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Altered selection, and evolutionary responses to it, impacts early-stage divergence of line-
ages, but does not necessarily lead toward speciation and persistence of separate species.
Altogether, humans both promote and hinder speciation, although new species would
form very slowly relative to anthropogenic hybridization, which can be nearly instantaneous.
Speculating about the future of speciation, we highlight two key conclusions: (1) Humans will
have a large influence on extinction and “despeciation” dynamics in the short term and on
early-stage lineage divergence, and thus potentially speciation in the longer term, and (2)
long-term monitoring combined with easily dated anthropogenic changes will improve our
understanding of the processes of speciation. We can use this knowledge to preserve and
restore ecosystems in ways that promote (re-)diversification, increasing future opportunities of

speciation and enhancing biodiversity.

ur current epoch is characterized by hu-
man domination of the global landscape,
with impacts on the environment and climate
increasing in scope and speed (Curtzen and
Stoermer 2000; Canfield et al. 2010; Lewis and
Maslin 2015). Many organisms on earth have
had to contend with major human-induced per-
turbations for hundreds of thousands of years
(Roebroeks and Villa 2011), but the magnitude,
extent, and pace of these perturbations have ac-
celerated at an alarming rate over the past ~200
years (Ellis and Ramankutty 2008; Lewis and
Maslin 2015). Anthropogenic impacts on organ-
isms have led to dramatic and widespread biodi-
versity loss (Barnosky et al. 2011). Human activ-
ities have, inadvertently or purposefully (e.g.,
Table 1), further altered geographic ranges, pop-
ulation dynamics, and selection regimes for a vast
number of the persisting taxa (e.g., Ainouche
et al. 2004; Antonovics 2006; Isaksson 2018; Ken-
nedy et al. 2020). As a consequence of these ef-
fects on the evolutionary trajectories of many
species, human influences are likely to have non-
trivial effects on the process of speciation (Fig. 1).
Anthropogenic disturbances often involve
environmental changes that can affect evolution-
ary processes associated with speciation, includ-
ing both increases and decreases in RI between
lineages. Geographic context and selection rep-
resent some of the most important factors that
influence speciation (e.g., Coyne and Orr 2004).
Human activities include global movement of
organisms and modification of geographical bar-
riers, as well as diverse changes in selection. We
focus here on sexually reproducing species and
RI, with a specific interest in anthropogenic im-

pacts on speciation processes (i.e., evolutionary
increases and decreases in RI), rather than line-
age persistence over longer timescales, which is
extremely challenging to predict. Although the
evolution of fully reproductively isolated species
is expected to be slow, partial RI can evolve dur-
ing human lifetimes in a variety of taxa (Table 1)
and is arguably a more common stable end point
than complete RI (Servedio and Hermisson
2019). Since both geographic isolation and epi-
sodes of secondary contact can be important
contributors to speciation (e.g., Anderson and
Weir 2022), it is important to understand the
impact humans have on these processes.
Widespread anthropogenic impacts on evo-
lutionary dynamics not only have the potential to
alter speciation processes, but also provide a re-
markable opportunity for the study of speciation.
Modern anthropogenic global change is distinct
from prior time periods in many ways that make
itan exceptional context for uncovering how spe-
ciation processes occur, at least over relatively
short timescales. More precisely, many anthro-
pogenic activities are (1) repeated at various geo-
graphic, taxonomic, and temporal scales, mean-
ingthatthe effects of these activities on speciation
processes can be studied in a replicated manner,
(2) strong and multifaceted, with disparate eco-
logical changes of high magnitude often act-
ing on diverging species simultaneously, and
(3) occurring almost instantaneously in geolog-
ical time and, importantly, can often be precisely
dated. Human impacts on evolutionary process-
es are present everywhere and must therefore be
considered when seeking to understand contem-
porary evolution and speciation. Just as the prior
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view of evolution as a slow, gradual process large-
lyunobservable duringhuman lifetimes has been
dramatically transformed in the face of empirical
evidence to the contrary, we similarly need to
investigate speciation in the context of anthropo-
genic activities to better understand the modern
pace of speciation.

In this perspective piece, we review the im-
pact of anthropogenic change on geography and
selection, two central factors in speciation pro-
cesses. We highlight anthropogenic hybridiza-
tion, which can act to dissolve previously distinct
lineages but can also impose new patterns of
selection on hybrids and parental species. We
proceed with an outlook on the future of speci-
ation, where we first ask whether speciation
mechanisms may change in some way compared
to their historical frequency, magnitude, or rate,
and then, second, consider how we might take
advantage of the ongoing occurrence of anthro-
pogenic change to better understand processes
of speciation. We argue future efforts should
work toward preserving and restoring natural
environments in a way that promotes diversi-
fication and future formation of new species.
While most relevant studies on these topics to
date have not focused on speciation per se, here
we interpret prior results on the effect of human
activities on evolution in the context of specia-
tion. There is not (yet) a large literature on
contemporary speciation. However, burgeoning
studies on human-caused environmental chan-
ge and contemporary evolution suggest that the
processes of speciation should also be profound-
lyaffected. Moreover, the recognition that Rl and
lineage dynamics (including extinction and hy-
bridization) can occur on short timescales sug-
gest we have much to gain by not ignoring mod-
ern speciation processes.

ALTERED GEOGRAPHY

Geography is a long-recognized, important fea-
ture of speciation that greatly influences the evo-
lution of RI (Mayr 1963; Bush 1975; Coyne and
Orr 2004; Bolnick and Fitzpatrick 2007; Nosil
2012). Geographical arrangement of organisms
affects gene flow between populations and spe-
cies, and the magnitude and frequency of gene

flow can critically influence several mechanisms
involved in speciation. For instance, gene flow
affects the probability and rate of the evolution
of RI via genetic drift, similar selection, and di-
vergent selection (Nosil and Flaxman 2011; No-
sil 2012; Langerhans and Riesch 2013). Human
activities have substantially altered geographical
context (see examples in Table 1), and these ef-
fects are likely to continue or accelerate in the
future. On the one hand, anthropogenic activi-
ties can create new barriers that separate previ-
ously continuous populations or species, thereby
reducing gene flow (e.g., Su et al. 2003). On the
other hand, humans increase connectivity by
bringing incipient species together, increasing
the likelihood of hybridization (van Hengstum
et al. 2012). Globally, this can lead to shifts in
evolutionary trajectories, affecting both specia-
tion and extinction rates, as well as the risk of
species merging together. In the latter process,
distinct lineages can fuse together via hybridiza-
tion—termed “despeciation” herein—resulting
in the loss of biodiversity (Seehausen 2006; Von-
lanthen et al. 2012).

There is broad evidence that human-con-
structed barriers and environmental change of-
ten increase population fragmentation in terres-
trial and aquatic taxa (Templeton et al. 2001;
Fuller et al. 2015; Dobbs et al. 2017; Johnson
and Munshi-South 2017; Littleford-Colquhoun
et al. 2017; Langerhans and Kern 2020). For ex-
ample, common drivers of fragmentation in-
volve roads, agricultural fields, power line ease-
ments, dams, and cities (Trombulak and Frissell
2000). Such fragmentation is widespread and has
driven convergent signatures of reduced connec-
tivity in many species by reducing movement
between populations, therefore reducing oppor-
tunities for mating (e.g., Smith et al. 2009; Math-
er et al. 2015; Benjamin et al. 2016; Lourenco
et al. 2017; Miles et al. 2018). Reduced gene
flow can facilitate the evolution of RI through
the accumulation of neutral differences, diver-
gent evolutionary responses to either similar or
divergent selection, and even through one-allele
mechanisms of RI such as the evolution of re-
duced migration. Among the oldest examples of
human-induced fragmentation is the Great Wall
of China, which has significantly reduced gene
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flow between plant populations since its con-
struction began in 1368, apparently due to lim-
iting both wind- and insect-dispersed pollen (Su
et al. 2003). Over shorter timescales, intensive
development and intervening roadways in the
Los Angeles metropolitan area are associated
with repeated patterns of reduced gene flow in
birds, lizards, bobcats, and coyotes (Riley et al.
2006; Delaney et al. 2010).

Human barriers that split previously pan-
mictic populations can rapidly result in popula-
tion divergence in traits associated with RI,
especially when fragmentation coincidentally
results in strong environmental change, thereby
inducing both reduced gene flow and divergent
selection. For example, dams dramatically alter
aquatic flow regimes and not only reduce con-
nectivity, but often result in rapid phenotypic
shifts in fishes (Haas et al. 2010; Franssen 2011;
Franssen et al. 2013). Road construction across
tidal creeks in The Bahamas not only fragmented
populations of three Bahamian mosquitofish
species (Gambusia spp.), but also led to diverse
trait changes over ~35-50 years, including gen-
ital and body morphology, male coloration, and
brain morphology (Heinen-Kay et al. 2014;
Giery et al. 2015; Riesch et al. 2015; Jenkins
et al. 2021). Human-induced fragmentation
can also tip the balance between selection and
gene flow, especially for species with limited
dispersal. For instance, the construction of a
parking lot dividing previously connected pop-
ulations of walking stick insects (Timema cristi-
nae) restricted gene flow between populations
using two different host plants. This reduction
in gene flow was apparently sufficient for adap-
tive divergence of genetically based cryptic col-
oration to emerge on the two hosts in <6 yr (No-
sil 2009). Thus, human-caused fragmentation
can play an important role in the earliest steps
of speciation—we still have much to learn about
the potential persistence of newly divergent lin-
eages spawned by such anthropogenic impacts.

Humans also regularly transport organisms
into new areas in which they are nonnative (Bul-
lock et al. 2018). This can reduce intraspecific
gene flow between populations in their native
and introduced ranges and cause fast evolution-
ary changes in introduced populations, especial-

Anthropogenic Change and Speciation

ly when the new distribution differs in ecology
or climate from their native range (Mooney
and Cleland 2001; Prentis et al. 2008; Whitney
and Gabler 2008; Buswell et al. 2011). For exam-
ple, the common reed (Phragmites australis) di-
verged between its native European and intro-
duced North American range over the last 150
years as a result of both geographic distance and
environmental differences (Guo et al. 2018).
Salmon introduced to Lake Washington evolved
RI after fewer than 13 generations (Hendry et al.
2000). Selection likely plays a major role in most
cases of rapid divergence related to species intro-
ductions (see below), but altered geography pro-
vides a key context for the divergence.

