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SPECIAL FEATURE: INTRODUCTION

Synergies between speciation and conservation science 
yield novel insights for mitigating the biodiversity crisis 
of the Anthropocene
Silu Wanga,1  and Anne D. Yoderb,1

 The Earth is experiencing ongoing and devastating environ-
mental change, largely, if not entirely, due to anthropogenic 
impacts. This is leading inexorably to the fragmentation of 
our biosphere and threatens biodiversity across all conti-
nents and habitats. While forests harbor over 80% of terres-
trial biodiversity, 70% of the Earth’s remaining forests are 
within 1 km of a forest edge ( 1 ). The loss of aquatic habitat 
is equally alarming, iconically represented by the dramatic 
loss of coral reef habitat, which is projected to reach an 84% 
loss in response to ongoing climate change ( 2     – 5 ). Indeed, the 
simultaneous impacts of habitat fragmentation and land 
conversion ( 6 ,  7 ), species loss ( 8   – 10 ), the proliferation of 
“anthropogenic mass”( 11 ), and, notoriously, climate change 
( 12 ) are disrupting virtually all natural systems, and with cat-
astrophic consequences ( 13 ). The Kunming-Montreal Global 
Biodiversity COP15 Framework established a global agree-
ment to designate 30% of land as protected areas, which, 
though promising, still falls short of the 44% of terrestrial 
habitat that is needed to prevent major biodiversity loss ( 14 ). 
And though biologically informed connectivity among pro-
tected areas can increase their ecological efficacy, only ~10% 
of the global terrestrial protected areas are structurally con-
nected ( 15 ,  16 ) with critical connectivity threatened by land 
use conversions ( 17 ). This accelerating process has served 
as a call-to-arms for ecologists and evolutionary biologists 
alike, especially given the need to develop operational guide-
lines that define a well-connected landscape ( 18 ). Here, this 
Special Feature focuses on the challenges of measuring, 
monitoring, and maintaining the exchange of genetic mate-
rial among wildlife populations (i.e., “gene flow”) as a means 
for restoring connectivity in an increasingly fragmented world 
( 17 ,  19 ).

 Like several other recently published Special Features 
( 20             – 27 ), this collection of papers is devoted to exploring the 
applications of basic science for mitigating challenges to bio-
diversity that result from a human-modified and fragmented 
landscape. The eleven papers in this collection coalesce 
around the goal of conserving species and their ecosystems 
by examining the role of gene flow among organismal pop-
ulations and its fundamental relationship to landscape con-
nectivity. The collection pursues this goal by linking the 
traditionally distinct scientific agendas of speciation and 
conservation biology, focusing on how this collaboration can 
translate to conservation innovation and application. Though 
they might at first appear to be paradoxically opposed, with 
speciation biology focused on the origin of species due to 
cessation of gene flow, and conservation science focused on 
preventing the extinction of species by the promotion of gene 
flow, this collection of papers highlights their conceptual con-
tinuity across the speciation-extinction continuum ( Fig. 1 ).

 The papers in this collection synthesize advanced meth-
ods, empirical ecological genomic research, nature-informed 
conservation policy, and innovative infrastructures for assur-
ing the persistence of gene flow in the fragmented ecosys-
tems of the Anthropocene. We have invited scientists across 
a broad range of basic and applied scientific disciplines to 
explore the connections between basic biodiversity research 
and its applications to conservation action ( Table 1 ). The top-
ics covered represent a spectrum of approaches, ranging 
from the theoretical to the applied, and take the reader 
through cutting-edge methods for modeling and elucidating 
patterns of gene flow in a variety of organismal systems 
where gene flow has either naturally or artificially reshaped 
evolutionary trajectories. The collection concludes with 
astute perspectives on conservation methods and strategies 
that situate biodiversity conservation within the socioeco-
nomic realities of a human-modified landscape. ﻿

