part​
​of​​biodiversity​​assessments,​​conservation​​and​​restoration​​actions,​​and​​safeguarding​
​nature’s​ ​contributions​ ​to​ ​people​ ​–​ ​also​ ​called​ ​ecosystem​ ​services​ ​(Hoban​ ​et​ ​al.,​
​2020, 2021)​​.​

​Loss​​of​​genetic​​diversity​​leads​​to​​maladaptation,​​population​​decline,​​inbreeding​​and,​
​eventually,​ ​species​ ​extinction.​ ​Studies​ ​of​ ​multi-species​ ​genetic​ ​diversity​ ​trends​
​indicate​​a​​net​​loss​​over​​time​​as​​a​​result​​of​​human​​activities​​(Exposito-Alonso,​​2025;​
​Exposito-Alonso​ ​et​ ​al.,​ ​2022;​ ​Leigh​ ​et​ ​al.,​ ​2019;​ ​Millette​ ​et​ ​al.,​ ​2020;​ ​Shaw​ ​et​ ​al.,​
​2025)​​.​ ​These​ ​studies​ ​have​ ​only​ ​recently​ ​become​ ​possible​ ​due​ ​to​ ​a​ ​slowly​
​accumulated​ ​critical​ ​mass​​of​​data,​​aggregating​​past​​information​​across​​species​​and​
​regions.​ ​However,​ ​conserving​​genetic​​diversity​​requires​​monitoring​​species-specific,​
​ongoing,​ ​local​ ​trends​ ​in​ ​a​ ​timely​ ​manner​ ​that​ ​supports​ ​mitigation.​ ​This​ ​remains​ ​a​
​grand​ ​and​ ​unmet​ ​challenge,​ ​and​ ​is​ ​among​ ​the​ ​main​ ​objectives​ ​of​ ​the​
​Kunming-Montreal Global Biodiversity Framework (GBF).​

​The​ ​GBF​ ​is​ ​implemented​ ​in​ ​national​ ​action​ ​plans​​by​​196​​Parties​​to​​the​​Convention​
​on​ ​Biological​ ​Diversity​ ​(CBD),​ ​with​ ​progress​ ​measured​ ​via​ ​national​ ​reporting​ ​and​
​global​ ​stocktaking.​ ​Indicators​ ​based​ ​on​ ​the​ ​persistence​ ​and​ ​size​ ​of​ ​distinct​ ​local​
​populations​ ​were​ ​adopted​ ​to​ ​monitor​ ​genetic​ ​diversity​ ​across​ ​these​ ​scales​
​(CBD/COP/DEC/15/5,​​Box​​1​​).​​The​​indicators​​can​​be​​calculated​​with​​or​​without​​DNA​
​data​ ​(Mastretta-Yanes,​ ​da​ ​Silva​ ​et​ ​al.​ ​2024,​ ​Mastretta-Yanes​ ​et​ ​al​​.​ ​2024),​ ​making​
​them​​measurable​​in​​regions​​with​​little​​molecular​​research​​infrastructure,​​or​​generally​
​wherever​​genetic​​studies​​are​​too​​slow​​to​​capture​​change.​​A​​feasibility​​study​​showed​
​that​​these​​indicators,​​based​​on​​population​​persistence​​or​​size,​​could​​be​​quantified​​in​
​83%​ ​of​ ​species​ ​across​ ​nine​ ​countries​ ​and​ ​919​ ​taxa​ ​where​ ​more​ ​traditional​
​DNA-based​ ​metrics​ ​would​ ​often​ ​fail:​ ​many​ ​of​ ​these​ ​taxa​ ​lacked​ ​DNA​ ​data​
​(Mastretta-Yanes, da Silva​​et al​​., 2024).​
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​The​ ​trade-off​ ​of​ ​this​​flexibility​​in​​the​​indicator​​calculations​​is​​consistency:​​the​​variety​
​of​ ​input​ ​data​ ​types​ ​and​ ​methodologies​ ​requires​ ​standardisation​ ​and​ ​harmonisation​
​across​ ​taxa,​ ​regions,​ ​and​ ​countries.​ ​Furthermore,​ ​monitoring​ ​hundreds​ ​of​ ​taxa​
​across​ ​large​ ​geographic​ ​regions​ ​(often​ ​spanning​ ​national​ ​boundaries)​ ​requires​
​coordination,​ ​as​ ​well​ ​as​ ​shared​ ​expertise​ ​and​ ​data​ ​availability.​ ​However,​ ​reporting​
​capacity​ ​and​ ​implementation​ ​are​ ​highly​ ​uneven​ ​across​ ​countries.​ ​The​ ​data​ ​types​
​used​ ​to​ ​calculate​ ​the​ ​GBF​ ​genetic​ ​diversity​ ​indicators​ ​are​ ​disparate​
​(Mastretta-Yanes,​ ​da​ ​Silva​ ​et​ ​al​​.,​ ​2024),​ ​and​ ​results​ ​may​ ​not​​be​​comparable​​within​
​the​​many​​species​​that​​range​​across​​country​​borders.​​These​​limitations​​constrain​​the​
​effectiveness​ ​and​ ​consistent​ ​application​ ​of​ ​the​ ​GBF​ ​indicators​ ​for​ ​globally​
​coordinated biodiversity monitoring and decision-making.​

​The contribution of Earth observation (EO)​
​Earth​​Observation​​(EO)​​has​​become​​indispensable​​for​​understanding​​and​​monitoring​
​global​ ​change.​ ​EO​ ​is​ ​used​ ​for​ ​environmental​ ​assessments​ ​and​ ​disaster​ ​risk​
​management;​​to​​assess​​land​​and​​sea​​use​​and​​atmospheric​​and​​climate​​change;​​and​
​to​ ​study​ ​changes​ ​in​ ​biodiversity​ ​(Mairota​ ​et​ ​al.,​ ​2015)​​.​ ​While​ ​other​ ​technologies​
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​based​ ​on​ ​airborne​ ​and​ ​field-mobile​ ​platforms​ ​exist,​ ​here​​we​​focus​​on​​Space-based​
​EO​​from​​satellites​​such​​as​​the​​Copernicus​​Sentinels​​and​​the​​NASA​​Earth​​Observing​
​System,​ ​which​ ​make​ ​global​ ​data​ ​publicly​ ​available​​regularly,​​i.e.​​,​​every​​few​​days​​to​
​weeks,​​and​​free​​of​​charge​​(Malenovský​​et​​al.,​​2012)​​.​​See​​Appendix​​Table​​A.1​​for​​a​
​detailed​​list​​of​​several​​platforms​​supporting​​access​​to​​public​​EO​​data,​​and​​Appendix​
​Box A.1​​for a list of important general considerations​​for EO data applications.​

​Biodiversity-relevant​ ​information​ ​from​ ​EO​ ​is​ ​often​ ​obtained​ ​and​ ​interpreted​ ​at​ ​the​
​ecosystem​​level.​​Examples​​are​​land​​use​​and​​land​​cover​​(LULC)​​change;​​vegetation​
​biochemical​ ​properties,conditions,​ ​or​ ​traits​ ​(see​ ​Glossary​​)​ ​that​​are​​assessed​​using​
​indices​ ​like​ ​the​ ​Normalized​ ​Difference​ ​Vegetation​ ​Index​ ​(NDVI);​ ​structural​
​information​ ​such​ ​as​ ​green​​leaf​​area​​index​​(LAI)​​and​​vegetation​​height;​​land​​surface​
​phenology;​ ​and​ ​photosynthetically​ ​active​ ​radiation​ ​(PAR),​ ​important​ ​for​ ​vegetation​
​health​ ​and​ ​productivity​ ​(Verrelst​ ​et​ ​al.,​ ​2015)​​.​ ​This​ ​information​​can​​then​​be​​used​​in​
​models​ ​to​ ​infer​ ​species​ ​composition,​ ​functional​ ​diversity,​ ​and​ ​other​ ​properties​ ​of​
​ecosystems​ ​(Mayor​ ​et​ ​al.,​ ​2024,​ ​2025;​ ​Pasetto​ ​et​ ​al.,​ ​2018)​​.​ ​Uniquely​ ​and​
​importantly,​ ​EO​ ​provides​ ​non-intrusive,​ ​repeated,​ ​standardised​ ​and​ ​systematic​
​measurements​ ​of​ ​the​ ​same​ ​area​ ​on​ ​a​ ​time​ ​scale​ ​of​ ​days​ ​to​ ​weeks,​ ​globally.​ ​In​
​addition,​​a​​large​​archive​​of​​data​​exists​​dating​​back​​to​​the​​1970s,​​allowing​​us​​to​​look​
​into the past and fill data gaps.​

​Genetic​ ​diversity​ ​has​ ​traditionally​ ​been​ ​considered​ ​beyond​ ​the​ ​scope​ ​of​ ​EO-based​
​biodiversity​ ​monitoring​ ​because​ ​it​ ​is​ ​not​​directly​​measurable​​from​​Space​​(Skidmore​
​et​ ​al.​​,​ ​2021).​ ​The​ ​challenge​ ​lies​ ​in​ ​systematically​ ​connecting​ ​properties​ ​accessible​
​from​​Space​​to​​variation​​within​​species​​(​​e.g.​​,​​detection​​of​​distinct​​populations).​​While​
​we​​cannot​​directly​​observe​​genetic​​diversity​​from​​space,​​we​​can​​detect​​indications​​of​
​population-level​ ​variation​ ​and​ ​health,​ ​and​ ​relevant​ ​processes​ ​impacting​ ​the​
​conditions​ ​that​ ​allow​ ​populations​ ​to​ ​persist,​ ​or​ ​threaten​ ​their​​survival.​​For​​example,​
​when​ ​viewing​ ​a​ ​forest​ ​canopy​ ​from​ ​Space,​ ​we​ ​cannot​ ​directly​ ​observe​ ​whether​ ​a​
​population​ ​of​ ​plants​ ​that​ ​was​ ​previously​ ​found​ ​in​ ​the​ ​understory​ ​is​ ​still​ ​there.​
​However,​​if​​the​​canopy​​has​​been​​cleared,​​we​​can​​infer​​that​​the​​understory​​vegetation​
​is​ ​likely​ ​gone​ ​as​ ​well.​ ​Indeed,​ ​some​ ​recent​ ​initiatives​ ​connect​​landscape​​and​​other​
​environmental​ ​features,​ ​or​ ​signatures​ ​of​ ​population​ ​activity,​ ​to​ ​the​ ​detection​ ​or​
​conservation​ ​of​ ​populations​ ​(Barber‐Meyer​ ​et​ ​al.,​ ​2007;​ ​Cousins​ ​et​ ​al.,​ ​2022;​
​Fernández,​​2013;​​Fretwell​​&​​Trathan,​​2009)​​.​​Such​​information​​about​​the​​condition​​of​
​populations​​and​​their​​environment,​​if​​made​​easily​​accessible,​​can​​greatly​​streamline​
​genetic​ ​diversity​ ​monitoring​ ​and​ ​research.​ ​For​ ​example,​ ​this​ ​information​ ​could​
​contribute​​to​​setting​​conservation​​or​​restoration​​priorities​​on​​populations​​whose​​local​
​habitat​​is​​under​​threat,​​in​​comparison​​to​​those​​whose​​habitat​​appears​​stable,​​or​​–​​at​
​the other extreme – has already been eliminated.​