Other anthropogenic infrastructure and ac-
tivity, such as channels, bridges, and maritime
traffic, instead create artificial corridors of dis-
persal (Crispo etal. 2011; Miles et al. 2018,2019)
that can increase gene flow between populations
and species. For instance, human-driven mari-
time translocation is credited for genomically
localized introgression tracts detected between
Pacific and Atlantic species of Ciona tunicates,
which now co-occur along the heavily shipped
corridors of the English Channel (Le Moan et al.
2021). This type of consistent, human-aided
gene flow increases the success and impacts of
invasive species both through creating disturbed
ecosystems conducive to invasion, as in the fire
ant Solenopsis invicta (Resasco et al. 2014), and
through allowing the spread of adaptive alleles
between invading populations, as in Asian long-
horned beetles (Javal etal. 2019). Human-caused
corridors, accidental or purposeful relocation,
and climate-change induced shifts in geograph-
ical range can additionally bring species into
contact with closely related species, sister taxa,
or incipient lineages. This could lead to hybrid-
ization and reinforcement of RI through selec-
tion against interpopulation/interspecific mat-
ing (Butlin and Smadja 2018), but high rates of
hybridization can also reduce RI by causing se-
lection against incompatibilities and despecia-
tion (see below; Thompson et al. 2023).

Perhaps the most common impact of human
activity is the reduction of both population size
and genetic diversity as a result of habitat loss
(e.g., Luetal. 2001; Wei et al. 2015), fragmenta-
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tion (e.g., van der Valk et al. 2019), and/or deg-
radation (e.g., Wisely et al. 2008; Sievers et al.
2018). Reduced population size not only in-
creases the probability of extinction, but also de-
creases the efficacy of evolutionary responses to
selection by reducing available genetic variation
(Charlesworth 2009), which may be particularly
critical in the context of adapting to, and persist-
ing under, rapidly changing conditions (see next
section). A small population size may, however,
increase the probability of quick divergence and
evolution of RI in the case of strong selection for
local adaptation (Gavrilets 2003). Furthermore,
population size asymmetry between species at
secondary contact greatly affects the probability
and dynamics of hybridization (Qvarnstrom
et al. 2023).

To predict the lasting impacts of altered geo-
graphic context on speciation, we need to under-
stand the persistence of both human-caused
environmental changes and diverging lineages.
Humans have a net negative influence on species
number, as the rates of anthropogenic despecia-
tion and extinctions outpace the rate at which
new species may be formed. It is nevertheless
also relevant to understand when and how hu-
mans interfere with processes of speciation over
short and long timescales. Understanding how
altered geographic contexts affect even transient
divergence between populations or processes
operating within incipient species in real time
can prove quite consequential, as these can
have long-lasting effects on both ongoing and
future speciation processes. This may be espe-
cially important if anthropogenic activity in-
creases the frequency of early-stage divergence
followed by extinction.

ALTERED SELECTION

Most speciation events probably involve selec-
tion, and RI typically evolves faster in response
to selection than other mechanisms (Schluter
2009). Human activities that modify biotic and
abiotic features are now well known for altering
selection and adaptation (Brady et al. 2009; Da-
rimont et al. 2009; Murta et al. 2010; Hendry
etal.2017; Thompsonetal. 2019). Anthropogen-
ic drivers of selection are numerous and vary in

magnitude, geographic scale, and novelty (Isaks-
son 2018; Price 2022); we need only look around
us to see the footprint of direct selection (e.g.,
domestication; Larson and Fuller 2014), the built
environment (Alberti et al. 2017; Szulkin et al.
2020), pollution (Loria et al. 2019), altered eco-
logical communities (Strauss et al. 2006), and
climate change (Franks and Hoffmann 2012) to
name a few. Altogether, these varied impacts
on selection that characterize human activities
may generate ecological opportunity for resilient
taxa that persist in human-altered environments
(Wellborn and Langerhans 2015; Isaksson 2018;
Ravinet et al. 2018; Campbell-Staton 2020).

How do human-induced changes to selec-
tive landscapes affect speciation processes?
Selection can influence the evolution of RI
through three major mechanisms, and all are
affected by human activities: divergent selec-
tion (ecological speciation), similar selection
(mutation-order speciation), and reinforcement
(selection against interpopulation mating after
secondary contact) (Langerhans and Riesch
2013). In each scenario, which are not mutually
exclusive, human-caused selection can alter
traits that influence RI. Anthropogenic sources
of divergent selection have received the most at-
tention to date, while few studies have examined
similar selection or reinforcement in this con-
text. This is unfortunate, as these mechanisms
may commonly occur, and the strongest evi-
dence from the wild that responses to selection
actually influence RI come from cases of rein-
forcement selection (because selection directly
favors RI).

Many traits evolving in response to human
activity have the potential to directly impact R,
like the timing and duration of reproduction (Al-
berti et al. 2017; Sirkid et al. 2018), song frequen-
¢y, timing, and composition (e.g., Reichard et al.
2020; Kunc and Schmidt 2021), mate-choice
modality (de Jong et al. 2018), genital morphol-
ogy (Heinen-Kay et al. 2014), and male color
signals (Giery et al. 2015; Koneru and Caro
2022). Impacts of climate change on sexual se-
lection are also likely to affect premating and
postmating prezygotic and postzygotic repro-
ductive barriers (Pilakouta and Alund 2021;
Garlovsky et al. 2023). Of course, adaptation
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does not imply speciation, and responses to se-
lection can also reduce RI (e.g., Owens and Sa-
muk 2020). Evidence is accumulating that an-
thropogenic impacts can indeed influence RI in
both positive and negative manners, often in-
volving selection (Table 1). With the growing
evidence for human-induced selection and con-
temporary adaptation, it would be surprising if
anthropogenic selection did not influence speci-
ation. But currently less clear is how exactly this
occurs, whether promoting or hindering RI is
more common, where we should focus our ef-
forts to understand it, and how to assess the po-
tential for lineage persistence after early stages of
divergence.

Anthropogenic activities often generate di-
vergent selection, with anthropogenic environ-
ments representing novel niches far removed
from ancestral environments (e.g., Isaksson
2018; Szulkin et al. 2020, Santangelo et al.
2022). When novel divergent selection pressures
are paired with the movement of genes between
formerly isolated areas, this can contribute to
the rapid appearance of novel habitat specialists.
For example, the common house mosquito
(Culex pipiens) colonized the London Under-
ground transit system about 100 years ago, lead-
ing to changes in breeding environment that, in
turn, contributed to RI between surface- and sub-
way-dwelling populations (Byrne and Nichols
1999). However, these lineages did not arise in
situ. Instead, previously existing genotypes, likely
originating from human-adapted Culex pipiens
molestus in the Middle East, underwent spatial
reorganization and have since colonized multiple
subway systems (Haba and McBride 2022).

One striking example of a human-induced
divergence event is that of a derived ecotype of
the hawthorn fruit fly, which emerged along the
Eastern coast of North America within the last
200 years (Walsh 1867). Here the anthropogen-
ic introduction and proliferation of domesticat-
ed apples facilitated a host shift from their native
host, hawthorne (Bush 1992). Because haw-
thorne and apple differ in the timing of their
fruiting, allochronic isolation between sympa-
tric populations was possible; and, much like
subway mosquitos, the genes underlying allo-
chronic RI already existed in another part of

Anthropogenic Change and Speciation

the Rhagoletis range in Mexico (Feder et al.
2003). The movement of these genes northward,
paired with multiple divergent selection pres-
sures and larval host fidelity, contributed to
both olfactory preference for the derived host
and genetic differentiation between ecotypes
(Feder et al. 1988, 1994; Linn et al. 2003; Egan
et al. 2015). This host plant shift induced by
human-mediated species introductions trig-
gered local population divergence in the haw-
thorne flies and the emergence of a possible new
lineage—the apple maggot fly (Tait et al. 2016).

Many anthropogenic impacts that are repli-
cated across the globe can influence speciation by
selection mechanisms in ways that partially
depend on geography. If impacted areas are
geographically isolated (whether naturally or
through human modification), divergent selec-
tion between impacted and unimpacted popula-
tions could lead to parallel divergence and con-
tribute to the evolution of RI. For instance, urban
environments have been shown to act as parallel
niche-space for the cosmopolitan legume Trifo-
lium repens, wherein city ecosystems tend to
share more similarities to one another than
with the adjacent surrounding environment re-
gardless of geographic location (Santangelo et al.
2022). If gene flow is facilitated between impact-
ed areas, it could lead to only one primary diver-
gence event, such as in cosmopolitan or com-
mensal species. Moreover, if anthropogenic
impacts induce similar selection across multiple
geographically isolated populations, RI could
evolve between independent cases of the same
anthropogenic driver via adaptive responses to
similar selection. That is, different populations
may evolve different traits in response to the
same selection regime (i.e., mutation-order spe-
ciation), and consequently result in elevated RI
between populations, such as cases of intrage-
nomic conflict (e.g., cytoplasmic male sterility,
meiotic drive), sexual conflict, sexual (or social)
selection for arbitrary traits, and alternative
adaptive solutions to selection via competition,
predation, parasitism, etc. (Price 2008; Schluter
2009; Martin and Mendelson 2012; Langerhans
and Riesch 2013). We currently know little about
how these processes may unfold in an anthropo-
genic context.
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Some anthropogenic effects are ubiquitous
and homogenize environments, making niches
less distinct. In the case of anthropogenic climate
change, homogenizing effects on abiotic condi-
tions have been demonstrated in coastal estuaries
(Ferrarin et al. 2014), high arctic tundra (Stewart
et al. 2018), coral reefs (Richardson et al. 2018),
and others. These cases can reduce the likelihood
of divergent selection between environments,
but adaptation to these homogeneous environ-
ments could still increase RI. This could occur if
natural geographic isolation among populations
remains unchanged, or if human actions in-
crease geographic isolation, as responses to sim-
ilar selection could promote RI among different
cases of these similar environments. However, if
gene flow is moderate, or especially if human
activities increase gene flow, there would be little
chance for these mutation-order processes as
adaptive alleles could easily spread throughout
populations and prevent the accumulation of RI.
Perhaps adaptation in the absence of RI is more
likely in these scenarios, but more research is
needed.

ALTERED HYBRIDIZATION

Hybridization can dissolve distinct evolutionary
lineages (despeciation), but can also promote
diversification through reinforcement and gen-
eration of new hybrid lineages (Mallet 2007;
Arnold and Kunte 2017; Ottenburghs 2018;
McFarlane and Pemberton 2019). The frequency
of interspecific hybridization can increase due to
the breakdown of geographic and ecological bar-
riers, both heavily impacted by human activities
(reviewed in Grabenstein and Taylor 2018; Gra-
benstein et al. 2023). These two processes likely
often interact, for example, when species are
transported to a new locality and when environ-
mental change in situ alters hybridization fre-
quency (Guo 2014; McFarlane and Pemberton
2019).