Habitat Fragmentation and the Extinction 
Vortex

 The term Anthropocene was originally coined for the period 
of Earth’s history coincident with the rising carbon dioxide 
and methane levels caused by the Industrial Revolution ( 39 ). 
Though the term has been controversial ( 40 ) and was ulti-
mately rejected by the International Union of Geological 
Sciences (IUGS) in March 2024, the IUGS nonetheless noted 
that “The Anthropocene as a concept will continue to be 
widely used not only by Earth and environmental scientists, 
but also by social scientists, politicians and economists, as 
well as by the public at large. As such, it will remain an inval-
uable descriptor in human–environment interactions.” In 
effect, the Anthropocene has become shorthand for “over-
whelming environmental change” due to anthropogenic 
causes ( 41 ), and it is in this context that we use it here.

 From the earliest days of the modern evolutionary syn-
thesis, theorists recognized that in small populations there 
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is an increased probability that genetic relatives will inter-
breed, yielding offspring with genomes that contain an over-
abundance of alleles that are identical by descent (IBD). 
Under these conditions, and with increasing numbers of 
generations through time, offspring will be produced with 
abnormally high levels of homozygosity and an overexpres-
sion of recessive alleles largely due to IBD. Ultimately, these 
descendant populations will lose genetic variation via 
reduced heterozygosity and the accumulation of deleterious 
alleles – a condition that is referred to as “genetic load” due 
to inbreeding depression ( 42         – 47 ). Drawing from this classic 
population-genetic theory, it can be argued that the “extinc-
tion vortex” model marks the origin of modern conservation 
biology ( 48 ,  49 ). This model provides a framework that inte-
grates ecological, demographic, and population genetic ele-
ments as necessary for predicting population extinctions in 
the face of anthropogenic environmental change. It defines 
positive feedback loops where the decay of one factor (e.g., 
population size) exacerbates a death spiral wherein shrink-
ing habitats drive population declines, leading to loss of 
genetic diversity via inbreeding, and ultimately, reduction in 
fitness and evolutionary potential – a reinforcing loop that 
inexorably leads to population extinction.

         The damaging consequences of population isolation via 
anthropogenic habitat fragmentation is powerfully illustrated 

in a now classic study that compiled thirty-five years of natural 
experiments across multiple biomes and continents ( 1 ). That 
study found that habitat fragmentation consistently negatively 
impacted species richness, community composition, and eco-
system function. The study also hypothesized that fragmen-
tation can have delayed impacts that lead to “extinction debt,” 
wherein species loss is delayed or prolonged, “immigration 
lag,” wherein species accumulation is compromised, and “eco-
system function debt,” wherein detrimental changes to eco-
system function are not immediately measurable. Early 
conservation genetic studies concluded that there is “an 
urgent need for conservation and restoration measures to 
improve landscape connectivity” ( 50 ,  51 ). Thus, the field of 
conservation biology has increasingly focused on strategies 
for enhancing connectivity and gene flow across the land-
scape ( 52   – 54 ).

 Subsequently, empirical studies have been conducted to 
more directly examine organismal fitness in degraded hab-
itats that interfere with or truncate previously continuous 
gene flow ( 42 ,  46 ). Evidence from natural populations is rap-
idly mounting, showing that the loss of heterozygosity leads 
to deleterious impacts on fitness such as reduced birth 
weights (in vertebrates), lowered probability of survival, low-
ered reproductive output, and diminished disease resistance 
( 55 ). Moreover, these impacts can be seen across a broad 

Fig. 1.   A conceptual model of fusion and fission in the Speciation Continuum can empower conservation biology. As geographic barriers (fission) accumulate 
to prevent gene flow (fusion) between diverging lineages, they become increasingly diverged, ultimately leading to speciation via reproductive isolation. The 
process is complete with the cessation of hybridization in sympatry or when hybrids are either inviable or drastically less fit than parental lineages. While gene 
flow promotes fusion, habitat fragmentation drives fission. Conservation science strives to understand the population consequences of isolation (fission) and 
mechanisms for restoring gene flow (fusion) over fragmented habitats. Speciation and conservation science are conceptually centered around this tension 
between fission and fusion.
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phylogenetic spectrum ( 56 ), demonstrating that populations 
that reach a critical genetic load lose resilience to environ-
mental stress and are therefore prone to extinction ( 57 ).