​Here,​ ​we​ ​describe​ ​a​ ​workflow​ ​leveraging​ ​EO​ ​to​ ​support​ ​the​ ​standardized​ ​and​
​efficient​ ​monitoring​ ​of​ ​genetic​ ​diversity​ ​across​ ​taxa​ ​and​ ​regions​ ​(​​Fig.​ ​1​​).​ ​This​
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​workflow​ ​combines​ ​changes​ ​to​​the​​Earth’s​​surface​​detectable​​with​​EO​​(​​e.g.​​,​​habitat​
​change,​​change​​in​​vegetation)​​with​​other​​types​​of​​knowledge​​(​​e.g.​​,​​local​​knowledge,​
​literature,​ ​occurrence​ ​data,​ ​DNA​ ​data),​ ​and​ ​delivers​ ​estimates​ ​of​ ​population​ ​size​
​changes​ ​over​ ​time,​ ​which​ ​can​ ​be​ ​used​ ​to​ ​calculate​ ​the​ ​GBF​ ​genetic​ ​diversity​
​indicators.​ ​We​ ​then​ ​discuss​ ​how​ ​this​ ​workflow​ ​could​ ​evolve​ ​in​ ​the​ ​future​ ​toward​ ​a​
​more direct assessment of population sizes and genetic differentiations from space.​

​Figure​ ​1:​ ​Publicly​​available​​Earth​​Observation​​(EO)​​data​​improve​​the​​establishment​
​of​​baselines,​​regular​​monitoring​​complemented​​with​​periodic​​assessments​​from​​other​
​data​​sources​​(e.g.,​​DNA​​observations),​​and​​targeted​​re-assessment​​and​​intervention​
​to​ ​conserve​ ​the​ ​genetic​ ​diversity​ ​of​ ​natural​ ​populations.​ ​Examples​ ​are​ ​shown​ ​for​
​three​​imaginary​​populations​​of​​the​​same​​species,​​P1,​​P2,​​and​​P3.​​P1​​drifts​​below​​the​
​threshold​ ​value​ ​(N​​e​ ​~​ ​200)​ ​for​ ​the​ ​genetically​ ​effective​ ​population​ ​size​ ​(N​​e​​),​ ​as​
​defined​ ​within​ ​the​ ​N​​e​​>500​ ​Global​ ​Biodiversity​ ​Framework’s​ ​Headline​ ​Indicator​ ​for​
​genetic​​diversity​​monitoring.​​P2​​is​​maintained​​to​​be​​above​​this​​threshold​​(N​​e​ ​~​​1000)​
​while​​P3​​drops​​close​​to​​the​​threshold​​(N​​e​ ​~​​500).​​By​​the​​time​​of​​the​​second​​periodic​
​assessment,​ ​the​ ​N​​e​​>500​ ​indicator​ ​value​ ​for​ ​this​ ​example​ ​would​ ​be​ ​⅔​ ​and,​ ​without​
​intervention,​ ​is​ ​likely​ ​to​ ​drop​ ​to​ ​⅓.​ ​Frequent​ ​EO-based​ ​assessments​​could​​support​
​timely intervention.​

​A workflow using EO to support genetic diversity monitoring​
​We​ ​propose​ ​an​ ​overarching​ ​workflow​ ​to​ ​enable​ ​and​ ​accelerate​ ​genetic​ ​diversity​
​monitoring​ ​using​ ​EO.​ ​In​ ​the​ ​proposed​ ​workflow,​ ​EO​ ​data​ ​are​ ​combined​ ​with​
​ground-based​​measurements​​and​​expert​​knowledge​​to​​infer​​genetic​​diversity​​trends,​
​which can then inform the GBF genetic diversity indicators (​​Box 1​​).​

​●​ ​Informing​ ​the​ ​N​​e​​>500​ ​indicator​ ​by​ ​estimating​ ​habitat​​size:​​If​​the​​location​​of​​a​
​population​ ​is​ ​known,​ ​experts​​can​​evaluate​​whether​​the​​EO-measured​​habitat​
​size​ ​is​ ​sufficiently​ ​large​ ​to​ ​support​​a​​population​​with​​N​​e​​>500.​​This​​evaluation​
​can​ ​be​ ​based​ ​on​ ​previous​ ​knowledge​ ​on​ ​population​ ​density,​ ​or​ ​on​
​comparisons with other populations where N​​e​​>500 is​​known.​
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​●​ ​Informing​​the​​PM​​indicator:​​If​​estimated​​habitat​​size​​or​​quality​​descends​​below​
​a certain threshold, a population is assumed to be lost.​

​●​ ​Supporting​ ​prioritization​ ​of​ ​in​ ​situ​ ​monitoring,​ ​conservation​ ​or​ ​restoration​
​actions,​​or​​an​​early​​alert​​system:​​This​​information​​can​​help​​to​​direct​​resources​
​to​ ​the​ ​regions​ ​where​ ​more​ ​change​ ​is​ ​occurring​ ​and​ ​ground-based​
​observations are most needed.​

​In practice, the workflow can be summarized in the following three steps:​
​1)​ ​The​ ​first​ ​step​ ​is​ ​to​ ​define​​population​​boundaries​​based​​on​​occurrence​​points​

​(combined​ ​with​ ​a​ ​rule​ ​for​ ​aggregating​ ​points​ ​to​ ​populations);​ ​or​ ​species​
​distribution​ ​models​ ​on​ ​the​ ​level​ ​of​ ​populations,​ ​using​ ​methods​ ​including,​ ​for​
​instance,​ ​geographic​ ​features​ ​(​​e.g.​​,​ ​different​ ​mountains​ ​harbor​ ​different​
​populations)​ ​or​ ​eco-biogeographic​ ​differences​ ​(​​e.g.​​,​ ​different​ ​environmental​
​zones​​harbor​​different​​populations)​​(Hoban​​et​​al.,​​2023;​​Tobón-Niedfeldt​​et​​al.,​
​2022)​​.​

​2)​ ​The​ ​second​ ​step​ ​is​ ​to​ ​assess​ ​whether​ ​populations’​ ​habitats​ ​have​ ​been​
​maintained​​since​​the​​last​​observation.​​EO​​data​​can​​be​​used​​in​​such​​situations​
​to​ ​detect​ ​habitat​ ​loss​ ​using​ ​either​ ​visual​ ​inspection​ ​of​ ​satellite​ ​images​ ​or​ ​by​
​analyzing​ ​satellite-derived​ ​time​ ​series​ ​of​ ​LULC​ ​change,​ ​such​ ​as​ ​tree-cover​
​loss,​​which​​are​​publicly​​available​​free-of-charge​​from​​repositories​​such​​as​​the​
​Copernicus​​Browser​​or​​Global​​Forest​​Watch​​(​​Appendix​​Table​​A.1​​).​​Here​​we​
​consider​ ​loss​ ​of​ ​habitat​ ​quantity,​ ​but​ ​quality​ ​could​ ​(and​ ​should)​ ​also​ ​be​
​assessed.​

​3)​ ​The​ ​third​ ​step​ ​is​ ​to​ ​estimate​ ​genetic​ ​diversity​ ​indicators​ ​from​ ​habitat​ ​size​
​information.​ ​For​ ​the​ ​PM​ ​indicator,​ ​the​ ​procedure​ ​is​ ​straightforward:​
​Populations​​that​​have​​lost​​most​​or​​all​​of​​their​​habitat​​over​​time​​are​​expected​​to​
​be​ ​lost,​ ​and​ ​the​ ​fraction​ ​of​ ​populations​ ​with​ ​remaining​ ​habitat​ ​above​ ​some​
​minimal​​threshold​​is​​taken​​to​​correspond​​to​​the​​PM​​indicator.​​For​​the​​N​​e​​>500​
​indicator,​​we​​must​​then​​estimate​​the​​population's​​census​​size​​N​​c​ ​from​​habitat​
​size​ ​and​ ​a​ ​species-appropriate​ ​density​ ​per​ ​area​ ​of​ ​reproductively​ ​mature​
​individuals,​ ​and​ ​calculate​ ​N​​e​ ​from​​a​​species-appropriate​​N​​e​​:N​​c​ ​ratio.​​Once​​N​​e​

​is​ ​estimated​ ​for​ ​every​ ​population,​ ​we​ ​can​ ​calculate​ ​what​ ​proportion​ ​of​
​populations​ ​are​ ​estimated​ ​to​ ​remain​ ​above​ ​the​ ​threshold​ ​value​ ​of​ ​N​​e​​>500.​
​Habitat quality information could also be integrated to tune estimates.​

​The​​cost-effectiveness​​of​​such​​an​​approach​​based​​on​​public​​EO​​data​​is​​noteworthy,​
​as​ ​many​ ​biodiversity​​hotspots​​are​​located​​in​​economic​​resource-limited​​regions​​and​
​EO​ ​data​ ​allow​ ​the​ ​upscaling​ ​to​ ​many​ ​species​ ​and​ ​large​ ​regions​ ​without​ ​high​
​additional​ ​costs.​ ​Furthermore,​ ​the​ ​workflow​ ​can​ ​help​ ​managers​ ​prioritize​
​interventions​ ​and​ ​target​ ​them​ ​in​ ​space​ ​and​ ​time​ ​to​​areas​​where​​rapid​​changes​​are​
​taking​ ​place,​ ​hence​ ​mitigating​ ​damage,​ ​maintaining​ ​or​ ​enhancing​ ​resilience,​ ​and​
​protecting biodiversity​​(Langhammer et al., 2024)​​.​
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​Table 1​​. Proposed applications of EO data for monitoring genetic diversity.​