First, globalization has led to a drastic in-
crease in the frequency and magnitude of direct
species introductions via activities including
horticulture, agriculture, aquaculture, shipping,
and the pet trade (Lewis and Maslin 2015; Price
2022). Among birds, the extensive introduction

of the mallard duck (Anas platyrhynchos) to
multiple locations worldwide led to the estab-
lishment of several hybrid populations with a
variety of other duck species (Rhymer et al.
1994; Mufioz-Fuentes et al. 2007; Cizkova et al.
2012; Ford etal. 2017; Lawson et al. 2021). In the
sea, the Mediterranean mussel Mytilus gallopro-
vincialis has been introduced worldwide by mar-
itime trafficand aquaculture and formed anthro-
pogenic admixture zones with its sister species
Mpytilus trossulus in California (Saarman and
Pogson 2015) and Japan (Brannock et al.
2009), Mytilus planulatus in Australia (Popovic
et al. 2020), Mytilus edulis in the English Chan-
nel (Simon et al. 2020), and Mytilus platensis in
Argentina (Zbawicka et al. 2018).

Second, human-aided range expansions (e.g.,
via climate change) can also result in the second-
ary contact of previously isolated species, in-
volving a simultaneous breakdown of geo-
graphic and ecological barriers (Lehman et al.
1991; Chunco 2014; reviewed in Taylor et al.
2014). For example, the range of southern flying
squirrels (Glaucomys volans) has recently ex-
panded northward into the range of northern
flying squirrels (Glaucomys sabrinus), leading
to hybridization (Garroway et al. 2010, 2011)
and in some cases competitive exclusion (Wood
et al. 2016). While ecological overlap between
these two species in their new ranges is not en-
tirely clear (O’Brien et al. 2021), the rapid move-
ment of southern flying squirrels could poten-
tially introduce novel parasites or diseases to
the northern flying squirrel via hybridization,
leading to population level threats in addition
to competition or hybridization (Krichbaum
et al. 2010; but see O’Brien et al. 2022).

Third, human-induced environmental
change can alter the probability of hybridization
and the fitness of hybrids by disrupting preexist-
ing selective regimes (e.g., through eutrophica-
tion: Seehausen et al. 1997; Vonlanthen et al.
2012; Dokulil 2014; see also Box 1 for a detailed
example) or by creating novel, often very strong
selective regimes favoring hybridization and/or
adaptive introgression (e.g., in the case of pesti-
cide or pollutant resistance: Oziolor et al. 2019;
Le Corre et al. 2020; Valencia-Montoya et al.
2020). A special case of secondary contact is
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BOX 1. PATTERNS AND CONSEQUENCES OF HYBRIDIZATION DUE TO ANTHROPOGENIC CHANGE
IN WHITEFISH-ADAPTIVE RADIATION IN PERI-ALPINE LAKES

Anthropogenic ecological change can result in a breakdown of selection regimes that maintain eco-
logical and genetic divergence and, thus, cause increased gene flow and a reduction in divergence
and diversity. One example for this process are the consequences of eutrophication on adaptive
radiations of Coregonus whitefish in peri-Alpine lakes.

Since the last glaciation, whitefish have colonized peri-Alpine lakes and undergone replicated
adaptive radiations into ecologically and genetically differentiated species over the last 10,000~
15,000 years. The >30 species can be grouped into six different ecomorph classes across all lakes
that are differentiated in morphology, ecology, and breeding behavior. This includes large-bodied
benthic invertebrate feeders with few widely spaced gill-rakers, which spawn in summer in shallow
littoral habitats; small-bodied zooplankton feeders with many, densely spaced gill-rakers, which
spawn in deeper areas in summer or winter; and, in some lakes, profundal summer-spawning
species with few gill-rakers (e.g., in Lake Thun and the now extinct Kilch in Lake Constance). The
various ecomorphs have evolved independently in the different lake systems and their parallel evo-
lution is explained by a polygenic adaptive architecture, with at least one major effect loci (the edar
gene) explaining variation in gill-raker number, with secondary contact and allele sharing among
flocks (De-Kayne et al. 2022).

Whitefish diversity declined precipitously with severe eutrophication of Swiss peri-alpine lakes, in
part because eutrophication homogenized niche space and undermined the diversification process
(Vonlanthen et al. 2012). Environmental gradients and thus both ecological and reproductive niche
diversity within lakes were eroded by the ecological alterations from eutrophication. Consequently,
premating isolation and divergent selection that formerly maintained high levels of extrinsic post-
zygotic Rl among whitefish species were significantly weakened, leading to increased hybridization
among sympatric species and despeciation (Vonlanthen et al. 2012). Eutrophication also caused
anoxic conditions in deep water, leading to recruitment failure and subsequent loss of deep-spawning
species (Vonlanthen et al. 2012; Frei et al. 2022, 2023). Diversity loss included losses of individual
species, as well as lessened functional diversity and genetic differentiation of remaining whitefish
(Vonlanthen et al. 2012).

But where humans have caused drastic ecological changes they can work to alleviate them. Thus,
concerted efforts were undertaken to remediate pollution in these lakes through water treatment and
reduced phosphorus inputs, which facilitated rapid recovery of many lakes to their former oligotro-
phic state (Smith and Schindler 2009). Following this ecological restoration, functional diversity
(variation in gill-raker number) in some whitefish taxa was rapidly reinstated (Jacobs et al. 2019).
Under eutrophication, hybridization included extensive introgression from species that became
extinct and data suggest substantial introgression of putatively adaptive alleles that underpinned
the initial diversification of whitefish in these lakes (Jacobs et al. 2019; Frei et al. 2022), likely
facilitating rediversification and recolonization of the now restored deep-water habitats. These pat-
terns highlight both the fragility of extrinsic Rl when environments change, and also that hybridization
may have helped to preserve variation now fueling the recovery of diversity after lakes were restored
(Frei et al. 2023). However, while some functional diversity has been restored, species diversity has
notrecovered and deep-water species are still absent, indicating that there are constraints on what can
be restored after severe disturbance.

This example of the consequences for eutrophication on peri-Alpine whitefish shows the drastic
consequences of human activities on Rl and functional diversity. However, it also highlights the
importance of swift action and implementation of remediation measures that can restore ecological
gradients and allow for at least some degree of rediversification using genetic variation that may still be
present.
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the feralization of domesticated species in which
humans are directly involved in both the evolu-
tion of the domesticated lineage and in its sec-
ondary contact with a nondomesticated lineage.
Examples of hybridization between wild and fe-
ral species include Scottish wild and domestic
cats (Senn et al. 2019), wolf and dog (Pilot et al.
2018), chicken and junglefowl (Gering et al.
2015), pigand boar (Mary et al. 2022), and maize
and teosinte (Le Corre et al. 2020).

Hybridization through anthropogenic sec-
ondary contact can, under some circumstances,
generate biodiversity. A classic example of homo-
ploid hybrid speciation is the Oxford ragwort
(Senecio squalidus), which is derived and repro-
ductivelyisolated from two parental species native
to Italy that were cultivated and incidentally
crossed at the Oxford botanic garden in the late
seventeenth century (Nevado et al. 2020). The
subsequent spread of S. squalidus throughout
much of Great Britain was aided by the develop-
ment of rail and road networks, whose verges ap-
pear to mimic the lava rock in the range of the
parental species (Harris 2002). Thus, human ac-
tivity is directly implicated in both the formation
of a species and the creation of habitat necessary
for that species to establish and spread. Similarly,
the human-aided introduction of the house spar-
row (Passer domesticus) into the Mediterranean
region resulted in secondary contact and hybrid-
ization with the Spanish sparrow Passer hispanio-
lensis, leading to the formation of a reproductively
isolated homoploid hybrid commensal species—
the Italian sparrow (Passer italiae) (Elgvin et al.
2017; Runemark et al. 2018). A third example is
seen in dock mussels—a distinct ecotype of Myti-
lus associated with port habitats that have arisen
through human-mediated hybridization between
M. edulis and M. galloprovincialis and colonized
multiple ports in parallel, and now constitutes a
stable admixed population that can hybridize with
the local parental species (Simon et al. 2020).

In summary, one consequence of human-in-
duced breakdowns in geographic and ecolog-
ical barriers is an increase in the opportunity
and frequency of hybridization, especially across
very long distances, in many places and across
multiple species within a food web and/or eco-
system at the same time. The outcomes of an-

thropogenic hybridization are more likely to be
negative than positive. While adaptive introgres-
sion (Hamilton and Miller 2016), reinforcement
of preexisting barriers, and hybrid speciation
(see Penalba et al. 2023; Zhang et al. 2023) are
possible outcomes, many documented cases of
anthropogenic hybridization have resulted in a
breakdown of RI between species (Grabenstein
and Taylor 2018). It is thus very unlikely for
anthropogenic hybridization to result in a posi-
tive outcome for global biodiversity.

ALTERED SPECIES TURNOVER RATES

Are we changing the predominant mechanisms
leading to speciation? Geographic isolation is
well documented as an important, and perhaps
even necessary, step for the evolution of complete
RI (Anderson and Weir 2022). As we have seen
above, with increasing globalization, humans are
causing geographic barriers to collapse, but also
causing population subdivisions via habitat frag-
mentation. We are directly or indirectly altering
selection regimes, with consequences for evolu-
tionary processes known to play important roles
in speciation. Anthropogenic activities are likely
also increasing the speed and frequency of both
early divergence between populations (i.e., poten-
tially leading to speciation) and the collapse of
recently diverged lineages (i.e., “despeciation”).
Since anthropogenic extinction is orders of mag-
nitude fasterand more taxonomically wide-reach-
ing than anthropogenic speciation, and because
fewer species in turn lowers chances to speciate,
the global diversification rate will likely decline in
the short term. Our impact on processes of speci-
ation will inevitably vary across taxa, with habitat
fragmentation having a strong impact locally, and
global movement of species acting on a totally
different scale. The consequences will thus de-
pend on a species’ dispersal ability. Are we likely
to witness an increase in populations/species
found in a transient stage on the speciation con-
tinuum (e.g., showing partial RI; Servedio and
Hermisson 2019), compared to what was ob-
served before human disturbances? Are we intro-
ducing new biases in patterns of diversification
across taxa? It is difficult to predict which, if any,
of the currently diverging lineages will result in
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tully isolated species. However, incipient species
showing some degree of RI do represent distinct
lineages that may increase functional biodiversity,
and can thus play an important role in ecosystem
functioning.

Can our knowledge of past events of mass
extinction and current data on the resilience of
different taxa to global climate change allow us
to predict how the world may look after us? On a
much longer scale (millions of years), and some-
what paradoxically, the ongoing extinction crisis
islikely to cause an increased speciation rate in the
future. Based on evidence from the fossil record,
elevated extinction rates generally trigger acceler-
ation of speciation rates when ecological commu-
nities reestablish (Harries et al. 1996; Hallam and
Wignall 1997; Foote 2023). For example, marine
microfossils appear to flourish after large extinc-
tion events (Keller and Pardo 2004). While the
extinction of many large vertebrates (megafauna)
is a well-known example of human impact, other
less visible taxa are also greatly affected by anthro-
pogenic disturbance, such as insect habitat spe-
cialists (Wagner 2021). This is an exciting avenue
for future studies.