 An oversimplified view of inbreeding depression can be 
argued, however, to ignore fundamental demographic fac-
tors that may either be predisposing or, alternatively, resist-
ant to extinction ( 58 ). These include factors like life history 
variation, dispersal abilities, and social structure. For exam-
ple, long-lived large-bodied organisms with long generation 
times may be less resilient to environmental perturbations 
than organisms with short generation times and rapid pop-
ulation turnover ( 59 ). Consequently, demography can ulti-
mately play an immediate role in determining the minimum 
viable population size for evolutionary persistence in the face 
of severe habitat destruction and thus plays a critical role in 
determining the likelihood of extinction for small and isolated 
populations ( 60 ). Thus, a fully informed perspective on 
extinction risk following habitat fragmentation will consider 
both genetic and demographic risk factors.  

Restorative Insights from Speciation Biology

 Speciation research is ideally suited to offer this perspective. 
Rooted in the interplay between organismal gene flow (fusion) 
and reproductive isolation (fission), lessons learned from dec-
ades of speciation research offer an ideal framework for mon-
itoring population connectivity via gene flow over space and 
time. The speciation literature harbors concepts and 
approaches for understanding adaptations underlying lineage 

divergence ( 61       – 65 ), monitoring gene flow among diverging 
populations and species ( 66     – 69 ), and for measuring genetic 
diversity in populations of interest ( 70   – 72 ). Drawing from the 
geographic modes of allopatric, peripatric, and parapatric spe-
ciation ( Fig. 2 ), we can develop process-oriented conservation 
programs that balance fusion and fission to restore ecosystem 
integrity. The three modes span a continuum of geographic 
scales from instances where two populations progress to spe-
cies differentiation when an ancestral population is severed 
for an extended period of time into two (or more) lineages by 
physical isolation (allopatric speciation) ( Fig. 2A  ) ( 73   – 75 ), to a 
small population that is physically isolated from a source pop-
ulation (peripatric speciation) ( Fig. 2B  ) ( 76 ), or finally, to scales 
where populations are gradually and spatially isolated from a 
distant source population (parapatric speciation) ( Fig. 2C  ) ( 77 , 
 78 ). In each of these scenarios, it is theorized that barriers to 
reproduction accumulate through genetic drift or directional 
selection (or both), ultimately transitioning from “fusion” (gene 
flow) to “fission” (isolation). These processes are thus concep-
tually applicable to anthropogenic land use changes that result 
in the geographic isolation of global biodiversity via habitat 
fragmentation ( Fig. 3 ).

 These insights counter the common misconception that 
speciation research is limited to the latest stages of repro-
ductive isolation when speciation can be considered com-
plete, implying that it is not applicable for anthropogenic 
isolation that is occurring on shorter timescales. In fact, spe-
ciation research studies ecoevolutionary forces across the 
“Speciation Continuum” ( 79   – 81 ), from the onset of lineage 

Table 1.   Terminology and conceptual synergies between speciation and conservation biology with connections to 
papers in this special feature

Speciation biology
Conservation 

biology Conceptual connection
Relevant papers within this 

special feature
 Populations  Species  The biological unit of greatest interest within 

the evolutionary continuum
 van der Heijden et al ( 28 ); Tobias 

et al. ( 29 ); Ellis-Soto et al. ( 30 )
 Effective population size 

(Ne)
 Sustainable 

population
 The number of individuals necessary for 

population persistence and/or growth
 Zhu et al. ( 31 ); Naidoo et al. ( 32 )

 Adaptation  Reproductive 
potential

 Populations with healthy levels of genetic 
diversity are more likely to persist in 
changing environments by producing 
offspring that carry adaptive alleles