​Uses of EO data​ ​Implementation​ ​for​ ​genetic​
​diversity monitoring​

​Current limitations​
​of this use​

​Population​ ​and​ ​habitat​
​mapping​
​Accuracy​ ​increases​ ​with​ ​prior​
​knowledge,​ ​supporting​
​observations,​ ​and​ ​in​ ​terrestrial​
​habitats​

​Inferred​ ​population​​locations​​can​​be​
​combined​ ​with​ ​other​ ​data​ ​(​​e.g.​​,​
​biogeographical,​ ​traditional​
​knowledge)​ ​to​ ​infer​ ​population​
​boundaries​​or​​support​​the​​design​​of​
​DNA studies for confirmation​

​Census​ ​size​ ​N​​c​ ​can​ ​be​ ​inferred​
​from​ ​dispersal​ ​distance​ ​data,​
​occupation​ ​density​ ​data,​ ​or​
​occasionally​ ​counts​ ​of​ ​dominant​
​individuals;​ ​supports​ ​assessment​
​of N​​e​​>500​

​Cannot​ ​independently​
​identify​ ​genetic​ ​relatedness​
​or​ ​genetically​ ​distinct​
​populations​

​Cannot​ ​directly​ ​measure​
​effective​ ​or​ ​census​
​population sizes (N​​e​ ​or N​​c​​)​

​Detect​​habitat​​and​​ecosystem​
​change​
​Requires​ ​a​ ​baseline​ ​and​
​continued monitoring​

​Develop​ ​EO-based​ ​alert​ ​systems​​to​
​support​ ​genetic​​diversity​​protection​
​in​ ​real​ ​time​ ​and​ ​to​ ​monitor​
​inferred PM or N​​e​​>500 over time​

​Cannot​ ​detect​ ​threats​ ​to​
​individuals​​that​​do​​not​​cause​
​habitat​ ​change​ ​detectable​
​from Space (​​e.g.​​, poaching)​

​Map​ ​variation​ ​or​ ​change​ ​in​
​species visible from Space​
​e.g.​​,​ ​trait​ ​variation,​​settlements,​
​migration,​ ​breeding​ ​activities,​
​species interactions​

​Currently​ ​still​ ​a​ ​focus​ ​of​ ​research:​
​see​​Outlook​

​Use​ ​to​ ​directly​ ​estimate​
​genetic​ ​diversity​ ​is​ ​not​
​established​

​The​​proposed​ ​workflow​​requires​​co-development​​and​​validation​​dependent​​on​​local​
​knowledge––such​ ​as​ ​information​ ​on​ ​suitable​ ​habitat,​ ​population​ ​boundaries​ ​and​
​density,​ ​and​ ​appropriate​ ​ground​ ​data​ ​including​ ​direct​ ​observation​ ​of​ ​populations,​
​census​ ​counts​ ​(​​i.e​​.,​ ​N​​c​​),​ ​or​ ​DNA​ ​sequence​ ​information​ ​at​ ​one​ ​or​ ​a​ ​few​ ​relevant​
​timepoints.​ ​EO​ ​can​ ​then​ ​fill​ ​gaps​ ​to​ ​allow​ ​assessment​ ​of​ ​change​ ​over​ ​time,​
​especially​ ​where​ ​such​ ​ground​ ​data​​are​​sparse.​​Co-development​​with​​EO​​experts​​is​
​crucial​ ​to​ ​facilitate​ ​simple​ ​but​ ​correct​ ​generation​ ​and​ ​access​ ​to​ ​the​ ​required​
​information,​​considering​​advantages​​and​​limitations​​of​​the​​different​​technologies​​and​
​data​ ​sources.​ ​EO​ ​can​ ​provide​ ​especially​ ​valuable​ ​information​ ​in​ ​locations​ ​where​
​information​ ​about​ ​change​ ​over​ ​time​ ​is​ ​limiting,​ ​or​ ​for​ ​estimating​ ​regional-​ ​or​
​country-scale​​population​​changes​​where​​ground​​data​​are​​available​​for​​some,​​but​​not​
​all​​target​​populations.​​Where​​ground-based​​data​​are​​already​​sufficient,​​EO​​still​​offers​
​complementary​ ​measurements​ ​that​ ​are​ ​repeated​ ​in​ ​space​ ​and​ ​time,​ ​may​ ​help​ ​to​
​interpolate​ ​between​ ​ground-based​ ​observations,​ ​and​ ​be​ ​used​ ​as​ ​early​ ​warning​ ​for​
​risks of population decline.​

​Our proposed workflow relies on the following assumptions:​
​●​ ​That a suitable habitat supports a species population;​
​●​ ​That habitat extent (and quality) is correlated to population size;​
​●​ ​That habitat extent (and quality) can be assessed sufficiently well by EO;​
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​●​ ​That​ ​the​ ​relevant​ ​threats​ ​to​ ​populations​ ​are​ ​visible​ ​at​​the​​habitat​​scale​​(​​e.g.​​,​
​land-use change, but not poaching);​

​●​ ​That​ ​it​ ​is​ ​possible​ ​to​ ​define​ ​populations​ ​by​ ​their​ ​biogeographical​ ​distribution​
​(​​e.g.​​,​ ​spatial​ ​distribution​ ​of​ ​species​ ​observations;​ ​barriers​ ​to​ ​dispersal​ ​and​
​gene flow).​

​Based​​on​​these​​assumptions,​​the​​proposed​​workflow​​is​​well​​suited​​for​​species​​where​
​habitat​ ​changes​ ​can​ ​be​ ​detected​ ​and​ ​quantified​ ​using​ ​EO,​ ​such​ ​as​ ​via​ ​LULC​
​change, or landscape modification and fragmentation.​

​In​ ​summary,​ ​the​ ​proposed​ ​workflow​ ​will​ ​be​​most​​useful​​for​​cases​​in​​which​​data​​are​
​not​ ​yet​ ​sufficient​​to​​calculate​​the​​GBF​​genetic​​diversity​​indicators,​​but​​information​​is​
​available​​regarding​​the​​location​​of​​species​​populations,​​habitat,​​approximate​​density,​
​and​ ​dispersal​ ​distances​ ​(distance​ ​that​ ​individuals​ ​of​ ​a​ ​species​ ​or​ ​their​ ​germinative​
​cells,​ ​like​ ​seeds,​ ​are​ ​able​ ​to​ ​move​ ​from​ ​an​ ​existing​ ​population).​ ​We​ ​furthermore​
​expect​ ​that​ ​this​ ​approach​ ​can​ ​also​ ​facilitate​ ​and​ ​accelerate​ ​indicator​ ​calculation​ ​in​
​cases​ ​where​ ​N​​c​ ​estimates​​are​​available,​​by​​making​​regular​​remote​​observation​​and​
​assessment​ ​possible.​ ​In​ ​a​ ​few​ ​cases,​ ​N​​c​ ​estimates​ ​may​ ​even​ ​be​ ​possible​ ​directly​
​from​​EO​​data​​(​​Outlook​​).​​Critically,​​we​​expect​​this​​approach​​to​​enable​​more​​frequent​
​change​ ​monitoring​ ​in​ ​all​ ​cases​ ​(​​Fig.​ ​1​​).​ ​The​ ​major​ ​challenge​ ​is​ ​to​ ​ensure​ ​the​
​usability​​and​​accessibility​​of​​EO​​data​​for​​biodiversity​​monitoring,​​as​​it​​requires​​expert​
​knowledge​ ​to​ ​extract​ ​the​​needed​​information​​(​​Appendix​​Box​​A.1)​​(Pahlevan​​et​​al.,​
​2021; Silva et al., 2008)​​.​

​Example:​ ​Monitoring​ ​habitat​ ​change​ ​to​ ​estimate​ ​genetic​
​diversity indicators in wild relatives of domesticated crops​

​The​ ​wild​ ​relatives​ ​of​ ​modern-day​ ​crops​ ​(crop​ ​wild​ ​relatives)​ ​harbor​ ​an​ ​important​
​proportion​ ​of​ ​crops’​ ​genetic​ ​diversity​ ​(Maxted​ ​et​ ​al.,​ ​2006)​​.​ ​In​ ​Mexico,​ ​crop​ ​wild​
​relatives​ ​are​ ​threatened​ ​mainly​ ​by​ ​LULC​ ​change​ ​and​ ​several​ ​species​ ​(spp.)​ ​are​
​endangered,​ ​some​ ​critically​ ​(Goettsch​ ​et​ ​al.,​ ​2021)​​.​ ​Wild​ ​avocados​ ​(​​Persea​ ​spp.)​
​and​ ​teosintes​ ​(​​Zea​ ​spp.,​ ​related​ ​to​ ​maize)​ ​inhabit​ ​remote​ ​locations​ ​that​ ​are​
​challenging to visit.​

​The​​first​​example​​species​​is​​Persea​​(​​P.​​)​​cinerascens​​,​​a​​wild​​avocado​​growing​​among​
​the​ ​trees​ ​composing​ ​cloud​ ​forests,​ ​Mexico's​ ​most​ ​biodiverse​ ​terrestrial​ ​ecosystem​
​type​​per​​unit​​area​​(Conabio,​​2023;​​Rojas-Soto​​et​​al.,​​2012)​​.​​P.​​cinerascens​​occupies​
​less​​than​​500​​km​​2​ ​in​​a​​total​​of​​five​​populations​​separated​​by​​ca.​​50-200​​km​​in​​three​
​geographic​ ​locations​​1​​.​ ​The​ ​species'​ ​presence​ ​was​ ​confirmed​ ​during​​the​​last​​visit​​to​
​the​ ​known​ ​field​ ​localities​ ​in​ ​2017,​ ​but​ ​no​ ​population​ ​size​ ​measurement​ ​was​
​conducted.​ ​The​ ​second​ ​example​ ​species​ ​is​ ​the​ ​teosinte​ ​Zea​ ​(​​Z​​.)​ ​perennis​​.​ ​This​
​species​ ​has​ ​only​ ​been​ ​recorded​ ​to​ ​be​ ​present​ ​in​ ​two​ ​locations​ ​in​ ​Western​ ​Mexico​
​1​ ​https://www.iucnredlist.org/species/110067105/129767329​
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​(González​​et​​al.,​​2018)​​,​​although​​species​​distribution​​models​​suggest​​it​​may​​occur​​in​
​other​ ​localities​ ​within​ ​the​ ​region,​ ​where​ ​genetic​ ​differentiation​ ​is​ ​expected​ ​due​ ​to​
​environmental​ ​and​ ​historical​ ​differences​ ​(Tobón-Niedfeldt​ ​et​ ​al.,​ ​2022)​​.​ ​Based​ ​on​
​DNA​ ​data,​ ​the​ ​N​​e​ ​of​ ​both​ ​documented​ ​Z​​.​ ​perennis​ ​populations​ ​is​ ​below​ ​500​
​(Rivera-Rodríguez et al., 2023)​