Recent examples of ecosystem diversification
(see Box 1) have shown that taking rapid action to
restore habitats has a positive effect on diversity.
While we will likely lose much of the biodiversity
present before human activities, some of the
adaptive genetic and phenotypic variation that
allowed for initial diversification can be retained,
thereby potentially allowing population persis-
tence and ultimately, the formation of new taxa
(Ottenburghs 2021). At the core of the diversifi-
cation process is divergent selection arising from
complex niche space, to which organisms adapt
and diverge from one another. Therefore, con-
servation efforts may need to focus on preserving
features that promote the diversification process
per se, potentially allowing new species to emerge
in the future.

LONG-TERM STUDIES OF
ANTHROPOGENIC CHANGE AS A
TOOL TO UNDERSTAND SPECIATION

The multitude of ways that human activities alter
geographic context, create new sources of selec-

Anthropogenic Change and Speciation

tion, and induce secondary contact, combined
with the fact that many such events are replicated
and can be precisely dated, constitute some very
exciting opportunities for researchers to study
speciation. Many cases of early divergence have
been identified by studying organisms that have
colonized human-modified environments in par-
allel with their “wilder” counterparts, which al-
lowed identifying phenotypic and genomic differ-
entiation in these new environments (Filchak et al.
2000; Fonseca et al. 2004; Wright et al. 2013). In
some cases, high levels of Rl have been document-
ed. Observing the emergence of new species is
rarely possible, but documenting past collapse of
species or partially diverged lineages may be rela-
tively easy in contemporary systems (Otto 2018),
provided that known young species or locally
adapted population pairs are followed over time
(Rosenblum et al. 2012). Famous documented ex-
amples of such collapses are only possible because
oflong-term studies and include threespine stick-
lebacks (Taylor et al. 2006), cichlids (Seehausen
etal. 1997),and soapberry bugs (Carroll and Boyd
1992; Carroll et al. 1998; Cenzer 2016), where hu-
man-induced changes in environmental condi-
tions caused the rapid collapse of reproductive
barriers. In one case, both the collapse and re-
emergence of divergent whitefish species were ob-
served over a few decades in Alpine lakes first af-
fected by eutrophication, but then cleaned in
hopes of reversing the consequences of this an-
thropogenic disturbance (see Box 1), thanks to
long-term monitoring of these lakes.

Hybrid zones are often referred to as “natural
laboratories” (Barton and Hewitt 1985; Hewitt
1988) and anthropogenic hybrid zones provide
a particular powerful framework to study speci-
ation (Grabenstein and Taylor 2018). Anthropo-
genic hybrid zones offer well controlled, natural
experiments as they (1) are often replicated in
space (e.g., Simon et al. 2020; Westram et al.
2021), (2) have firm dates for secondary contact
from written records (e.g., Calfee et al. 2020;
McFarlane et al. 2020), and (3) may have precise
estimates of the number of introduced individu-
als (e.g., Ratcliffe 1987; reviewed in Grabenstein
and Taylor 2018). Additionally, because anthro-
pogenic hybrid zones are necessarily new, there is
the opportunity to understand the initial break-
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down or buildup of RI at secondary contact. This
is often not possible in older hybrid zones where
we study the separate question of how RI is main-
tained. Anthropogenic hybrid zones, particularly
when studied over many decades, are thus a pow-
erful opportunity to test theoretical predictions
about speciation processes directly in the wild
(Anderson and Weir 2022).

CONCLUSION

We have described here that the ubiquity of hu-
man impacts, affecting both geography and selec-
tion, often in parallel and very rapid ways, may
change the predominant mechanisms of specia-
tion. We may be approaching an era where it is
not possible to study evolution without human
disturbance. The best documented examples of
human-induced early lineage divergence and
species collapse were detected thanks to long-
term monitoring. We would like to emphasize
the power of studying natural systems over several
decades or even centuries, and the need for more
long-term thinking in our research field. This
allows not only the detection and quantification
of our impact on the environment, but also the
identification of ways to remediate these impacts.
By preserving and restoring ecosystems in ways
that promote (re-)diversification, instead of fo-
cusing on the conservation of single species, we
have the power to increase future opportunities of
speciation, and ultimately enhance biodiversity.

AUTHOR CONTRIBUTIONS

All authors contributed to the conceptualization
of the paper, writing of the original draft, and
reviewing and editing of the final version. M.A.
and M.C. led and administered the project.

ACKNOWLEDGMENTS

The authors were supported by the following
funding sources during the course of this pro-
ject: Swedish research council for sustainable
development (FORMAS) grant number 2018-
01563 to M.A. and A.Q. and 2018-01591 to
R.S. and A.C,, Swedish Research Council (VR)
grant number 2020-04631 to M.A. and A.Q,,

National Science Foundation IOS 1928891 to
S.A.T., National Science Foundation (DEB)
1638778 to ].W.B., and the Modelscape project
from the National Science Foundation grant
number 2019528 supported S.E.M.

REFERENCES

*Reference is also in this subject collection.

Ai H, Fang X, Yang B, Huang Z, Chen H, Mao L, Zhang F,
Zhang L, Cui L, He W, et al. 2015. Adaptation and pos-
sible ancient interspecies introgression in pigs identified
by whole-genome sequencing. Nat Genet 47: 217-225.
doi:10.1038/ng.3199

Ainouche ML, Baumel A, Salmon A, Yannic G. 2004. Hy-
bridization, polyploidy and speciation in Spartina (Poa-
ceae). New Phytologist 161: 165-172. doi:10.1046/j.1469-
8137.2003.00926.x

Alberti M, Correa C, Marzluff JM, Henry AP, Palkovacs EP,
Gotanda KM, Hunt VM, Apgar TM, Zhou Y. 2017. Glob-
al urban signatures of phenotypic change in animal and
plant populations. Proc Natl Acad Sci 114: 8951-8956.
d0i:10.1073/pnas.1606034114

Anderson SAS, Weir JT. 2022. The role of divergent ecolog-
ical adaptation during allopatric speciation in vertebrates.
Science 378: 1214-1218. doi:10.1126/science.abo7719

Antonovics J. 2006. Evolution in closely adjacent plant pop-
ulations X: long-term persistence of prereproductive iso-
lation at a mine boundary. Heredity (Edinb) 97: 33-37.
doi:10.1038/sj.hdy.6800835

Arnold ML, Kunte K. 2017. Adaptive genetic exchange: a
tangled history of admixture and evolutionary innova-
tion. Trends Ecol Evol 32: 601-611. doi:10.1016/j.tree
.2017.05.007

Badyaev AV, Young RL, Oh KP, Addison C. 2008. Evolution
on a local scale: developmental, functional and genetic
bases of divergence in bill form and associated changes
in song structure between adjacent habitats. Evolution
(NY) 62: 1951-1964. doi:10.1111/j.1558-5646.2008.00428 x

Barnosky AD, Matzke N, Tomiya S, Wogan GO, Swartz B,
Quental TB, Marshall C, McGuire JL, Lindsey EL, Maguire
KC, et al. 2011. Has the earth’s sixth mass extinction already
arrived? Nature 471: 51-57. doi:10.1038/nature09678

Barton NH, Hewitt GM. 1985. Analysis of hybrid zones.
Annu Rev Ecol Syst 16: 113-148. doi:10.1146/annurev.es
.16.110185.000553

Beaumont M, Barratt EM, Gottelli D, Kitchener AC, Daniels
M]J, Pritchard JK, Bruford MW. 2001. Genetic diversity
and introgression in the Scottish wildcat. Mol Ecol 10:
319-336. doi:10.1046/j.1365-294x.2001.01196.x

Benjamin A, May B, O’Brien ], Finger AJ. 2016. Conserva-
tion genetics of an urban desert fish, the Arroyo chub.
Trans Am Fish Soc 145: 277-286. doi:10.1080/00028487
.2015.1121925

Bergstrom A, Stanton DWG, Taron UH, Frantz L, Sinding
MS, Ersmark E, Pfrengle S, Cassatt-Johnstone M, Lebras-
seur O, Girdland-Flink L, et al. 2022. Grey wolf genomic
history reveals a dual ancestry of dogs. Nature 607: 313—
320. doi:10.1038/s41586-022-04824-9

16 Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Harbor Laboratory Press

Billerman SM, Murphy MA, Carling MD. 2016. Changing
climate mediates sapsucker (Aves: Sphyrapicus) hybrid
zone movement. Ecol Evol 6: 7976-7990. doi:10.1002/
ece3.2507

Bolnick DI, Fitzpatrick BM. 2007. Sympatric speciation:
models and empirical evidence. Annu Rev Ecol Evol
Syst 38: 459-487. doi:10.1146/annurev.ecolsys.38.091206
.095804

Brady S. 2009. Eco-evolutionary consequences of road adja-
cency and road salt on the wood frog, Rana sylvatica. Nat
Prec doi:10.1038/npre.2009.3674.1

Brannock PM, Wethey DS, Hilbish TJ. 2009. Extensive hy-
bridization with minimal introgression in Mytilus gallo-
provincialis and M. trossulus in Hokkaido, Japan. Mar
Ecol Prog Ser 383: 161-171. doi:10.3354/meps07995

Brede N, Sandrock C, Straile D, Spaak P, Jankowski T, Streit
B, Schwenk K. 2009. The impact of human-made ecolog-
ical changes on the genetic architecture of Daphnia spe-
cies. Proc Natl Acad Sci 106: 4758-4763. doi:10.1073/
pnas.0807187106

Bullock JM, Bonte D, Pufal G, da Silva Carvalho C, Chap-
man DS, Garcia C, Garcia D, Matthysen E, Delgado MM.
2018. Human-mediated dispersal and the rewiring of spa-
tial networks. Trends Ecol Evol 33: 958-970. doi:10.1016/j
.tree.2018.09.008

Bush GL. 1975. Modes of animal speciation. Annu Rev
Ecol Syst 6: 339-364. doi:10.1146/annurev.es.06.110175
.002011

Bush G. 1992. Host race formation and sympatric speciation
in Rhagoletis fruit flies (Diptera: Tephritidae). Psyche
(Stuttg) 99: 335-357. doi:10.1155/1992/67676

Buswell JM, Moles AT, Hartley S. 2011. Is rapid evolution
common in introduced plant species? J Ecol 99: 214-224.
doi:10.1111/j.1365-2745.2010.01759.x