 Owens et al. ( 33 ); Massatti et al. 
( 34 ); Tobias et al. ( 29 )

 Bottleneck  Inbreeding  Lack of genetic exchange can result in 
populations wherein individuals accumulate 
excess levels of homozygosity

 Aguilar-Gómez et al. ( 35 ); 
Lewanski et al. ( 36 ); Sgarlata 
et al. ( 37 )

 Expansion load, migration 
load, mutation load, 
outcrossing load vs 
inbreeding load

 Genetic load  Individuals with an excess of recessive and 
maladaptive alleles due to mutation, 
inbreeding, outcrossing, migration, or 
population expansion.

 Aguilar-Gómez et al. ( 35 )

 Admixture/hybridization  Gene flow  Genetic exchange between populations can 
improve fitness by introducing and main-
taining genetic diversity

 Zhu et al. ( 31 ); Aguilar-Gómez 
et al. ( 35 ); Lewanski et al. ( 36 ); 
Owens et al. ( 33 ); Massatti 
et al. ( 34 ); van der Heijden 
et al. ( 28 ); Sgarlata et al. ( 37 ); 
Kong et al. ( 38 ); Naidoo et al. 
( 32 )

 Adaptive introgression  Genetic Rescue  
by transloca-
tion

 The introduction of adaptive genetic diversity 
either by natural or artificial means

 Aguilar-Gómez et al. ( 35 ); 
Lewanski et al. ( 36 ); Owens 
et al. ( 33 ); Kong et al. ( 38 )

 Movement ecology  Biodiversity 
corridors

 The study of organismal immigration and 
emigration in the context of environmental/
habitat structure

 Zhu et al. ( 31 ); Sgarlata et al. 
( 37 ); Tobias et al. ( 29 ); Ellis-Soto 
et al. ( 30 ); Naidoo et al. ( 32 )

Authors were asked to self-select up to three conceptual categories.
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divergence among populations, with few genetic barriers to 
gene flow, all the way to genome-wide barriers and the com-
pletion of reproductive isolation and/or hybrid sterility. With 
the advancement of genomic methods and increased sophis-
tication of coalescent theory, gene flow has been increasingly 
disclosed as more common during the speciation process 
than we previously appreciated ( 82 ,  83 ).

         The future health of our global ecosystem depends on 
present speciation rates counteracting extinction rates to 
maintain species richness while preserving underlying eco-
logical form and function. Speciation rates interact with the 
species–area relationship (SAR), and thus are predicted to be 
increasingly impoverished with habitat loss and fragmenta-
tion ( 84 ). There is a core understanding that the evolutionary 
tension between fusion (gene flow and introgression) and 
fission (geographic isolation, incompatibility, and divergent 
selection) underlies the evolutionary histories of the myriad 
species that compose our biosphere ( 80 ,  85               – 93 ). The specia-
tion literature of the past several decades has established a 
spatial, continuous, and ecological foundation for under-
standing gene flow ( 94           – 100 ), and via integration with conser-
vation science, can advance the predictability and performance 
of applied conservation practices.

 Decades of island speciation and biogeographic studies 
have elucidated the relationship between speciation rates and 
SAR, which has significant implications for biodiversity 

conservation in fragmented ecoregions ( 101         – 106 ). For 
instance, as has been classically demonstrated to sustain spe-
cies richness in anolis lizards ( 104 ), the size of a continuous 
ecoregion is often positively associated with speciation rates 
( 103 ,  104 ,  107 ) with islands greater than 3,000 km2  in area 
having speciation rates that exceed immigration rates. In turn, 
species richness is positively associated with diversification 
rate ( 108 ) by buffering extinction risks ( 109 ) and increasing 
speciation rate via competition ( 110 ) and niche diver-
gence ( 111 ).