​Figure​ ​2​​.​ ​Examples​ ​of​ ​habitat​ ​monitoring​ ​and​ ​estimation​ ​of​ ​genetic​ ​diversity​
​indicators​​using​​EO​​for​​A-B)​​a​​wild​​avocado​​(P.​​cinerascens)​​and​​C-D)​​a​​teosinte​​(Z.​
​perennis)​​.​​A)​​Comparisons​​of​​imagery​​available​​from​​Google​​Earth​​Pro​​(better​​than​​5​
​m​ ​spatial​ ​resolution)​ ​or​ ​Sentinel-2​​(10​​m​​spatial​​resolution)​​showing​​habitat​​change​
​for​ ​a​ ​wild​ ​avocado​ ​population,​​and​​the​​evaluation​​of​​tree​​cover​​change​​from​​Global​
​Forest​ ​Watch.​ ​B)​ ​The​ ​combination​ ​of​ ​Global​ ​Forest​ ​Watch​ ​data​ ​with​ ​ground​
​observations​ ​from​ ​2017​ ​indicates​ ​that​ ​change​ ​took​ ​place​ ​between​ ​2017​ ​and​ ​2020​
​(circles​ ​represent​​a​​potential​​habitat​​area​​of​​10​​km​​around​​the​​exact​​location​​where​
​the​ ​species​ ​was​ ​sampled).​ ​The​ ​PM​ ​indicator​ ​is​ ​estimated​ ​assuming​ ​that​ ​habitat​
​maintenance​ ​indicates​ ​population​ ​maintenance,​ ​and​ ​the​ ​N​​e​​>500​ ​indicator​ ​is​
​estimated​​assuming​​a​​low​​population​​density​​of​​N​​c​ ​=​​100​​individuals​​/​​km​​2​ ​and​​N​​e​​:N​​c​

​=​​0.1.​​Data​​are​​shown​​for​​individual​​populations​​(colored​​circles)​​as​​well​​as​​a​​mean​
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​trend​ ​(thick​ ​grey​​line).​​C)​​Data​​from​​Google​​Earth​​Pro​​and​​Sentinel-2​​indicate​​there​
​has​​been​​no​​change​​in​​forest​​cover​​in​​one​​of​​the​​teosinte’s​​known​​populations,​​which​
​was​ ​last​ ​observed​ ​on​ ​the​ ​ground​ ​in​ ​2008.​ ​D)​ ​Analysis​ ​of​ ​percentage​ ​tree​ ​cover​
​change​ ​since​ ​2001​ ​and​ ​total​​tree​​cover​​are​​used​​as​​an​​indicator​​for​​habitat​​change​
​within​ ​the​ ​teosintes​ ​species​ ​distribution​ ​model.​ ​The​ ​species​ ​distribution​ ​was​
​previously​ ​subdivided​ ​in​ ​six​ ​subregions​ ​where​ ​genetic​ ​differentiation​ ​is​ ​expected​
​based​ ​on​ ​ecological​ ​and​ ​biogeographic​ ​data​ ​(Tobon​ ​et​ ​al​ ​2022).​ ​In​ ​this​​case,​​N​​e​​is​
​not​ ​estimated​ ​due​ ​to​ ​the​ ​very​ ​low​ ​number​ ​of​ ​observations,​ ​but​ ​it​ ​is​ ​possible​ ​to​
​estimate​ ​the​ ​percentage​ ​of​ ​habitat​ ​loss​ ​within​ ​each​ ​region​ ​where​ ​the​ ​species​
​potentially​ ​occurs​ ​in​ ​differentiated​ ​populations,​ ​for​ ​conservation​ ​purposes​ ​(PM​
​indicator).​ ​Data​ ​are​ ​shown​ ​for​ ​individual​ ​populations​ ​(colored​ ​circles)​ ​as​ ​well​ ​as​ ​a​
​mean trend (thick grey line).​

​Although​ ​populations​ ​of​ ​both​ ​species​ ​were​ ​observed​ ​in​ ​the​ ​field​ ​relatively​ ​recently​
​(2017​ ​and​ ​2008,​ ​respectively),​ ​their​ ​habitat​ ​is​ ​suspected​ ​to​ ​have​ ​decreased​ ​or​
​disappeared​​due​​to​​rapid​​land​​use​​change.​​EO​​data​​enable​​direct​​assessment​​of​​this​
​suspected​​habitat​​change​​and​​thereby​​support​​monitoring​​genetic​​diversity​​for​​these​
​two​ ​species.​ ​Direct​ ​inspection​​of​​true-color​​satellite​​images​​(from​​Google​​Earth​​and​
​Sentinel-2;​ ​Fig.​ ​2A​ ​and​ ​2C​​)​ ​allows​ ​a​ ​rapid​ ​assessment​ ​of​ ​vegetation​ ​and​ ​LULC​
​change​ ​by​ ​comparing​ ​images​ ​taken​ ​before​ ​the​ ​last​ ​ground​ ​sampling​ ​(2016​ ​for​ ​P.​
​cinerascens​ ​and​ ​2006​ ​for​ ​Z.​ ​perennis​​)​ ​with​ ​more​ ​recent​ ​images.​ ​This​ ​method​
​showed​​that​​for​​P.​​cinerascens,​​a​​controlled​​forest​​fire​​likely​​occurred​​in​​2020​​to​​clear​
​land​ ​for​ ​agriculture,​ ​indicating​ ​a​ ​threat​ ​to​ ​the​ ​maintenance​ ​of​ ​this​ ​population.​
​Conversely,​ ​for​ ​Z.​ ​perennis​​,​ ​the​ ​boundary​ ​of​ ​the​ ​avocado​ ​farm​ ​adjacent​ ​to​ ​the​
​sampling location remained unchanged between 2007 and 2023.​

​The​ ​proposed​ ​workflow​ ​could​ ​be​ ​used​ ​to​ ​standardize​ ​and​ ​extend​ ​genetic​ ​diversity​
​monitoring​ ​throughout​ ​the​ ​known​ ​range​ ​of​ ​these​ ​two​ ​species.​ ​In​ ​practice,​ ​the​
​definition​ ​of​ ​the​ ​population​ ​boundaries​ ​depends​ ​on​ ​the​ ​available​ ​data.​ ​For​​species​
​with​​few​​occurrences​​–​​such​​as​​P.​​cinerascens​​–​​buffer​​zones​​around​​specific​​areas​
​can​​be​​used​​to​​assess​​whether​​the​​surrounding​​habitats​​crucial​​for​​their​​survival​​are​
​adequately​ ​considered​ ​and​ ​protected.​ ​For​​more​​widely​​distributed​​species,​​such​​as​
​Z.​ ​perennis​​,​ ​species​ ​distribution​ ​models​ ​(SDMs)​ ​can​ ​be​ ​used​ ​to​ ​define​ ​species​
​distribution​ ​ranges​​as​​commonly​​employed​​in​​systematic​​conservation​​planning​​and​
​management​ ​(Villero​ ​et​ ​al.,​ ​2017)​​.​ ​SDMs​ ​can​ ​be​ ​leveraged​ ​for​ ​genetic​ ​diversity​
​monitoring​ ​by​ ​subdividing​​them​​into​​areas​​where​​genetic​​differentiation​​is​​expected,​
​for​​instance,​​due​​to​​environmental​​differences​​or​​historical​​isolation​​(Tobón-Niedfeldt​
​et​ ​al.,​ ​2022;​ ​Villero​ ​et​ ​al.,​ ​2017)​​.​ ​Once​ ​buffer​ ​zones​​around​​occurrence​​records,​​or​
​SDMs,​ ​have​ ​been​ ​delimited​ ​and​ ​subdivided​ ​into​​populations,​​they​​can​​be​​regarded​
​as different populations for monitoring purposes.​

​To​ ​measure​ ​habitat​ ​change​ ​over​ ​time,​ ​we​ ​used​ ​the​ ​Global​ ​Forest​ ​Watch​ ​dataset,​
​which​ ​provides​ ​assessments​ ​of​ ​tree​ ​cover​ ​loss​ ​(defined​ ​as​ ​removal​ ​or​ ​mortality​ ​of​
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​vegetation​ ​taller​ ​than​ ​5​ ​m)​ ​and​ ​tree​ ​cover​ ​gain​ ​derived​ ​through​ ​automated​
​interpretation​ ​of​ ​30​ ​x​ ​30​ ​m​ ​EO​ ​data​ ​(Hansen​ ​et​​al.,​​2013;​​Potapov​​et​​al.,​​2021)​​.​​In​
​the​​case​​of​​P.​​cinerascens​​(​​Fig.​​2B​​),​​the​​habitat​​surrounding​​the​​“purple”​​population​
​(see​ ​colored​ ​circle)​ ​had​ ​a​ ​high​ ​percentage​ ​of​ ​tree-cover​ ​loss​ ​during​ ​the​ ​last​ ​two​
​decades​ ​but​ ​remained​ ​large​ ​in​ ​absolute​ ​terms.​ ​In​ ​contrast,​ ​the​ ​“green”​ ​population​
​already​ ​had​ ​minimal​ ​remaining​ ​natural​​vegetation,​​making​​subsequent​​losses​​more​
​threatening​ ​to​ ​its​ ​survival.​ ​Similarly,​ ​in​ ​the​ ​Z.​ ​perennis​​example​​(​​Fig.​​2D​​),​​the​​“red”​
​population​ ​exhibited​ ​the​ ​most​ ​significant​ ​decline​ ​and​ ​is​ ​the​ ​second​ ​smallest,​ ​while​
​the​ ​“yellow”​ ​population​ ​appears​ ​not​ ​to​ ​have​ ​lost​ ​habitat.​ ​Note​ ​that​ ​the​ ​individual​
​population​ ​trends​ ​differ​ ​from​ ​the​ ​species​ ​mean​ ​(thick​ ​grey​ ​line),​ ​highlighting​ ​the​
​importance of separately evaluating populations within a given species.​

​In​ ​both​ ​species​ ​used​ ​for​ ​this​ ​example,​ ​despite​ ​the​ ​clear​ ​decline​ ​in​ ​habitat​ ​size​
​observed​​in​​some​​populations,​​no​​population​​experienced​​a​​complete​​loss​​of​​habitat.​
​Therefore,​​the​​PM​​indicator​​for​​both​​species​​is​​estimated​​to​​be​​1.​​For​​P.​​cinerascens​​,​
​assuming​​a​​population​​density​​of​​100​​mature​​trees​​per​​km²​​and​​a​​conservative​​N​​e​​:N​​c​