Butlin RK, Smadja CM. 2018. Coupling, reinforcement, and
speciation. Am Nat 191: 155-172. doi:10.1086/695136
Byrne K, Nichols R. 1999. Culex pipiens in London Under-
ground tunnels: differentiation between surface and sub-
terranean populations. Heredity (Edinb) 82: 7-15. doi:10
.1038/sj.hdy.6884120

Calfee E, Agra MN, Palacio MA, Ramirez SR, Coop G. 2020.
Selection and hybridization shaped the rapid spread of
African honey bee ancestry in the Americas. PLoS Genet
16: €1009038. doi:10.1371/journal.pgen.1009038

Campbell-Staton SC, Winchell KM, Rochette NC, Fredette ],
Maayan I, Schweier RM, Catchen J. 2020. Parallel selec-
tion on thermal physiology facilitates repeated adaptation
of city lizards to urban heat islands. Nat Ecol Evol 4: 652
658. doi:10.1038/541559-020-1131-8

Canfield DE, Glazer AN, Falkowski PG. 2010. The evolution
and future of Earth’s nitrogen cycle. Science 330: 192-
196. doi:10.1126/science.1186120

Carroll SP, Boyd C. 1992. Host race radiation in the
soapberry bug: natural history with the history. Evolu-
tion (NY) 46: 1052-1069. doi:10.1111/j.1558-5646.1992
.tb00619.x

Carroll SP, Klassen SP, Dingle H. 1998. Rapidly evolv-
ing adaptations to host ecology and nutrition in the
soapberry bug. Evol Ecol 12: 955-968. doi:10.1023/A
:1006568206413

Anthropogenic Change and Speciation

Cenzer ML. 2016. Adaptation to an invasive host is driving
the loss of a native ecotype. Evolution (NY) 70: 2296—
2307. doi:10.1111/ev0.13023

Charlesworth B. 2009. Fundamental concepts in genetics:
effective population size and patterns of molecular evo-
lution and variation. Nat Rev Genet 10: 195-205. doi:10
.1038/nrg2526

Chunco A]J. 2014. Hybridization in a warmer world. Ecol
Evol 4: 2019-2031. doi:10.1002/ece3.1052

Cizkové D, Javiirkova V, Champagnon J, Kreisinger J. 2012.
Duck’s not dead: does restocking with captive bred indi-
viduals affect the genetic integrity of wild mallard (Anas
platyrhynchos) population? Biol Conserv 152: 231-240.
doi:10.1016/j.biocon.2012.04.008

Coyne JA, Orr HA. 2004. Speciation. Sinauer, Sunderland,
MA.

Crispo E, Moore JS, Lee-Yaw JA, Gray SM, Haller BC. 2011.
Broken barriers: human-induced changes to gene flow
and introgression in animals. Bioessays 33: 508-518.
doi:10.1002/bies.201000154

Curtzen PJ, Stoermer EF. 2000. The “Anthropocene.” Global
Change Newsletter 41: 17-18.

Darimont CT, Carlson SM, Kinnison MT, Paquet PC,
Reimchen TE, Wilmers CC. 2009. Human predators out-
pace other agents of trait change in the wild. Proc Natl
Acad Sci 106: 952-954. doi:10.1073/pnas.0809235106

De Jong K, Amorim MCP, Fonseca PJ, Heubel KU. 2018.
Noise affects multimodal communication during court-
ship in a marine fish. Front Ecol Evol 6: 113. doi:10.3389/
fevo.2018.00113

De-Kayne R, Selz OM, Marques DA, Frei D, Seehausen O,
Feulner PDG. 2022. Genomic architecture of adaptive
radiation and hybridization in Alpine whitefish. Nat
Commun 13: 4479. doi:10.1038/s41467-022-32181-8

Delaney KS, Riley SPD, Fisher RN. 2010. A rapid, strong, and
convergent genetic response to urban habitat fragmenta-
tion in four divergent and widespread vertebrates. PLoS
ONE 5: €12767. doi:10.1371/journal.pone.0012767

Diamond SE, Chick L, Perez A, Strickler SA, Martin RA.
2017. Rapid evolution of ant thermal tolerance across
an urban-rural temperature cline. Biol J Linn Soc 121:
248-257. doi:10.1093/biolinnean/blw047

Diaz-Munoz SL. 2012. Role of recent and old riverine bar-
riers in fine-scale population genetic structure of Geoff-
roy’s tamarin (Saguinus geoffroyi) in the Panama Canal
watershed. Evol Evol 2: 298-309. doi:10.1002/ece3.79

Dobbs C, Nitschke C, Kendal D. 2017. Assessing the drivers
shaping global patterns of urban vegetation landscape
structure. Sci Total Environ 592: 171-177. doi:10.1016/j
.scitotenv.2017.03.058

Dokulil M. 2014. Impact of climate warming on European
inland waters. Inland Waters 4: 27-40. doi:10.5268/TW-4
.1.705

Egan SP, Ragland GJ, Assour L, Powell THQ, Hood GR,
Emrich S, Nosil P, Feder JL. 2015. Experimental evidence
of genome-wide impact of ecological selection during
early stages of speciation-with-gene-flow. Ecol Lett 18:
817-825. doi:10.1111/ele.12460

Elgvin TO, Trier CN, Torresen OK, Hagen IJ, Lien S, Neder-
bragt AJ, Ravinet M, Jensen H, Satre GP. 2017. The ge-

Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455 17


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring

www.cshperspectives.org

Harbor Laboratory Press

M. Alund et al.

nomic mosaicism of hybrid speciation. Sci Adv 3:
€1602996. doi:10.1126/sciadv.1602996

Ellis EC, Ramankutty N. 2008. Putting people in the map:
anthropogenic biomes of the world. Front Ecol Environ 6:
439-447. d0i:10.1890/070062

Feder J, Chilcote C, Bush G. 1988. Genetic differentiation
between sympatric host races of the apple maggot fly
Rhagoletis pomonella. Nature 336: 61-64. doi:10.1038/
33606120

Feder JL, Opp SB, Wlazlo B, Reynolds K, Go W, Spisak S.
1994. Host fidelity is an effective premating barrier be-
tween sympatric races of the apple maggot fly. Proc Natl
Acad Sci 91: 7990-7994. doi:10.1073/pnas.91.17.7990

Feder JL, Berlocher SH, Roethele JB, Dambroski H, Smith JJ,
Perry WL, Gavrilovic V, Filchak KE, Rull J, Aluja M. 2003.
Allopatric genetic origins for sympatric host-plant shifts
and race formation in Rhagoletis. Proc Natl Acad Sci 100:
10314-10319. doi:10.1073/pnas.1730757100

Ferrarin C, Bajo M, Bellafiore D, Cucco A, De Pascalis F,
Ghezzo M, Umgiesser G. 2014. Toward homogeniza-
tion of mediterranean lagoons and their loss of hydro-
diversity. Geophys Res Lett 41: 5935-5941. doi:10.1002/
2014GL060843

Filchak KE, Roethele JB, Feder JL. 2000. Natural selection
and sympatric divergence in the apple maggot Rhagoletis
pomonella. Nature 407: 739-742. doi:10.1038/35037578

Fisher HS, Wong BM, Rosenthal Gil G. 2006. Alteration of
the chemical environment disrupts communication in a
freshwater fish. Proc Biol Sci 273: 1187-1193. doi:10
.1098/rspb.2005.3406

Fonseca DM, Keyghobadi N, Malcolm CA, Mehmet C,
Schaffner F, Mogi M, Fleischer RC, Wilkerson RC.
2004. Emerging vectors in the Culex pipiens complex.
Science 303: 1535-1538. doi:10.1126/science.1094247

Foote M. 2023. Diversity-dependent diversification in the
history of marine animals. Am Nat 201: 680-693.
doi:10.1086/723626

Ford RJ, Selman W, Taylor SS. 2017. Hybridization between
mottled ducks (Anas fulvigula maculosa) and mallards
(A. platyrhynchos) in the western Gulf coast region. Con-
dor 119: 683-696. doi:10.1650/CONDOR-17-18.1

Franks SJ, Hoffmann AA. 2012. Genetics of climate change
adaptation. Ann Rev Genet 46: 185-208. doi:10.1146/an
nurev-genet-110711-155511

Franssen NR. 2011. Anthropogenic habitat alteration in-
duces rapid morphological divergence in a native stream
fish. Evol Appl 4: 791-804. doi:10.1111/j.1752-4571.2011
.00200.x

Franssen NR, Stewart LK, Schaefer JF. 2013. Morphological
divergence and flow-induced phenotypic plasticity in a
native fish from anthropogenically altered stream habi-
tats. Ecol Evol 3: 4648-4657. doi:10.1002/ece3.842

Frei D, De-Kayne R, Selz OM, Seehausen O, Feulner PGD.
2022. Genomic variation from an extinct species is re-
tained in the extant radiation following speciation rever-
sal. Nat Ecol Evol 6: 461-468. doi:10.1038/s41559-022-
01665-7

Frei D, Reichlin P, Seehausen O, Feulner PGD. 2023. Intro-
gression from extinct species facilitates adaptation to its
vacated niche. Mol Ecol 32: 841-853. doi:10.1111/mec
16791

*

Fuller MR, Doyle MW, Strayer DL. 2015. Causes and
consequences of habitat fragmentation in river net-
works. Ann NY Acad Sci 1355: 31-51. doi:10.1111/nyas
12853

Garlovsky MD, Whittington E, Albrech T, Arenas-Castro
H, Castillo DM, Keais GL, Larson EL, Moyle LC,
Plakke M, Reifova R, et al. 2023. Synthesis and scope of
the role of postmating prezygotic isolation in speciation.
Cold Spring Harb Perspect Biol doi:10.1101/cshperspect
.a041429

Garroway CJ, Bowman J, Cascaden TJ, Holloway GL, Mahan
CG, Malcolm JR, Steele MA, Turner G, Wilson PJ. 2010.
Climate change induced hybridization in flying squirrels.
Glob Chang Biol 16: 113-121. doi:10.1111/j.1365-2486
.2009.01948.x

Garroway CJ, Bowman J, Holloway GL, Malcolm JR, Wilson
PJ. 2011. The genetic signature of rapid range expansion
by flying squirrels in response to contemporary climate
warming. Glob Chang Biol 17: 1760-1769. doi:10.1111/j
.1365-2486.2010.02384.x

Gavrilets S. 2003. Perspective: models of speciation: what
have we learned in 40 years? Evolution (NY) 10: 2197-
2215.