 To be successful, efforts toward ecosystem management 
must therefore consider future environmental challenges 
as they differentially threaten multiple lineages across the 
tree of life ( 55 ,  112   – 114 ). Fundamentally, the goal is to 
incorporate the principles of evolutionary genetics at the 
population level to inform management strategies ( 115 , 
 116 ). For example, many conservation management plans 
include a focus on preserving and/or creating forest corri-
dors ( 59 ,  117 ) in the context of understanding organismal 
behaviors and dispersal abilities ( 118 ). Proposed strategies 
consider that both large ( 119 ) and small ( 120 ) areas of nat-
ural habitat should be targeted for protection. With appro-
priate intervention, networks of habitat can be prioritized 
as “stepping stones” for dispersal ( 121 ), and in dire circum-
stances, wherein populations are known to be in grave 
genetic distress, “assisted colonization”( 117 ) or “genetic 

Fig. 2.   Three classic models of geographic speciation are increasingly relevant for understanding the impacts of habitat fragmentation on natural populations 
in an increasingly fragmented landscape. (A) allopatric, (B) peripatetic, and (C) parapatric models of speciation.
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rescue” can be attempted ( 122   – 124 ). And ultimately, it is 
critically important to democratize access to advanced 
technologies and databases in biodiverse developing 
nations ( 125 )          

Adaptive Introgression is Nature’s Genetic 
Rescue

 It follows that one of the first tasks for understanding 
whether a given population may be at extinction risk is to 
monitor the extent and rhythm of gene flow through its evo-
lutionary history. Thus, we need methods to measure the 
degree, direction, and timing of natural introgression. Zhu 
et al. ( 31 ) do just that by demonstrating the power of mul-
tispecies coalescent methods (MSC) to characterize the 
extent and direction of gene flow among populations. By 
examining exon sequences from three species within the 
genus Camelus , their study finds that there has been sub-
stantial gene flow from domesticated into a wild species. This 
coalescent perspective thus informs the common pursuit of 
“balance” in conservation practices for infusing new genetic 
diversity from allopatric populations while conserving the 
background genomic ancestry of the rescued population.

 The two subsequent papers in this Special Feature exam-
ine the genetic mechanisms and long-term consequences of 
“genetic rescue” via human-mediated translocation. In the 
first of the two, Aguilar-Gómez et al. ( 35 ) investigate genetic 
diversity within Florida panthers (Puma concolor ) nearly thirty 
years after an iconic effort to rescue inbreeding in the only 
breeding population of panthers east of the Mississippi River. 

In 1995, eight panthers from an allopatric population in Texas 
were introduced into southern Florida. Subsequently consid-
ered to have been a success ( 126 ), the mechanisms by which 
the panthers were “rescued” have until now been obscure. 
Aguilar-Gómez et al. shed light on the mechanisms of suc-
cess, finding that the Florida population has experienced an 
increase in levels of heterozygosity, thus alleviating genetic 
load, though surprisingly, not via an actual reduction in the 
number of deleterious variants. Moreover, they find evidence 
that the ancestral genetic signature of the Florida panther 
has remained intact, thus alleviating the fear of “genetic 
swamping.” In the second paper to address the subject, 
Lewanski et al. ( 36 ) examine the establishment dynamics and 
long-term outcomes of a translocation intervention in Red-
cockaded Woodpeckers. Analyzing results from more than 
twenty years of population monitoring, Lewanski et al. find 
that the project has led to increased population growth, 
enhanced survival and reproductive success, and, like the 
findings of Aguilar-Gómez et al., increased levels of heterozy-
gosity. Thus, taken together, these two papers effectively 
measured the genetic status of endangered populations and 
quantified the effectiveness of conservation efforts. Both 
papers offer a beautiful illustration of the ongoing tension 
between fission (establishment of local ancestry via historical 
isolation) and fusion (genetic rescue through human-
mediated gene flow).