​ratio​ ​of​ ​0.1,​ ​all​ ​populations​ ​remain​ ​above​ ​the​ ​critical​ ​effective​ ​population​ ​size​
​threshold​​of​​500.​​Therefore,​​the​​N​​e​​>500​​is​​estimated​​to​​be​​1.​​Note​​that​​the​​assumed​
​density​ ​is​ ​a​ ​critical​ ​parameter​ ​that​ ​can​ ​significantly​​affect​​the​​value​​of​​the​​indicator.​
​For​ ​example,​ ​the​ ​N​​e​​>500​ ​indicator​ ​value​ ​would​ ​drop​ ​to​ ​zero​ ​if​ ​a​ ​density​ ​of​ ​10​
​individuals​ ​per​ ​km​​2​ ​were​ ​assumed.​ ​In​ ​the​ ​Z.​ ​perennis​ ​example,​ ​habitat​ ​size​ ​is​
​derived​ ​from​ ​an​ ​SDM,​ ​which​ ​represents​ ​areas​ ​where​ ​the​ ​species​ ​is​ ​likely​ ​to​​occur​
​but​​does​​not​​necessarily​​reflect​​true​​occurrences.​​Estimating​​the​​densities​​and​​sizes​
​of​​individual​​populations​​is​​infeasible​​for​​this​​very​​rare​​species.​​However,​​it​​is​​notable​
​that​ ​habitat​ ​size​ ​declined​ ​by​ ​an​ ​average​​of​​7%,​​with​​two​​populations​​(as​​defined​​in​
​the SDM) experiencing even steeper declines of up to 15%.​

​These​ ​examples​ ​show​ ​how​ ​leveraging​ ​EO​ ​for​ ​habitat​ ​monitoring​ ​can​ ​inform​ ​the​
​assessment​ ​of​ ​GBF​ ​indicators​ ​and​ ​the​ ​prioritization​ ​of​ ​in​ ​situ​ ​observations​ ​and​
​interventions.​ ​Importantly,​ ​the​ ​example​ ​furthermore​ ​indicates​ ​that​ ​EO-based​
​assessments​ ​enable​ ​the​ ​identification,​ ​characterization,​ ​and​ ​ranking​ ​of​ ​threats​ ​to​
​populations​ ​prior​ ​to​ ​GBF​ ​indicator​ ​decline.​ ​We​ ​envision​ ​such​ ​a​ ​habitat​ ​monitoring​
​approach​ ​to​ ​be​ ​the​ ​most​ ​common​ ​case​ ​for​ ​using​ ​EO​ ​to​ ​support​ ​population-level​
​genetic diversity assessments, including for monitoring under the GBF.​

​Outlook: beyond habitat monitoring​

​Cases in which populations can be counted from Space​
​In​ ​some​ ​cases,​ ​it​ ​is​ ​possible​ ​to​ ​directly​ ​observe​ ​populations​ ​from​ ​Space,​
​corresponding​ ​to,​​for​​example,​​estimates​​of​​forest​​cover​​change​​provided​​by​​Global​
​Forest​ ​Watch:​ ​Although​ ​these​ ​are​ ​provided​ ​as​ ​forest​ ​cover​ ​and​ ​not​ ​by​ ​tree​
​population,​​it​​is​​the​​observability​​of​​localized​​forest​​canopy​​from​​Space​​that​​enables​
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​them.​​We​​expect​​these​​cases​​to​​include​​primarily​​trees​​as​​well​​as​​some​​other​​plants,​
​some​ ​fungi,​ ​and​ ​some​ ​sufficiently​ ​large​ ​and​ ​stationary​ ​animals​ ​occurring​ ​against​
​strongly​ ​contrasting​ ​backgrounds,​ ​and​ ​to​ ​often​ ​depend​ ​on​ ​supplementing​ ​public​
​datastreams​​with​​private​​data​​having​​higher​​spatial​​resolution,​​e.g.​​(Cubaynes​​et​​al.,​
​2024;​ ​Kaplan​ ​et​ ​al.,​ ​2025;​ ​LaRue​ ​et​ ​al.,​ ​2024)​​.​ ​As​ ​an​ ​example​ ​(see​ ​Table​ ​1​​),​ ​we​
​consider​​how​​EO​​technologies​​can​​support​​the​​assessment​​of​​GBF​​genetic​​diversity​
​indicators (​​Box 1​​) for a dominant forest-forming tree.​

​The​​European​​beech​​Fagus​​(​​F.​​)​​sylvatica​​,​​a​​dominant​​forest​​tree​​with​​high​​economic​
​importance​ ​in​ ​forests​ ​across​ ​Europe.​ ​F.​ ​sylvatica​​is​​now​​threatened​​by​​increasingly​
​severe​ ​droughts​ ​across​ ​much​ ​of​ ​its​ ​natural​ ​range,​ ​and​ ​the​ ​future​ ​of​ ​Europe’s​
​widespread​ ​beech​ ​forests​ ​is​ ​uncertain​ ​(​​e.g.​​,​ ​Arend​ ​et​ ​al.,​ ​2022;​ ​Eisenring​ ​et​ ​al.,​
​2024;​ ​González​ ​de​ ​Andrés​ ​et​ ​al.,​ ​2021;​ ​Martinez​ ​del​ ​Castillo​ ​et​ ​al.,​ ​2022,​ ​2022;​
​Neycken​ ​et​ ​al.,​ ​2022;​​Pfenninger​​et​​al.,​​2021)​​.​​Fagus​​species​​pollen​​is​​spread​​both​
​by​​insects​​and​​wind,​​and​​F.​​sylvatica​​has​​relatively​​low​​genetic​​differentiation​​among​
​different​​forest​​stands,​​so​​that​​divisions​​into​​populations​​are​​challenging​​(Milesi​​et​​al.,​
​2024)​ ​–​ ​which​ ​is​ ​common​ ​for​ ​widespread​ ​forest-forming​ ​trees.​ ​The​ ​moderate​
​isolation​​of​​F.​​sylvatica​​populations​​by​​distance​​(Lazic​​et​​al.,​​2024;​​Milesi​​et​​al.,​​2024)​
​reveals​​the​​species’​​post-glacial​​migration​​history​​but​​also​​depends​​on​​management​
​and​ ​planting​ ​decisions​ ​in​ ​forestry.​ ​The​ ​baseline​ ​N​​e​​:N​​c​ ​ratio​ ​of​​0.1​​is​​appropriate​​for​
​this​​species:​​Genetic​​analysis​​of​​a​​stand​​in​​France​​having​​167​​individuals​​yielded​​N​​e​

​estimates​ ​ranging​ ​from​ ​2​ ​to​ ​25​ ​depending​ ​on​ ​the​ ​calculation​ ​method​ ​used,​
​corresponding​ ​to​ ​an​ ​N​​e​​:N​​c​ ​ratio​ ​ranging​ ​from​ ​0.01​ ​to​ ​0.15​ ​(central​ ​value​ ​0.08)​
​(Gargiulo et al., 2024)​​.​

​It​​is​​possible​​to​​infer​​the​​number​​of​​dominant​​(canopy-forming)​​F.​​sylvatica​​trees​​and​
​to​ ​distinguish​ ​them​ ​from​ ​a​ ​limited​ ​number​ ​of​ ​co-occurring​ ​tree​ ​species​ ​in​
​high-resolution​ ​(<10​ ​m)​ ​EO​ ​images​ ​(Kaplan​ ​et​ ​al.,​ ​2025;​ ​Yao​ ​et​​al.,​​2021)​​and​​this​
​could​ ​be​ ​used​​to​​estimate​​N​​c​​.​​Generally,​​binary​​classification​​of​​trees,​​e.g.​​as​​either​
​beech​​or​​not-beech,​​is​​more​​accurate​​than​​multiple​​classification​​of​​pixels​​to​​several​
​co-occurring​​species​​(van​​Moorsel​​et​​al.,​​2026)​​.​​It​​remains​​a​​challenge​​to​​scale​​such​
​EO-based​ ​classification​ ​approaches​​to​​the​​spatial​​resolution​​of​​public​​EO​​data​​(≥10​
​m,​​see​​Fig.​​3​​).​​As​​an​​example,​​a​​recent​​study​​combining​​active​​and​​passive​​EO​​data​
​from​ ​Sentinel-1​ ​and​ ​Sentinel-2​ ​in​ ​annual​ ​time​ ​series​ ​with​ ​forest​ ​inventory​ ​data​
​allowed​ ​species​ ​mapping​ ​in​ ​forest​ ​stands​ ​across​​Switzerland​​(Blickensdörfer​​et​​al​​.,​
​2024)​​.​ ​Forest​ ​cover​​and​​inventory​​data​​are​​generally​​helpful​​to​​select​​focal​​regions,​
​e.g.​​those​​with​​beech-dominated​​stands.​​Derived​​N​​c​ ​estimates​​could​​then​​be​​used​​to​
​approximate​​the​​N​​e​​>500​​indicator.​​This​​approach​​would​​likely​​yield​​an​​underestimate​
​because​ ​N​​c​ ​from​ ​EO​ ​would​ ​count​ ​dominant​ ​(canopy-forming)​ ​trees​ ​that​ ​are​ ​the​
​easiest​ ​to​ ​detect​ ​from​ ​above,​ ​while​ ​reproductively​ ​mature​ ​but​ ​co-dominant,​
​intermediate,​ ​and​ ​suppressed​ ​trees​ ​are​​difficult​​to​​assess.​​Inventory​​or​​other​​in​​situ​
​data could support the estimation of N​​c​ ​via tree density​​and be used to upscale.​
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​EO-based functional diversity can support genetic diversity assessments​
​Traits​​of​​directly​​observed​​individuals​​and​​groups​​(​​e.g.​​,​​canopies,​​colonies)​​can​​also​
​be​​informative​​when​​assessing​​habitat.​​For​​example,​​the​​state​​of​​forest​​trees​​can​​be​
​used​​to​​differentiate​​intact​​from​​degraded,​​but​​still​​present,​​forest​​habitats.​​EO-based​
​techniques​ ​can​ ​be​ ​used​ ​to​ ​assess​ ​change​ ​in​ ​canopy​ ​vitality​ ​prior​ ​to​ ​tree​ ​loss,​ ​via​
​changes​ ​in​ ​trait​​values​​(Asner​​&​​Martin,​​2016;​​Helfenstein​​et​​al.,​​2022)​​.​​EO-derived​
​trait​​assessments​​could​​thus​​improve​​assessments​​of​​habitat​​by​​considering​​areas​​of​
​healthy​​vegetation​​differently​​than​​degraded​​areas.​​Such​​remotely​​observed​​canopy​
​traits​ ​and​ ​their​ ​local​ ​diversity,​ ​shown​ ​here​ ​shown​ ​using​ ​EO​ ​data​ ​at​ ​20​ ​m​ ​spatial​
​resolution​ ​(​​Fig.​ ​3​​),​ ​are​ ​furthermore​ ​a​ ​property​ ​of​ ​the​ ​individual​ ​trees​ ​forming​ ​the​
​canopy,​​and​​are​​related​​to​​the​​response​​of​​forests​​to​​environmental​​conditions​​such​
​as​​drought​​(Helfenstein​​et​​al.,​​2022,​​2024;​​Sturm​​et​​al.,​​2022)​​.​​Such​​trait​​maps​​thus​
​also​​suggest​​the​​possibility​​of​​more​​directly​​assessing​​genetic​​variation​​using​​EO,​​in​
​cases where relevant groups can be directly detected from Space.​