Gering E, Johnsson M, Willis P, Getty T, Wright D. 2015.
Mixed ancestry and admixture in Kauai’s feral chickens:
invasion of domestic genes into ancient red Junglefowl
reservoirs. Mol Ecol 24: 2112-2124. doi:10.1111/mec
13096

Giery ST, Layman CA, Langerhans RB. 2015. Anthropogenic
ecosystem fragmentation drives shared and unique pat-
terns of sexual signal divergence among three species of
Bahamian mosquitofish. Evol Appl 8: 679-691. doi:10
1111/eva.12275

Gow JL, Peichel CL, Taylor EB. 2006. Contrasting hybridi-
zation rates between sympatric three-spined sticklebacks
highlight the fragility of reproductive barriers between
evolutionarily young species. Mol Ecol 15: 739-752.
doi:10.1111/j.1365-294X.2006.02825.x

Grabenstein KC, Taylor SA. 2018. Breaking barriers: causes,
consequences, and experimental utility of human-medi-
ated hybridization. Trends Ecol Evol 33: 198-212. doi:10
.1016/j.tree.2017.12.008

Grabenstein KC, Otter KA, Burg TM, Taylor SA. 2023. Hy-
bridization between closely related songbirds is related to
human habitat disturbance. Glob Chang Biol 29: 955-968.
doi:10.1111/gcb.16476

Grant PR, Grant BR. 2019. Hybridization increases popula-
tion variation during adaptive radiation. Proc Natl Acad
Sci 116: 23216-23224. doi:10.1073/pnas.1913534116

Guo Q. 2014. Plant hybridization: the role of human dis-
turbance and biological invasion. Divers Distrib 20: 1345-
1354. doi:10.1111/ddi.12245

Guo WY, Lambertini C, PySek P, Meyerson LA, Brix H.
2018. Living in two worlds: evolutionary mechanisms
act differently in the native and introduced ranges of an
invasive plant. Ecol Evol 8: 2440-2452. doi:10.1002/ece3
.3869

Haas TC, Blum M]J, Heins DC. 2010. Morphological re-
sponses of a stream fish to water impoundment. Biol
Lett 6: 803-806. d0i:10.1098/rsbl.2010.0401

18 Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Harbor Laboratory Press

Haba Y, McBride L. 2022. Origin and status of culex pipiens
mosquito ecotypes. Curr Biol 32: R237-R246. doi:10
.1016/j.cub.2022.01.062

Hallam A, Wignall PB. 1997. Mass extinctions and their
aftermath. Oxford University Press, Oxford.

Hamilton JA, Miller JM. 2016. Adaptive introgression as a
resource for management and genetic conservation in a
changing climate. Conserv Biol 30: 33-41. doi:10.1111/
cobi.12574

Harries PJ, Kauffman EG, Hansen TA. 1996. Models for
biotic survival following mass extinction. Geol Soc Lon
Spec Publ 102: 41-60. doi:10.1144/GSL.SP.1996.001.01
.03

Harris SA. 2002. Introduction of the Oxford ragwort Senecio
squalidus L. (Asteraceae) into the United Kingdom. Wat-
sonia 24: 31-42.

Heinen-Kay JL, Noel HG, Layman CA, Langerhans RB.
2014. Human-caused habitat fragmentation can drive
rapid divergence of male genitalia. Evol Appl 7: 1252
1267. doi:10.1111/eva.12223

Hendry AP, Wenburg JK, Bentzen P, Volk EC, Quinn TP.
2000. Rapid evolution of reproductive isolation in the
wild: evidence from introduced salmon. Science 290:
516-518. doi:10.1126/science.290.5491.516

Hendry AP, Gotanda M, Svensson EI. 2017. Human influ-
ences on evolution, and the ecological and societal con-
sequences. Phil Trans R Soc Lond B Biol Sci 372:
20160028-20160028. doi:10.1098/rstb.2016.0028

Hewitt GM. 1988. Hybrid zones-natural laboratories for evo-
lutionary studies. Trends Ecol Evol 3: 158-167. doi:10
.1016/0169-5347(88)90033-X

Isaksson C. 2018. Impact of urbanization on birds. In Bird
species. Fascinating life sciences (ed. Tietze D). Springer,
Cham, Switzerland.

Jacobs A, Carruthers M, Eckmann R, Yohannes E, Adams
CE, Behrmann-Godel J, Elmer KR. 2019. Rapid niche
expansion by selection on functional genomic variation
after ecosystem recovery. Nat Ecol Evol 3: 77-86. doi:10
.1038/s41559-018-0742-9

Javal M, Lombaert E, Tsykun T, Courtin C, Kerdelhué C,
Prospero S, Roques A, Roux G. 2019. Deciphering the
world-wide invasion of the Asian long-horned beetle: a
recurrent invasion process from the native area together
with a bridgehead effect. Mol Ecol 28: 951-967. doi:10
.1111/mec.15030

Jenkins MR, Cummings JM, Cabe AR, Hulthén K, Peterson
MN, Langerhans RB. 2021. Natural and anthropogenic
sources of habitat variation influence exploration behav-
iour, stress response, and brain morphology in a coastal
fish. J Anim Ecol 90: 2446-2461. doi:10.1111/1365-2656
13557

Johnson MT]J, Munshi-South J. 2017. Evolution of life
in urban environments. Science 358: eaam8327. doi:10
.1126/science.aam8327

Keller G, Pardo A. 2004. Disaster opportunists Guembelitri-
nidae: index for environmental catastrophes. Mar Micro-
paleontol 53: 83-116. doi:10.1016/j.marmicro.2004.04
.012

Kennedy CM, Oakleaf JR, Theobald DM, Baruch-Mordo S,
Kiesecker J. 2020. Global human modification of terrestri-

Anthropogenic Change and Speciation

al systems. Palisades. NASA Socioeconomic Data and Ap-
plications Center (SEDAC), New York.

Kleindorfer S, O’Connor JA, Dudaniec RY, Myers SA, Rob-
ertson J, Sulloway FJ. 2014. Species collapse via hybridi-
zation in Darwin’s tree finches. Am Nat 183: 325-341.
doi:10.1086/674899

Koneru M, Caro T. 2022. Animal coloration in the Anthro-
pocene. Front Ecol Evol 10: 857317. doi:10.3389/fevo
.2022.857317

Krichbaum K, Mahan CG, Steele MA, Turner G, Hudson PJ.
2010. The potential role of strongyloides robustus on par-
asite-mediated competition between two species of flying
squirrels (Glaucomys). J Wildl Dis 46: 229-235. doi:10
.7589/0090-3558-46.1.229

Kunc HP, Schmidt R. 2021. Species sensitivities to a global
pollutant: a meta-analysis on acoustic signals in response
to anthropogenic noise. Glob Chang Biol 27: 675-688.
doi:10.1111/gcb.15428

Langerhans RB, Kern EMA. 2020. Urbanization and evolu-
tion in aquatic environments. In Urban evolutionary bi-
ology (ed. Szulkin M). Oxford University Press, Oxford.

Langerhans RB, Riesch R. 2013. Speciation by selection: a
framework for understanding ecology’s role in speciation.
Curr Zool 59: 31-52. doi:10.1093/czoolo/59.1.31

Larson G, Fuller DQ. 2014. The evolution of animal domes-
tication. Annu Rev Ecol Evol Syst 45: 115-136. doi:10
.1146/annurev-ecolsys-110512-135813

Lawson DM, Williams CK, Lavretsky P, Howell DL, Fuller
JC. 2021. Mallard-black duck hybridization and popula-
tion genetic structure in North Carolina. ] Wildl Manage
85: 1243-1255. doi:10.1002/jwmg.22085

Le Corre V, Siol M, Vigouroux Y, Tenaillon MI, Délye C.
2020. Adaptive introgression from maize has facilitated
the establishment of teosinte as a noxious weed in Europe.
Proc Natl Acad Sci 117: 25618-25627. doi:10.1073/pnas
2006633117

Lehman N, Eisenhawer A, Hansen K, Mech LD, Peterson
RO, Gogan PJP, Wayne RK. 1991. Introgression of coyote
mitochondrial DNA into sympatric North American gray
wolf populations. Evolution (NY) 45: 104-119. doi:10
.2307/2409486

Le Moan AL, Roby C, Fraisse C, Daguin-Thiébaut C, Bierne
N, Viard F. 2021. An introgression breakthrough left by
an anthropogenic contact between two ascidians. Mol
Ecol 30: 6718-6732. doi:10.1111/mec.16189

Lewis SL, Maslin MA. 2015. Defining the anthropocene.
Nature 519: 171-180. doi:10.1038/nature14258

Linn C Jr, Feder JL, Nojima S, Dambroski HR, Berlocher SH,
Roelofs W. 2003. Fruit odor discrimination and sympatric
host race formation in Rhagoletis. Proc Natl Acad Sci 100:
11490-11493. doi:10.1073/pnas.1635049100

Littleford-Colquhoun BL, Clemente C, Whiting MJ, Ortiz-
Barrientos D, Frére CH. 2017. Archipelagos of the
Anthropocene: rapid and extensive differentiation of na-
tive terrestrial vertebrates in a single metropolis. Mol Ecol
26: 2466-2481. doi:10.1111/mec.14042

Loria A, Cristescu ME, Gonzalez A. 2019. Mixed evidence
for adaptation to environmental pollution. Evol Appl 12:
1259-1273. doi:10.1111/eva.12782

Lourengo A, Alvarez D, Wang IJ, Velo-Antén G. 2017.
Trapped within the city: integrating demography, time

Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455 19


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Harbor Laboratory Press

M. Alund et al.

since isolation and population-specific traits to assess the
genetic effects of urbanization. Mol Ecol 26: 1498-1514.
doi:10.1111/mec.14019

Lu Z, Johnson WE, Menotti-Raymond M, Yuhki N, Mar-
tenson JS, Mainka S, Shi-Qiang H, Zhihe Z, Li G, Pan W,
etal. 2001. Patterns of genetic diversity in remaining giant
panda populations. Conserv Biol 15: 1596-1607. doi:10
.1046/j.1523-1739.2001.00086.x

Mallet J. 2007. Hybrid speciation. Nature 446: 279-283.
doi:10.1038/nature05706

Martin MD, Mendelson TC. 2012. Signal divergence is cor-
related with genetic distance and not environmental dif-
ferences in darters (Percidae: Etheostoma). Evol Biol 39:
231-241. doi:10.1007/s11692-012-9179-2

Mary N, Tannuccelli N, Petit G, Bonnet N, Pinton A, Barasc
H, Faure A, Calgaro A, Grosbois V, Servin B, et al. 2022.
Genome-wide analysis of hybridization in wild boar pop-
ulations reveals adaptive introgression from domestic pig.
Evol Appl 15: 1115-1128. doi:10.1111/eva.13432

Mather A, Hancox D, Riginos C. 2015. Urban development
explains reduced genetic diversity in a narrow range en-
demic freshwater fish. Conserv Genet 16: 625-634. doi:10
.1007/5s10592-014-0688-7

Mayr E. 1963. Animal species and evolution. Harvard Uni-
versity Press, Cambridge, MA.