 By focusing on the tension between fission (fragmenta-
tion, isolation, population bottlenecks, population identity, 
local adaptation) and fusion (connectivity via gene flow), spe-
ciation research has long been monitoring isolation and 

Fig. 3.   Process-driven insights from speciation research can empower restoration practice in a rapidly changing and fragmented landscape. Anthropogenic 
habitat loss imposes isolation analogous to natural allopatric speciation. Concepts and ideas in speciation-introgression research can guide rigorous and effective 
monitoring of gene flow for planning, prediction, and assessment of functional connectivity in regional restoration efforts.
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connectivity in concert to determine whether and when evo-
lutionary trajectories become independent. Two papers in 
this collection examine this tension in different empirical 
systems. Owens et al. ( 33 ) delve into a natural occurrence of 
trans-specific gene flow (i.e., “introgression”) in the sunflower 
genus Helianthus,  finding that there has been cytoplasmic 
introgression across strong reproductive barriers separating 
species. Finding that two distinctive chloroplast clades differ 
from the underlying species tree, the authors conclude that 
chloroplast introgression has brought adaptive advantages 
for divergent environments to their respective host species. 
To use the “genetic rescue” metaphor, natural introgression 
has served to produce enhanced fitness under challenging 
environmental circumstances. Similarly, Massatti et al. ( 34 ) 
empirically demonstrate that natural hybridization in multi-
ple plant communities in western North America has facili-
tated niche expansions into novel environments thanks to 
unique combinations of adaptive genetic variation. Like the 
Owens et al. study, Massatti et al. conclude that mosaic 
hybridization can yield adaptive phenotypes that transcend 
species boundaries. Both studies, therefore, emphasize the 
importance of introgression as an underappreciated mech-
anism for conservation innovation.  

The Vital Role of Gene Flow in a Fragmented 
Landscape

 Taking from the previous two examples, speciation research 
can provide dynamic insights into the fluidity of species/pop-
ulation boundaries over time. Geologic forces such as plate 
tectonics ( 127 ,  128 ) and glacial cycles ( 65 ,  129     – 132 ) have 
shaped population isolation, movements, expansions, con-
tractions, and contacts over time, mediating fusion and fission 
among evolutionary lineages and giving rise to existing global 
biodiversity. In particular, the Pleistocene epoch, wherein gla-
ciation and other climatic cycles scattered populations and 
species into isolated refugia to later reconnect and exchange 
genes, is now considered to be a classic example of a climate-
driven “speciation pump” that produced periods of rapid allo-
patric speciation ( 133   – 135 ). Thus, it is a logical conceptual shift 
to apply speciation models to the ongoing habitat fragmen-
tation consequent to anthropogenic land use, from agricul-
tural to transportational, and architectural. As natural habitats 
become increasingly fragmented ( 1 ,  136 ), artificial patterns of 
allopatry and/or peripatry can arise, placing species at 
increased risk of extinction as they lose genetic diversity ( 57 , 
 137 ). This “anthropogenic allopatry” or peripatry can exhaust 
speciation potential and compromise future ecological com-
munities ( 84 ). By leveraging speciation and introgression 
insights, conservation biologists can guide effective monitor-
ing, managing, and restoring connectivity via corridors and/
or protected areas among fragmented habitats ( 138 ) even in 
the face of socioeconomic complexity ( 139 ,  140 ).

 This tension of isolation and gene flow is reflected in the 
empirical work presented by van der Heijden et al. ( 28 ), who 
find that cycles of isolation and hybridization underlying the 
radiation of Melinaea  and Mechanitis  butterflies were likely 
driven by these Pleistocene climatic oscillations. The authors 
hypothesize that repeated periods of geographic isolation 
established genomic diversity that has been recombined and 
enriched by gene flow in subsequent secondary contacts. 

Such insight links species-oriented delimitation and process-
oriented conservation practices.