​Figure​​3​​.​​Mapping​​the​​diversity​​of​​forest​​canopy​​characteristics​​using​​EO.​​A)​​Impact​
​of​​spatial​​resolution​​on​​the​​derived​​canopy​​traits​​chlorophyll,​​estimated​​using​​spectral​
​indices​ ​from​ ​Sentinel-2​ ​bands:​ ​Chlorophyll​ ​content,​ ​estimated​ ​using​ ​the​ ​red-edge​
​chlorophyll​ ​index​ ​CIre​ ​(green);​ ​carotenoid:chlorophyll​ ​ratio,​ ​estimated​ ​using​ ​the​
​chlorophyll​ ​carotenoid​ ​index​ ​CCI​ ​(red);​ ​and​ ​water​ ​content,​ ​estimated​ ​using​ ​the​
​normalized​ ​differential​ ​infrared​ ​index​ ​NDII​ ​(blue)​ ​(Helfenstein​ ​et​ ​al.,​ ​2022)​​.​ ​These​
​were​ ​assessed​ ​using​ ​2​ ​m​ ​aerial​ ​imaging​​spectroscopy​​data​​(left),​​or​​20​​m​​EO​​data​
​(right).​​B)​​20​​m​​Sentinel-2​​pixels​​compared​​to​​the​​crown​​sizes​​at​​the​​Laegern​​forest​
​in​​Switzerland.​​For​​20​​m​​pixels,​​multiple​​individuals​​contribute​​to​​the​​signal​​per​​pixel.​
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​C)​ ​EO​ ​data​ ​for​ ​monitoring:​ ​Canopy​ ​traits​ ​mapped​ ​for​ ​the​ ​area​ ​of​ ​interest​ ​for​ ​four​
​consecutive years using Sentinel-2 data.​

​The​​improved​​spectral​​and​​radiometric​​capabilities​​of​​new​​EO​​imaging​​spectroscopy​
​missions​​to​​be​​launched​​before​​the​​end​​of​​this​​decade​​by​​ESA​​(CHIME:​​Copernicus​
​Hyperspectral​ ​Imaging​ ​Mission​​2​​)​ ​and​ ​NASA​ ​(Eagle:​ ​Explorer​ ​for​ ​Artemis​ ​Geology​
​Lunar​​and​​Earth​​3​​)​​will​​enhance​​the​​information​​content​​of​​EO​​measurements​​by​​two​
​orders​ ​of​ ​magnitude​ ​compared​ ​with​ ​currently​ ​operating​ ​multispectral​ ​instruments,​
​such​ ​as​ ​those​ ​described​ ​so​ ​far​ ​in​ ​our​ ​examples.​ ​This​ ​opens​ ​up​ ​the​ ​possibility​ ​of​
​using​​spectral​​fingerprints​​to​​better​​distinguish​​species​​and​​populations​​from​​EO​​and​
​even​ ​to​ ​estimate​​other​​components​​of​​genetic​​variation​​beyond​​indicators,​​as​​some​
​studies​ ​using​ ​imaging​​spectroscopy​​have​​indicated​​for​​dominant​​forest​​tree​​species​
​(Cavender-Bares​ ​et​​al.,​​2020;​​Czyż​​et​​al.,​​2023;​​Seeley,​​Stacy,​​et​​al.,​​2023;​​Seeley,​
​Vaughn, et al., 2023)​​.​

​Summary and conclusion​
​The​ ​incorporation​ ​of​ ​EO​ ​into​ ​assessments​ ​of​ ​genetic​ ​diversity​ ​represents​ ​a​
​fundamental​ ​change​ ​in​ ​our​​ability​​to​​monitor,​​assess,​​and​​protect​​biodiversity​​at​​the​
​national,​ ​regional,​ ​and​ ​global​ ​scales,​ ​especially​ ​in​ ​areas​ ​with​ ​limited​ ​resources​ ​or​
​accessibility.​ ​Our​ ​proposed​ ​approach​ ​(​​Fig.​ ​1​​)​ ​focuses​ ​on​ ​habitat​ ​availability​ ​for​
​populations​​(​​Fig.​​2​​)​​and​​is​​currently​​under​​development​​for​​usability​​and​​validity.​​The​
​developing​​pipeline​​is​​hosted​​on​​GEO​​BON’s​​“BON-in-a-Box”​​(Griffith​​et​​al.,​​2026)​​to​
​make​ ​it​ ​widely​ ​available​ ​and​ ​facilitate​ ​its​ ​use​ ​for​ ​biodiversity​ ​monitoring.​ ​BON​ ​in​ ​a​
​Box​​supports​​users​​to​​run​​open-source​​pipelines​​on​​its​​servers​​or​​on​​their​​own,​​and​
​to input data without having to share it – important for sensitive observation data.​

​We​ ​furthermore​ ​provide​ ​an​ ​outlook​ ​on​ ​ways​ ​to​ ​integrate​ ​additional​ ​information​ ​on​
​population​​size​​and​​population​​or​​habitat​​condition​​derived​​from​​EO,​​in​​cases​​where​
​direct​ ​observation​ ​of​ ​individuals​ ​or​ ​groups​ ​is​ ​feasible​ ​from​ ​Space​ ​(​​e.g.​​Fig.​​3​​).​​We​
​acknowledge​ ​many​ ​current​ ​limitations​ ​that​ ​are​ ​illustrated​ ​and​ ​discussed​ ​in​ ​the​
​presented examples and summarized in​​Table 1​​and in​​the​​Appendix Table A.2​​.​

​As​​EO​​data​​become​​increasingly​​available​​and​​accessible​​for​​non-experts,​​especially​
​for​​new​​applications​​such​​as​​described​​here,​​their​​use​​and​​interpretation​​still​​require​
​technical​ ​expertise​ ​(​​Appendix​ ​Box​ ​A.1​​).​ ​This​ ​need​ ​for​ ​greater​ ​technical​ ​expertise​
​becomes​ ​even​ ​more​ ​acute​ ​with​ ​the​ ​anticipated​ ​advances​ ​in​ ​EO​ ​such​ ​as​ ​the​
​upcoming​ ​imaging​ ​spectroscopy​ ​Space​ ​missions​ ​this​ ​decade​ ​(see​ ​Glossary​​;​ ​e.g.​​,​
​CHIME,​ ​and​ ​Eagle).​ ​In​​combination​​with​​the​​needs​​of​​practitioners​​and​​the​​impetus​
​provided​ ​by​ ​biodiversity​ ​monitoring​ ​mandates,​ ​this​ ​means​ ​that​ ​useful​ ​access​
​requires​​the​​development​​of​​portals​​equipped​​with​​tools​​and​​interfaces​​that​​make​​key​

​3​ ​https://science.nasa.gov/earth-science/decadal-surveys/decadal-sbg/​
​2​ ​https://www.esa.int/ESA_Multimedia/Images/2020/11/CHIME​
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​information​ ​provided​ ​by​ ​EO​ ​more​ ​directly​ ​usable​ ​and​ ​useful.​ ​This​ ​implies​
​co-development,​ ​incorporating​ ​the​ ​needs,​ ​workflows,​ ​and​ ​on-the-ground​ ​context​ ​of​
​practitioners​ ​to​ ​ensure​ ​that​ ​the​ ​tools​ ​and​ ​resulting​ ​information​ ​are​ ​fit​ ​for​ ​purpose,​
​thus​​building​​capacity​​for​​non-traditional​​users​​of​​EO​​(Jacobi​​et​​al.,​​2022;​​Speaker​​et​
​al.,​ ​2022;​ ​Tabor​ ​&​ ​Holland,​ ​2021)​​.​ ​Such​ ​an​ ​approach​ ​provides​ ​motivation​ ​and​
​opportunity​ ​for​ ​EO​ ​developers​​to​​understand​​the​​needs​​of​​practitioners​​and​​explore​
​new​ ​methods​ ​and​ ​techniques​ ​for​ ​evaluating​ ​and​ ​validating​ ​the​ ​efficacy​ ​of​ ​EO​
​products​ ​for​ ​real-world​ ​needs.​​We​​hope​​that​​such​​co-creative​​initiatives​​as​​ours​​will​
​not​​only​​help​​democratize​​access​​to​​EO​​data,​​but​​also​​enable​​shared​​use​​of​​detailed​
​and​ ​well-documented​ ​information​ ​resulting​ ​from​ ​a​ ​combination​ ​of​ ​EO​ ​with​ ​other​
​types of data for new and innovative applications.​

​Glossary​

​Population genetics and related terms​
​●​ ​Dispersal​ ​distance​ ​is​ ​the​ ​distance​ ​that​ ​individuals​ ​of​ ​a​ ​species​ ​or​ ​their​

​germinative cells, like seeds, are able to move from an existing population.​
​●​ ​Genetic​ ​diversity​ ​(or​​genetic​​variation)​​comprises​​within-species​​differences​

​in​​heritable​​variation,​​usually​​measured​​by​​DNA​​sequence​​diversity,​​as​​well​​as​
​variation in the distribution of these differences within and among populations.​