McFarlane SE, Pemberton JM. 2019. Detecting the true ex-
tent of introgression during anthropogenic hybridization.
Trends in Evol Evol 34: 315-326. doi:10.1016/j.tree.2018
.12.013

McFarlane SE, Hunter DC, Senn HV, Smith SL, Holland
R, Huisman J, Pemberton JM. 2020. Increased genetic
marker density reveals high levels of admixture between
red deerandintroduced Japanese sika in Kintyre, Scotland.
Evol Appl 13: 432-441. doi:10.1111/eva.12880

McPhail JD. 1992. Ecology and evolution of sympatric stick-
lebacks (Gasterosteus): evidence for a species-pair in Pax-
ton Lake, Texada Island, British Columbia. Can | Zool 70:
361-369. doi:10.1139/292-054

Miles LS, Johnson JC, Dyer RJ, Verrelli BC. 2018. Ur-
banization as a facilitator of gene flow in a human
health pest. Mol Ecol 27: 3219-3230. doi:10.1111/mec
14783

Miles LS, Rivkin LR, Johnson MTJ, Munshi-South J,
Verrelli BC. 2019. Gene flow and genetic drift in urban
environments. Mol Ecol 28: 4138-4151. doi:10.1111/mec
15221

Mooney HA, Cleland EE. 2001. The evolutionary impact of
invasive species. Proc Natl Acad Sci 98: 5446-5451. doi:10
.1073/pnas.091093398

Munoz-Fuentes V, Vila C, Green AJ, Negro JJ, Sorenson
MD. 2007. Hybridization between white-headed ducks
and introduced ruddy ducks in Spain. Mol Ecol 16:
629-638. doi:10.1111/§.1365-294X.2006.03170.x

Murtia M, Espinoza C, Bustamante R, Marin VH, Medel R.
2010. Does human-induced habitat transformation mod-
ify pollinator-mediated selection? A case study in Viola
portalesia (Violaceae). Oecologia 163: 153-162. doi:10
.1007/s00442-010-1587-3

Nevado B, Harris S, Beaumont A, Hiscock S. 2020. Rapid
homoploid hybrid speciation in British gardens: the ori-

*

gin of Oxford ragwort (Senecio squalidus). Mol Ecol 29:
4221-4233. doi:10.1111/mec.15630

Nolte AW, Freyhof J, Stemshorn KC, Tautz D. 2005. An
invasive lineage of sculpins, Cottus sp. (Pisces, Teleostei)
in the Rhine with new habitat adaptations has originated
from hybridization between old phylogeographic groups.
Proc R Soc Lond B Biol Sci 272: 2379-2387.

Nosil P. 2009. Adaptive population divergence in cryptic
color-pattern following a reduction in gene flow. Evolu-
tion (NY) 63: 1902-1912. doi:10.1111/j.1558-5646.2009
.00671.x

Nosil P. 2012. Ecological speciation, Oxford Series in Ecology
and Evolution. Oxford University Press, Oxford.

Nosil P, Flaxman SM. 2011. Conditions for mutation-order
speciation. Proc Biol Sci 278: 399-407. doi:10.1098/rspb
.2010.1215

O’Brien PP, Bowman J, Coombs AB, Newar SL, Garroway
CJ. 2021. Winter nest trees of sympatric northern (Glau-
comys sabrinus) and southern (Glaucomys volans) flying
squirrels: a test of reinforcement in a hybrid zone. Can |
Zool 99: 859-866. doi:10.1139/¢jz-2021-0086

O’Brien PP, Bowman ], Newar SL, Garroway CJ. 2022. Test-
ing the parasite-mediated competition hypothesis be-
tween sympatric northern and southern flying squirrels.
Int J Parasitol 17: 83-90.

Ottenburghs J. 2018. Exploring the hybrid speciation con-
tinuum in birds. Evol Evol 8: 13027-13034. doi:10.1002/
ece3.4558

Ottenburghs J. 2021. The genic view of hybridization in the
Anthropocene. Evol Appl 14: 2342-2360. doi:10.1111/eva
13223

Otto SP. 2018. Adaptation, speciation and extinction in the
Anthropocene. Proc Biol Sci 285: 20182047. doi:10.1098/
rspb.2018.2047

Owens GL, Samuk K. 2020. Adaptive introgression during
environmental change can weaken reproductive isolation.
Nat Clim Chang 10: 58-62. doi:10.1038/s41558-019-
0628-0

Oziolor EM, Reid NM, Yair S, Lee KM, Guberman VerPloeg
S, Bruns PC, Shaw JR, Whitehead A, Matson CW. 2019.
Adaptive introgression enables evolutionary rescue from
extreme environmental pollution. Science 364: 455-457.
doi:10.1126/science.aav4155

Penalba JV, Runemark A, Meier J, Singh P, Wogan G, San-
chez-Guillen R, Mallet J, Rometsch SJ, Menon M, See-
hausen O, et al. 2023. The role of hybridization in species
formation. Cold Spring Harb Perspect Biol doi:10.1101/
cshperspect.a041445

Pilakouta N, Alund M. 2021. Sexual selection and environ-
mental change: what do we know and what comes next?
Curr Zool 67: 293-298. doi:10.1093/cz/z0ab021

Pilot M, Greco C, von Holdt BM, Randi E, Jedrzejewski W,
Sidorovich VE, Konopinski MK, Ostrander EA, Wayne
RK. 2018. Widespread, long-term admixture between
grey wolves and domestic dogs across Eurasia and its
implications for the conservation status of hybrids. Evol
Appl 11: 662-680. doi:10.1111/eva.12595

Popovic I, Matias AMA, Bierne N, Riginos C. 2020. Twin
introductions by independent invader mussel lineages are
both associated with recent admixture with a native con-

20 Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Harbor Laboratory Press

gener in Australia. Evol Appl 13: 515-532. doi:10.1111/
eva.12857

Prentis PJ, Wilson JR, Dormontt EE, Richardson DM, Lowe
AJ. 2008. Adaptive evolution in invasive species. Trends
Plant Sci 13: 288-294. doi:10.1016/j.tplants.2008.03.004

Price T. 2008. Speciation in birds. Roberts and Company,
Greenwood Village, CO.

Price T. 2022. Ecology of a changed world. Oxford Academic,
New York.

Qvarnstrdm A, Veen T, Husby A, Alund M, Weissing FJ.
2023. Assortative mating in an ecological context: effects
of mate choice errors and relative species abundance on
the frequency and asymmetry of hybridization. Am Nat
201: 125-137. doi:10.1086/722156

Ratcliffe PR. 1987. Distribution and current status of sika
deer, Cervus nippon, in Great Britain. Mamm Rev 17:
39-58. doi:10.1111/j.1365-2907.1987.tb00047 .x

Ravinet M, Elgvin TO, Trier C, Aliabadian M, Gavrilov A,
Seetre GP. 2018. Signatures of human-commensalism in
the house sparrow genome. Proc Biol Sci 285: 20181246.
doi:10.1098/rspb.2018.1246

Reichard DG, Atwell JW, Pandit MM, Cardoso GC, Price
TD, Ketterson ED. 2020. Urban birdsongs: higher mini-
mum song frequency of an urban colonist persists in a
common garden experiment. Anim Behav 170: 33-41.
doi:10.1016/j.anbehav.2020.10.007

Resasco J, Haddad NM, Orrock JL, Shoemaker D, Brudvig
LA, Damschen EI, Tewksbury JJ, Levey DJ. 2014. Land-
scape corridors can increase invasion by an exotic species
and reduce diversity of native species. Ecology 95: 2033
2039. doi:10.1890/14-0169.1

Rhymer JM, Williams MJ, Braun MJ. 1994. Mitochondrial
analysis of gene flow between New Zealand mallards
(Anas platyrhynchos) and grey ducks (A. superciliosa).
Auk 111: 970-978. doi:10.2307/4088829

Richardson LE, Graham NAJ, Pratchett MS, Eurich JG,
Hoey AS. 2018. Mass coral bleaching causes biotic ho-
mogenization of reef fish assemblages. Glob Change Biol
24:3117-3129. doi:10.1111/gcb.14119

Riesch R, Easter T, Layman CA, Langerhans RB. 2015.
Rapid human-induced divergence of life-history strate-
gies in Bahamian livebearing fishes (family Poecilii-
dae). | Anim Ecol 84: 1732-1743. doi:10.1111/1365-
2656.12425

Riley SP, Pollinger JP, Sauvajot RM, York EC, Bromley C,
Fuller TK, Wayne RK. 2006. FAST-TRACK: a southern
California freeway is a physical and social barrier to gene
flow in carnivores. Mol Ecol 15: 1733-1741. doi:10.1111/j
.1365-294X.2006.02907 x

Roebroeks W, Villa P. 2011. On the earliest evidence for
habitual use of fire in Europe. Proc Natl Acad Sci 108:
5209-5214. doi:10.1073/pnas.1018116108

Rosenblum EB, Sarver BAJ, Brown JW, Des Roches S, Hard-
wick KM, Hether TD, Eastman JM, Pennell MW, Har-
mon LJ. 2012. Goldilocks meets Santa Rosalia: an ephem-
eral speciation model explains patterns of diversification
across time scales. Evol Biol 39: 255-261. doi:10.1007/
$11692-012-9171-x

Runemark A, Trier CN, Eroukhmanoff F, Hermansen
JS, Matschiner M, Ravinet M, Elgvin TO, Setre GP.
2018. Variation and constraints in hybrid genome forma-

Anthropogenic Change and Speciation

tion. Nat Ecol Evol 2: 549-556. d0i:10.1038/s41559-017-
0437-7

Saarman NP, Pogson GH. 2015. Introgression between in-
vasive and native blue mussels (genus Mytilus) in the
central California hybrid zone. Mol Ecol 24: 4723-4738.
doi:10.1111/mec.13340

Santangelo JS, Ness RW, Cohan B, Fitzpatrick CR, Innes SG,
Koch S, Miles LS, Munim S, Peres-Neto PR, Prashad C, et
al. 2022. Global urban environmental change drives ad-
aptation in white clover. Science 375: 1275-1281. doi:10
.1126/science.abk0989

Schluter D. 2009. Evidence for ecological speciation and its
alternative. Science 323: 737-741. DOI:10.1126/science
.1160006

Seehausen O. 2006. Conservation: losing biodiversity by re-
verse speciation. Curr Biol 16: R336-R337. doi:10.1016/j
.cub.2006.03.080

Seehausen O, Van Alphen JJM, Witte F. 1997. Cichlid fish
diversity threatened by eutrophication that curbs sexual
selection. Science 277: 1808-1811. doi:10.1126/science
.277.5333.1808