 Along these lines, Sgarlata et al. ( 37 ) use spatial simulations 
to examine the effects of population isolation on genetic 
diversity. They find that patterns of isolation-by-distance can 
be maintained for thousands of generations after fragmen-
tation, concluding that these patterns are more strongly influ-
enced by the rate of dispersal than by demographic properties 
such as population size or mutation rate. This then reinforces 
the importance of gene flow for shaping genetic diversity after 
population isolation. In turn, the paper by Kong et al. ( 38 ) 
addresses the obvious questions raised by Sgarlata et al. and 
van der Heijden et al. – how can we reconstruct the evolution-
ary history of rapid radiations with gene flow, given that they 
produce such tangled phylogenomic signals? Emphasizing the 
point that species must be delimited and described before 
they can be clearly integrated into conservation management 
strategies, the authors describe phylogenetic methods that 
explicitly integrate reticulate evolution into phylogenetic 
reconstruction. By providing critical details on how phyloge-
netic networks treat patterns of hybridization and chromo-
some duplications, Kong et al., emphasize the myriad ways 
that characterizing reticulate evolution can provide context 
for interpreting species distributions and patterns of genetic 
variation thus advancing our ability to monitor gene flow in 
dynamic and fragmented landscapes.  

Biodiversity Conservation via Functionally 
Connected Landscapes

 Though nearly one-sixth of the global terrestrial surface now 
falls within a protected area ( 141 ), urban expansion is 
expected to lead to as much as 33 million hectares of habitat 
loss by the year 2100 ( 142 ). Many protected areas are under-
funded, ecologically damaged, and/or poorly managed ( 143 ) 
and will continue to lose biodiversity if they are isolated by 
inhospitable human-modified landscapes. Thus, an increas-
ingly obvious solution is to integrate the needs of people into 
the biodiversity conservation equation ( 144   – 146 ), especially 
taking into account the growing challenges of a changing 
climate ( 147 ). To assess the effects of human activities on the 
landscape, one must characterize the defining features of 
modified landscapes and their consequences for organismal 
movement ( 148 ) ( Fig. 4 ).        

 Migration monitoring, breeding biology, and fitness have 
been commonly established in the speciation literature ( 149     –
 152 ). But even with these insights, conservation efforts have 
difficulty stemming biodiversity loss, at least in part because 
ecosystem functions have largely been measured under cur-
rent conditions without regard to the anticipated environ-
mental perturbations of the future (i.e., “ecosystem function 
debt”). This emphasizes the imperative that ecosystem resil-
ience is mandatory for assuring long-term conservation suc-
cess ( 153 ). For example, a recent meta-analysis of 4006 taxa 
across six continents demonstrates that fragmented land-
scapes consistently have lower diversity across all measures, 
clarifying the need to restore and increase both functional 
and ecological connectivity to maintain biodiversity ( 154 ).

 Three of the papers in this Special Feature directly address 
this translational power of evolutionary and ecological knowl-
edge for guiding conservation action. Tobias et al. ( 29 ) set D
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the tone by calling for conservation actions that prioritize 
evolutionary and ecosystem processes over strict attention 
to individual species. Noting that most conservation funding 
has historically been focused on saving the rarest or most 
charismatic species, with only mixed success, Tobias et al. 
draw our attention to the processes at the heart of ecosys-
tem function. The authors assert that the three elements of 
organismal adaptation, movement, and interaction are the 
cornerstones for effective and sustainable conservation plan-
ning, policy, and practice. Among the many points relevant 
to the focus of this Special Feature, Tobias et al. note that 
gene flow and organismal dispersal are fundamental for 
designing and managing landscapes that will enhance spe-
cies interactions and thus ensure a legacy of resilient ecosys-
tems. The authors make the salient point that animal 
movement has effects that fundamentally cascade through 
all relevant trophic levels given (for example) that plants rely 
heavily on animal dispersal as “mobile links” for seed disper-
sal. Fundamentally, Tobias et al. call for conservation strate-
gies that focus on preserving and enhancing dispersal and 
other fundamental processes that connect organisms to their 
environment.