​●​ ​Genetic​​drift​​refers​​to​​changes​​in​​allele​​frequencies​​within​​populations​​due​​to​
​stochastic​ ​processes,​ ​specifically​ ​because​ ​some​ ​individuals​ ​reproduce​​more​
​than​ ​others​ ​and​ ​some​ ​do​ ​not​ ​reproduce​​at​​all,​​leading​​to​​changes​​in​​genetic​
​composition​ ​in​ ​the​ ​next​ ​generation.​ ​In​ ​small​ ​populations,​ ​the​ ​process​ ​of​
​genetic drift can decrease genetic diversity rapidly.​

​●​ ​Habitat​ ​is​ ​the​ ​geographical,​ ​environmental,​ ​and​ ​biotic​ ​space​ ​that​ ​a​ ​species​
​can inhabit.​

​●​ ​N​​c​ ​(census​ ​size)​ ​is​ ​the​ ​number​ ​of​ ​reproductively​ ​mature​ ​individuals​ ​in​ ​a​
​population.​

​●​ ​N​​e​ ​(effective​​population​​size)​​is​​the​​size​​of​​an​​idealized​​population​​that​​has​​the​
​same​ ​rate​ ​of​ ​genetic​ ​drift​ ​as​ ​an​ ​actual,​ ​“real-life”​ ​population.​ ​Several​
​demographic​ ​factors​ ​affect​ ​the​ ​size​ ​of​ ​N​​e​​,​ ​including​ ​number​ ​of​ ​reproducing​
​individuals​ ​and​ ​the​ ​sex​ ​ratio​ ​among​ ​them,​ ​variation​ ​in​ ​offspring​ ​number,​
​non-random​ ​mating,​ ​and​ ​overlapping​ ​generations.​ ​N​​e​ ​is​​typically​​much​​lower​
​than N​​c​​, with the ratio of N​​e​​:N​​c​ ​around 0.1.​

​●​ ​N​​e​​>500​ ​Headline​ ​Indicator​​is​​the​​proportion​​of​​populations​​of​​a​​species​​that​
​are​​assessed​​as​​having​​a​​genetic​​effective​​population​​size​​N​​e​​>500.​​The​​value​
​of this indicator ranges from zero (none) to one (all).​

​●​ ​PM​​Complementary​​Indicator​​measures​​the​​proportion​​of​​biogeographically​
​distinct​ ​populations​ ​of​ ​a​ ​species​ ​that​ ​are​ ​maintained​ ​in​ ​comparison​ ​to​ ​a​
​baseline value, and ranges from zero (none) to one (all).​
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​●​ ​Population​​,​ ​in​ ​genetics,​ ​is​ ​a​ ​group​ ​of​ ​spatially​ ​aggregated,​ ​interbreeding​
​individuals,​ ​genetically​ ​distinct​ ​from​​other​​similar​​groups.​​Populations​​occupy​
​a geographical space,​​i.e.​​, a subsection of the species​​distribution range.​

​●​ ​Species​ ​range​ ​is​ ​the​​geographical​​area​​that​​encompasses​​all​​the​​remaining​
​extant (​​i.e.​​, non-extinct) populations of a species.​

​●​ ​Traits​​are​​observable,​​heritable​​differences​​among​​organisms.​​In​​other​​words,​
​these​ ​are​ ​differences​ ​that​ ​result​ ​from​ ​the​ ​interaction​ ​of​ ​genetic​ ​and​
​environmental factors and that can be observed.​

​Earth Observation and related terms​
​●​ ​Earth​ ​Observation​ ​(EO)​ ​is​ ​the​ ​gathering​ ​of​ ​information​ ​about​ ​the​ ​physical,​

​chemical,​ ​and​ ​biological​ ​processes​ ​of​ ​the​ ​Earth​ ​without​ ​direct​ ​contact.​ ​In​
​Europe,​​EO​​is​​often​​used​​with​​focus​​on​​satellite-based​​observations,​​however,​
​EO often also includes airborne or​​in situ​​observations.​

​●​ ​Remote​ ​Sensing​ ​(RS)​ ​is​ ​often​ ​used​ ​(​​e.g.​​,​ ​in​ ​the​ ​US)​ ​to​ ​refer​ ​to​ ​satellite​
​observation;​ ​however,​ ​like​ ​EO,​ ​RS​ ​can​ ​be​ ​used​ ​for​ ​any​ ​measurement​
​techniques without direct contact to the object.​

​●​ ​Hyperspectral​ ​is​ ​a​ ​term​ ​often​ ​used​​to​​describe​​sensors​​covering​​a​​range​​of​
​the​​electromagnetic​​spectrum​​in​​discrete,​​adjacent,​​narrow-wavelength​​bands​
​(​​e.g.​​,​ ​10​ ​nm​ ​for​ ​CHIME),​ ​which​ ​is​ ​finer​ ​than​ ​current​ ​multispectral​ ​sensors​
​onboard​ ​the​ ​Sentinel-2​ ​satellites​ ​and​ ​other​ ​EO​ ​satellites.​ ​The​ ​use​ ​of​ ​such​
​sensors​ ​to​ ​generate​ ​pixel-based​ ​images​ ​is​ ​also​ ​referred​ ​to​ ​as​ ​imaging​
​spectroscopy​​.​

​●​ ​Imaging​ ​spectroscopy​ ​is​ ​used​ ​to​ ​mean​ ​the​ ​imaging​ ​of​ ​light​ ​reflected​ ​from​
​the Earth surface with discrete, adjacent, narrow-wavelength spectral bands.​

​●​ ​LULC​ ​refers​ ​to​ ​land​ ​use​ ​(​​i.e.​​,​ ​how​​land​​is​​being​​used​​and​​for​​what​​purpose)​
​and​​land​​cover​​(​​i.e.​​,​​what​​type​​of​​ecosystem​​covers​​the​​land​​surface),​​which​​is​
​a​ ​product​ ​derived​ ​from​ ​various​ ​EO​ ​instruments.​ ​A​ ​common​ ​variation​ ​is​
​LULCC, which refers to land use and land cover change.​

​●​ ​Multispectral​ ​sensors​ ​use​ ​a​ ​defined​ ​number​ ​of​ ​bands​ ​(more​ ​than​ ​two)​ ​to​
​sample​​parts​​of​​the​​electromagnetic​​spectrum​​(band).​​Each​​band​​represents​​a​
​contiguous​​part​​of​​the​​spectrum,​​but​​the​​bands​​may​​not​​be​​adjacent​​along​​the​
​spectrum,​ ​and​​may​​be​​differently​​sized​​(targeting​​more​​or​​fewer​​wavelengths​
​per band).​

​●​ ​Spatial​ ​resolution​ ​of​ ​an​ ​image​ ​is​ ​defined​ ​as​ ​the​ ​distance​ ​on​ ​the​ ​ground​
​represented​ ​by​ ​one​ ​side​ ​of​ ​one​ ​square​ ​pixel​ ​(ground​ ​sampling​ ​distance,​
​GSD).​​Sentinel-2​​imagery,​​for​​instance,​​provides​​four​​bands​​available​​at​​10​​m,​
​six bands at 20 m, and three bands at 60 m spatial resolution.​

​●​ ​Spectral​ ​bands​ ​describe​ ​ranges​ ​of​ ​wavelengths​ ​within​ ​the​ ​electromagnetic​
​spectrum​ ​in​ ​which​ ​reflected​ ​light​ ​is​​measured​​for​​imaging​​and​​analysis​​of​​an​
​observed area in remote sensing.​

​17​

​562​

​563​

​564​

​565​

​566​

​567​

​568​

​569​

​570​

​571​

​572​

​573​

​574​

​575​

​576​

​577​

​578​

​579​

​580​

​581​

​582​

​583​

​584​

​585​

​586​

​587​

​588​

​589​

​590​

​591​

​592​

​593​

​594​

​595​

​596​

​597​

​598​

​599​

​600​

​601​



​●​ ​Time​ ​series​ ​are​ ​multitemporal​ ​datasets,​ ​acquired​ ​in​ ​a​ ​sequence​ ​of​
​observations​ ​obtained​ ​over​ ​a​ ​certain​ ​period​ ​of​ ​time.​ ​This​ ​can​ ​be​ ​several​
​images​ ​within​ ​a​ ​short​ ​time​ ​frame​ ​to​ ​observe​ ​fast​ ​processes​ ​(​​e.g.​​,​ ​volcanic​
​eruption)​ ​or​ ​within​ ​a​ ​long​ ​time​ ​frame​ ​(​​e.g.​​,​ ​one​ ​image​ ​per​ ​year​ ​to​ ​observe​
​glacier​ ​retreat).​ ​In​ ​addition​ ​to​ ​supporting​ ​change​ ​detection,​ ​time​ ​series​ ​are​
​used​​to​​study​​the​​type,​​speed,​​and​​duration​​of​​observed​​changes.​​In​​contrast,​
​multitemporal​ ​data​ ​consists​ ​of​​at​​least​​two​​images​​acquired​​at​​two​​different​
​times, typically used for change detection only.​

​Data and Code Availability​
​Code​ ​for​ ​this​ ​study​ ​are​ ​provided​ ​with​ ​the​ ​input​ ​data​ ​necessary​ ​to​ ​analyze​ ​the​
​examples:​
​https://gitlab.issibern.ch/meredithchristine.schuman/eo4geneticdiversity-example​
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​Appendix​

​Table​ ​A.1​​.​ ​Selection​ ​of​ ​EO​ ​platforms​ ​that​​lower​​or​​eliminate​​technical​​and​​financial​
​barriers​ ​to​ ​application​ ​by​ ​EO​ ​non-experts.​ ​For​ ​more​ ​technical​ ​details,​​see​​a​​recent​
​comprehensive overview​​(Ustin & Middleton, 2021)​​.​

​EO Tool​ ​Access​ ​Brief description​

​Copernicus​
​browser​

​https://dataspace.coper​
​nicus.eu/browser/​

​Easy​ ​visualization​ ​browser​ ​for​ ​Copernicus​
​Sentinel​ ​data​ ​and​ ​products​ ​and​ ​download​ ​portal​
​for archived Sentinel data​

​Earth Data​ ​https://search.earthdata.​
​nasa.gov/search​

​Discover​ ​and​ ​download​ ​NASA​ ​EO​ ​data;​ ​many​
​different sensors available​

​Earth Explorer​ ​https://earthexplorer.usg​
​s.gov/​

​Discover​ ​and​ ​download​ ​NASA​ ​(and​ ​Copernicus​
​Sentinel)​ ​EO​ ​data;​ ​many​ ​different​ ​sensors​
​available​

​ESA​ ​third-party​
​missions​

​https://earth.esa.int/eog​
​ateway/missions/third-p​
​arty-missions​

​Information​​on​​satellite​​data​​from​​commercial​​and​
​other​​third-party​​sources​​shared​​with​​the​​public​​via​
​ESA​

​Google​ ​Earth​
​Pro​

​https://www.google.com/​
​intl/en/earth/about/versi​
​ons/#earth-pro​

​Easy-to-use​ ​Earth​ ​software​ ​including​ ​(historical)​
​high-resolution​ ​commercial​ ​images​ ​made​ ​freely​
​available for visual inspection (RGB, irregularly)​

​Google​ ​Earth​
​Engine​

​https://earthengine.goog​
​le.com/​

​Satellite​ ​EO​ ​data​ ​repository,​ ​cloud​ ​computing​
​platform and API; free for academics & research​

​Microsoft​
​Planetary​
​Computer​

​https://planetarycomput​
​er.microsoft.com/​

​Global​ ​environmental​ ​data​ ​catalogue,​ ​cloud​
​computing platform, and API​

​Global​ ​Forest​
​Watch​

​https://www.globalforest​
​watch.org/​

​Browse​ ​metrics​ ​of​ ​forest​ ​and​ ​biodiversity​​change​
​from national and sub-national to global scales​

​Global​
​Mangrove Watch​

​https://www.globalmang​
​rovewatch.org/​

​Remote​​sensing​​data​​and​​tools​​with​​near-real-time​
​information​ ​for​ ​monitoring​ ​mangroves​ ​at​ ​global​
​scale​

​Sentinel​ ​Hub​
​custom scripts​

​https://custom-scripts.se​
​ntinel-hub.com/​

​Scripts to calculate products from Sentinel data​

​Earth​ ​Observing​
​Dashboard​

​https://eodashboard.org/​
​explore​

​Tri-agency​ ​dashboard​ ​by​ ​NASA,​ ​ESA​ ​and​ ​JAXA​
​for​ ​browsing​ ​EO​ ​data​ ​and​ ​products,​ ​with​
​interactive​ ​features​ ​and​ ​simple​ ​analytics​ ​by​
​drawing an area of interest​

​Earth Online​ ​https://earth.esa.int/eog​
​ateway/catalog​

​Catalog of data from ESA’s EO missions​

​Landsat Science​ ​https://landsat.gsfc.nasa​
​.gov/data/data-access/​

​Overview​ ​of​ ​access​ ​to​ ​NASA​ ​data​​products​​from​
​Landsat and many other platforms​

​SentiWiki​ ​https://sentinels.coperni​
​cus.eu/web/sentinel/mis​
​sions​

​Overview of the Copernicus Sentinel missions​
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​Many​​EO​​platforms​​are​​available​​for​​change​​detection.​​For​​example,​​the​​Copernicus​
​Sentinel-2​ ​satellite​ ​monitors​ ​the​ ​entire​ ​globe​ ​in​ ​five​ ​days,​ ​with​ ​more​ ​frequent​
​observations​ ​for​ ​some​ ​locations​​on​​Earth​​depending​​on​​the​​geographical​​latitude​​4​​,​​5​​,​
​but​ ​less​ ​frequent​ ​usable​ ​observations​ ​depending​ ​on​ ​cloud​ ​cover​ ​(​​Box​ ​A.1​​).​ ​The​
​Sentinel​ ​family​ ​of​ ​satellites​ ​have​ ​observed​ ​the​ ​Earth’s​ ​surface​ ​with​ ​different​
​instruments​​continuously​​starting​​in​​2014,​​detecting​​reflected​​radiation​​in​​the​​visible,​
​infrared,​ ​and​ ​microwave​ ​regions​ ​of​ ​the​ ​spectrum,​ ​at​ ​up​ ​to​ ​10​ ​m​ ​spatial​ ​resolution​
​depending​​on​​the​​sensor​​and​​satellite​​(Malenovský​​et​​al.,​​2012)​​.​​Sentinel-2​​provides​
​multispectral​ ​images​ ​that​ ​can​ ​be​​used​​to​​assess,​​for​​example,​​vegetation​​structural​
​properties​ ​such​ ​as​ ​LAI​ ​(Sebastiani​ ​et​ ​al.,​ ​2023)​ ​or​ ​vegetation​ ​conditions​ ​such​ ​as​
​water​ ​content​ ​(Helfenstein​ ​et​ ​al.,​ ​2025;​ ​Sims​ ​&​ ​Gamon,​ ​2003;​ ​Sturm​ ​et​ ​al.,​ ​2022)​​.​
​The​​European​​Copernicus​​Sentinel​​satellites​​and​​observations​​are​​complemented​​by​
​long-term​ ​records​ ​obtained​ ​by​ ​the​ ​NASA​ ​Landsat​ ​and​ ​Earth​ ​observing​ ​satellites​
​since​​the​​1970’s.​​All​​ESA​​and​​NASA​​data​​are​​available​​openly​​and​​freely​​to​​all​​users,​
​and​​are​​ideal​​for​​biodiversity​​assessment​​and​​monitoring​​from​​local​​to​​global​​scales,​
​and annual to multi-decadal time frames (see available tools in​​Table A.1​​).​

​For​ ​example,​ ​data​ ​from​ ​the​ ​Copernicus​ ​Sentinels​ ​can​ ​be​ ​browsed​ ​via​ ​the​
​Copernicus​​Browser.​​This​​cloud-based​​platform​​is​​easy​​to​​navigate​​for​​reviewing​​and​
​visualizing​ ​the​​results​​from,​​e.g.​​,​​various​​combinations​​of​​different​​spectral​​bands​​of​
​Sentinel-2​ ​(see​ ​Glossary​​)​ ​and​ ​observation​ ​times​ ​without​ ​the​ ​time-consuming,​
​inefficient,​​and​​sometimes​​infeasible​​process​​of​​downloading​​a​​very​​large​​amount​​of​
​data​ ​to​ ​a​​local​​computer​​for​​analysis​​(​​Table​​A.1​​).​​Alternatives​​include​​Google​​Earth​
​Engine’s​ ​web​ ​interface​ ​or​ ​Python​ ​API​ ​and​ ​Microsoft’s​ ​Planetary​ ​Computer.​ ​This​
​facilitates​​much-needed​​access​​to​​the​​resulting​​information,​​especially​​for​​areas​​with​
​limited observations or that are difficult to access on the ground.​

​5​ ​https://esamultimedia.esa.int/docs/S2-Data_Sheet.pdf​
​4​ ​https://sentiwiki.copernicus.eu/web/s2-applications​

​32​

​938​

​939​

​940​

​941​

​942​

​943​

​944​

​945​

​946​

​947​

​948​

​949​

​950​

​951​

​952​

​953​

​954​

​955​

​956​

​957​

​958​

​959​

​960​

​961​

​962​

​963​

​964​

https://www.zotero.org/google-docs/?yj5Fgs
https://www.zotero.org/google-docs/?RrqyGR
https://www.zotero.org/google-docs/?0nb3Tr
https://esamultimedia.esa.int/docs/S2-Data_Sheet.pdf
https://sentiwiki.copernicus.eu/web/s2-applications
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​Table​ ​A.2​​.​ ​A​ ​reflection​ ​on​​applications​​of​​EO​​to​​monitor​​and​​study​​genetic​​diversity​
​based on examples mentioned in this article.​

​Case​ ​Aims​ ​EO contributions​ ​Challenges​ ​Information for action​

​Emperor​
​penguins​
​in the​
​Antarctic​

​(Fretwell et​
​al., 2012;​
​Fretwell &​
​Trathan,​
​2009)​

​Infer PM​
​and N​​e​

​Inference from​
​evidence of colony​
​occurrence (guano)​
​and patterns of ice​
​cover​

​Provides data for one​
​of the least accessible​
​locations on Earth for​
​in situ​​assessment​

​Colonies are not​
​themselves genetically​
​distinct populations, but​
​can be assigned to​
​populations​

​Estimation of colony​
​change from Space-​
​based images of guano​
​deposits instead of​
​penguin counts when​
​using public EO data​

​1.​ ​Temporal coverage​
​→ know when​
​shelves break off​
​(timing of major​
​habitat change)​

​2.​ ​Spatial and​
​temporal coverage​
​→ assessment of​
​colony relocation​
​versus loss​

​Crop wild​
​relatives in​
​Mexico​

​(Goettsch​
​et al.,​
​2021;​
​Rivera-Rod​
​ríguez et​
​al., 2023;​
​Tobón-Nie​
​dfeldt et​
​al., 2022)​

​Infer PM​
​and​
​sometimes​
​N​​e​

​Establish a​
​warning​
​trend​

​Inference based on​
​habitat maintenance​
​or change​

​Provides data for​
​locations that are too​
​dangerous to visit​​in​
​situ​​due​​e.g.​​to social​
​conflicts or​
​remoteness​

​Habitat may persist​
​although populations​
​are lost​

​How does habitat​
​change relate to​
​changes in N​​e​​?​

​Density estimates are​
​challenging for very low​
​N​​e​

​1.​ ​Rate, extent, and​
​timing of habitat​
​change → timely​
​intervention (alert)​

​2.​ ​Confluence of​
​degree of habitat​
​change with total​
​habitat available for​
​different ecotypes​
​→ prioritization​

​European​
​beech​
​forests​

​(Gargiulo​
​et al.,​
​2024;​
​Helfenstein​
​et al.,​
​2025;​
​Kaplan et​
​al., 2025;​
​Lazic et al.,​
​2024)​

​Infer PM​
​and N​​e​

​Infer genetic​
​composition​
​EBVs​

​Inference based on​
​forest coverage and​
​biochemical and​
​structural differences​
​mapped across tree​
​canopies for a​
​dominant temperate​
​forest tree​

​Weak geographic​
​separation of​
​genotypes​

​Only dominant trees​
​are visible from above​

​Low accuracy for​
​distinguishing multiple​
​species (high accuracy​
​for binary categories)​

​Statistical accounting​
​for environmental​
​effects​

​1.​ ​Combine​
​information on​
​stand-level vitality​
​with genetic and​
​trait variation across​
​the species range​
​→ prioritize​
​interventions​

​2.​ ​Information to​
​support decisions​
​about interventions,​
​such as assisted​
​gene flow​

​34​

​967​

​968​

​969​

https://www.zotero.org/google-docs/?3rNdJr
https://www.zotero.org/google-docs/?3rNdJr
https://www.zotero.org/google-docs/?3rNdJr
https://www.zotero.org/google-docs/?3rNdJr
https://www.zotero.org/google-docs/?3rNdJr
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?qun4JJ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ
https://www.zotero.org/google-docs/?RQqZKQ