 Increasingly known as the field of “movement ecology,” 
the study of organismal movement through space and time 
is fundamental for determining the distribution of genes, 
individuals, and species ( 155 ,  156 ). Humans have altered the 
ability of organisms to disperse by altering the landscape via 
climate change, urbanization, and biological invasions ( 52 ), 
and landscape connectivity is at least in part a function of 
how and why organisms disperse ( 157 ). Managing the dis-
persal of organisms is included in the 2,030 targets of the 
Kunming-Montreal Global Biodiversity Framework as part of 

the goal of maintaining genetic diversity across all of biodi-
versity ( 158 ), an insight that is drawing increased attention 
from the conservation community ( 18 ).

 The paper by Ellis-Soto et al. ( 30 ) therefore offers a wel-
come perspective on how rapidly advancing technologies are 
providing unprecedented insights into the intricacies of ani-
mal movement. The authors describe both the technical and 
conceptual aspects of “bio-logging” as a means for charac-
terizing bottom–up information on the forces that shape 
population size and persistence across fragmented land-
scapes via animal movements. Technological advances are 
such that multisensor devices can collect real-time data on 
individual movements and orientation, proximity to other 
individuals, physiological and stress response, births and 
deaths, and the relationship of these individual metrics to 
the landscape. This yields information across multiple scales 
from individual dispersal patterns to species-level distribu-
tions. And in answer to the mandate for ecosystem resilience, 
analysis of these parameters confers predictive power that 
can ultimately be employed for conservation design and 
management. In the authors’ words, technological advances 
have transformed bio-loggers “from magnifying glasses into 
microscopes for observing natural processes” while also 
democratizing biodiversity information in the developing and 
biodiverse regions of the Earth.

 Naidoo et al. ( 32 ) conclude the Special Feature with an 
empirical analysis of the potential for connectivity conserva-
tion on large geographic scales. Drawing from detailed expe-
rience with conservation projects around the world, the 
authors describe the successes and failures in four conser-
vation landscapes that represent a diversity of ecosystems 
and socioeconomic contexts. They find alarmingly that in 

Fig. 4.   Process-oriented conservation centered around the tension between fusion and fission can effectively unite species-oriented and process-oriented 
conservation efforts to restore, monitor, and maintain a functional species–area relationship for future ecosystems. The evolutionary trajectories of the divided 
population are reflected in the phylogenetic and coalescent histories (Left). The networks (Right) represent ecological interactions among species in an ecosystem. 
Monitoring movements, gene flow, or introgression (fusion) of species over fragmented landscapes (fission) is crucial for functional connectivity in conservation 
practice.
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three of the landscapes, functional connectivity has declined 
even after conservation interventions. In developing a 
“Theory of Change,” Naidoo et al. reinforce the points raised 
by both Tobias et al. and Ellis-Soto et al. by emphasizing the 
need to derive connectivity metrics from the study of animal 
movements, and further, to go beyond a single-species focus 
by directing action toward multispecies or community-level 
assessments. Ultimately, they make the point that for con-
servation strategies to be both practical and sustainable, they 
must focus on landscape connectivity that has relevance to 
human socioeconomic and cultural constraints.

 In conclusion, the papers in this Special Feature have 
 synergized a process-oriented conservation direction for 
restoring biodiversity and functional ecosystems in our 
anthropogenically altered world ( Fig. 4 ). Recent and accruing 
evidence suggests that gene flow at different temporal and 
spatial scales has supplied genetic variation for divergent 
adaptation and the persistence of speciation rates ( 65 ,  83 , 
 159   – 161 ) against a background of geographic isolation that 

mirrors the earliest stages of speciation ( 73 ,  162 ). Therefore, 
by manipulating the tension between fusion and fission over 
fragmented habitats, we can effectively conserve both the 
function and diversity of ecosystems. The speciation literature 
and its inherent insights can thus inform a conservation sen-
sibility that establishes a spatial, continuous, dynamic foun-
dation for understanding the mechanisms of gene flow and 
its critical importance for assuring the persistence of  
Earth’s threatened biodiversity. This perspective urgently 
awaits integration with conservation science for advancing 
the possibility, predictability, and performance of conserva-
tion practice.   
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