Senn HV, Ghazali M, Kaden J, Barclay D, Harrower B,
Campbell RD, Macdonald DW, Kitchener AC. 2019. Dis-
tinguishing the victim from the threat: SNP-based meth-
ods reveal the extent of introgressive hybridization be-
tween wildcats and domestic cats in Scotland and
inform future in situ and ex situ management options
for species restoration. Evol Appl 12: 399-414. doi:10
.1111/eva.12720

Servedio MR, Hermisson J. 2020. The evolution of partial
reproductive isolation as an adaptive optimum. Evolution
(NY) 74: 4-14. doi:10.1111/ev0.13880

Sievers M, Hale R, Parris KM, Swearer SE. 2018. Impacts of
human-induced environmental change in wetlands on
aquatic animals. Biol Rev 93: 529-554. d0i:10.1111/brv
12358

Simon A, Arbiol C, Nielsen EE, Couteau ], Sussarellu R,
Burgeot T, Bernard I, Coolen JWP, Lamy JB, et al. 2020.
Replicated anthropogenic hybridisations reveal parallel
patterns of admixture in marine mussels. Evol Appl 13:
575-599. doi:10.1111/eva.12879

Sirkia PM, McFarlane SE, Jones W, Wheatcroft D, Alund M,
Rybinski J, Qvarnstrom A. 2018. Climate-driven build-up
of temporal isolation within a recently formed avian hy-
brid zone. Evolution (NY) 72: 363-374. doi:10.1111/evo
13404

Smith VH, Schindler DW. 2009. Eutrophication science:
where do we go from here? Trends Ecol Evol 24: 201-
207. doi:10.1016/j.tree.2008.11.009

Smith RF, Alexander LC, Lamp WO. 2009. Dispersal by
terrestrial stages of stream insects in urban watersheds:
a synthesis of current knowledge. ] North Am Benthol Soc
28: 1022-1037. doi:10.1899/08-176.1

Stewart L, Simonsen CE, Svenning JC, Schmidt NM, Pellis-
sier L. 2018. Forecasted homogenization of high Arctic
vegetation communities under climate change. J Biogeogr
45: 2576-2587. doi:10.1111/jbi.13434

Strauss SY, Lau JA, Carroll SP. 2006. Evolutionary responses
of natives to introduced species: what do introductions tell
us about natural communities? Ecol Lett 9: 357-374.
doi:10.1111/j.1461-0248.2005.00874.x

Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455 21


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

*

Harbor Laboratory Press

M. Alund et al.

Su H, QuLJ, He K, Zhang Z, Wang J, Chen Z, Gu H. 2003.
The Great Wall of China: a physical barrier to gene
flow? Heredity (Edinb) 90: 212-219. doi:10.1038/sj.hdy
6800237

Szulkin M, Munshi-South J, Charmantier A. 2020. Urban
evolutionary biology. Oxford University Press, Oxford.

Tait C, Batra S, Ramaswamy SS, Feder JL, Olsson SB.
2016. Sensory specificity and speciation: a potential
neuronal pathway for host fruit odour discrimination in
Rhagoletis pomonella. Proc R Soc Lond B Biol Sci 283:
20162101.

Taylor EB, Boughman JW, Groenenboom M, Sniatynski M,
Schluter D, Gow JL. 2006. Speciation in reverse: morpho-
logical and genetic evidence of the collapse of a three-
spined stickleback (Gasterosteus aculeatus) species pair.
Mol Ecol 15: 343-355. doi:10.1111/j.1365-294X.2005
.02794.x

Taylor SA, Curry RL, White TA, Ferretti V, Lovette I. 2014.
Spatiotemporally consistent genomic signatures of repro-
ductive isolation in a moving hybrid zone. Evolution (NY)
68: 3066-3081. doi:10.1111/ev0.12510

Templeton AR, Robertson R]J, Brisson J, Strasburg J. 2001.
Disrupting evolutionary processes: the effect of habitat
fragmentation on collared lizards in the Missouri Ozarks.
Proc Natl Acad Sci 98: 5426-5432. doi:10.1073/pnas
091093098

Thompson TQ, Bellinger MR, O’Rourke SM, Prince, DJ,
Stevenson, AE, Rodrigues, AT, Sloat, MR, Speller, CF,
Yang, DY, Butler, VL, et al. 2019. Anthropogenic hab-
itat alteration leads to rapid loss of adaptive variation
and restoration potential in wild salmon populations.
Proc Natl Acad Sci 116: 177-186. doi:10.1073/pnas
1811559115

Thompson KA, Brandvain Y, Coughlan JM, Delmore KE,
Justen H, Linnen CR, Ortiz-Barrientos D, Rushworth CA,
Schneemann H, Schumer M, Stelkens R. 2023. The ecol-
ogy of hybrid incompatibilities. Cold Spring Harb Perspect
Biol doi:10.1101/cshperspect.a041440

Toups M, Kitchen A, Light JE, Reed DL. 2011. Origin of
clothing lice indicates early clothing use by anatomically
modern humans in Africa. Mol Biol Evol 28: 29-32.
doi:10.1093/molbev/msq234

Trombulak SC, Frissell CA. 2000. Review of ecological effects
of roads on terrestrial and aquatic communities. Conserv
Biol 14: 18-30. doi:10.1046/j.1523-1739.2000.99084.x

Valencia-Montoya WA, Elfekih S, North HL, Meier ]I,
Warren IA, Tay WT, Gordon KHJ, Specht A, Paula-
Moraes SV, Rane R, et al. 2020. Adaptive introgression
across semipermeable species boundaries between local
Helicoverpa zea and invasive Helicoverpa armigera
moths. Mol Biol Evol 37: 2568-2583. doi:10.1093/mol
bev/msaal08

van der Valk T, Diez-del-Molino D, Marques-Bonet T, Gu-
schanski K, Dalén L. 2019. Historical genomes reveal the
genomic consequences of recent population decline in
Eastern gorillas. Curr Biol 19: 165-170.e6. doi:10.1016/j
.cub.2018.11.055

van Hengstum T, Lachmuth S, Oostermeijer JGB, den Nijs
HCM, Meirmans PG, van Tienderen PH. 2012. Human-
induced hybridization among congeneric endemic plants
on Tenerife, Canary Islands. Plant Syst Evol 298: 1119-
1131. doi:10.1007/s00606-012-0624-6

Veracx A, Raoult D. 2012. Biology and genetics of human
head and body lice. Trends Parasitol 28: 563-571. doi:10
.1016/j.pt.2012.09.003

Vonlanthen P, Bittner D, Hudson AG, Young KA, Miiller R,
Lundsgaard-Hansen B, Roy D, Di Piazza S, Largiader CR,
Seehausen O. 2012. Eutrophication causes speciation re-
versal in whitefish adaptive radiations. Nature 482: 357—
362. doi:10.1038/nature10824

Wagner DL, Grames EM, Forister ML, Berenbaum MR, Sto-
pak D. 2021. Insect decline in the Anthropocene: death by
a thousand cuts. Proc Natl Acad Sci 118: €2023989118.
doi:10.1073/pnas.2023989118

Walsh BJ. 1867. The apple-worm and the apple maggot. J
Horticulture 2: 338-343.

Watrud LS, Lee EH, Fairbrother A, Burdick C, Reichman JR,
Bollman M, Storm M, King G, Van de Water PK. 2004.
Evidence for landscape-level, pollen-mediated gene flow
from genetically modified creeping bentgrass with CP4
EPSPS as a marker. Proc Natl Acad Sci 101: 14533—
14538. doi:10.1073/pnas.0405154101

Wei F, Swaisgood R, Hu Y, Nie Y, Yan L, Zhang Z, Qi D, Zhu
L. 2015. Progress in the ecology and conservation of giant
pandas. Conserv Biol 29: 1497-1507. doi:10.1111/cobi
12582

Wellborn GA, Langerhans RB. 2015. Ecological opportunity
and the adaptive diversification of lineages. Evol Evol 5:
176-195. doi:10.1002/ece3.1347

Westram AM, Faria R, Johannesson K, Butlin R. 2021. Using
replicate hybrid zones to understand the genomic basis of
adaptive divergence. Mol Ecol 30: 3797-3814. doi:10
.1111/mec.15861

Whitney KD, Gabler CA. 2008. Rapid evolution in intro-
duced species, “invasive traits” and recipient com-
munities: challenges for predicting invasive potential.
Divers Distrib 14: 569-580. doi:10.1111/j.1472-4642
.2008.00473.x

Wisely SM, Santymire RM, Livieri TM, Mueting S, Howard
J. 2008. Genotypic and phenotypic consequences of rein-
troduction history in the black-footed ferret (Mustela nig-
ripes). Conserv Genet 9: 389-399. doi:10.1007/s10592-
007-9351-x

Wood CM, Witham JW, Hunter ML Jr. 2016. Climate-
driven range shifts are stochastic processes at a local level:
two flying squirrel species in Maine. Ecosphere 7: €01240.

Wright KM, Lloyd D, Lowry DB, Macnair MR, Willis JH.
2013. Indirect evolution of hybrid lethality due to linkage
with selected locus in Mimulus guttatus. PLoS Biol 11:
€1001497. doi:10.1371/journal.pbio.1001497

Zapiola ML, Mallory-Smith CA. 2012. Crossing the divide:
gene flow produces intergeneric hybrid in feral transgenic
creeping bentgrass population. Mol Ecol 21: 4672-4680.
doi:10.1111/j.1365-294X.2012.05627.x

Zbawicka M, Trucco MI, Wenne R. 2018. Single nucleotide
polymorphisms in native South American Atlantic coast
populations of smooth shelled mussels: hybridization with
invasive European Mytilus galloprovincialis. Genet Sel Evol
50: 1-14. doi:10.1186/s12711-018-0376-z

* Zhang L, Nonaka E, Egan S. 2023. Context-dependent repro-
ductive isolation and its role in (un) speciation. Cold Spring
Harb Perspect Biol doi:10.1101/cshperspect.a041430

22 Cite this article as Cold Spring Harb Perspect Biol 2023;15:a041455


http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from cshperspectives.cshlp.org at Universitaetsbibliothek Innsbruck on May 16, 2025 . Published by Cold Spring
Harbor Laboratory Press

f&smy Cold Spring Harbor
PERSPECTIVES PerSpeCt]VeS ln BlOIOgy

Anthropogenic Change and the Process of Speciation

Murielle Alund, Meredith Cenzer, Nicolas Bierne, Janette W. Boughman, José Cerca, Mattheau S.
Comerford, Alessandro Culicchi, Brian Langerhans, S. Eryn McFarlane, Markus H. Mdst, Henry North,
Anna Qvarnstrom, Mark Ravinet, Richard Svanback and Scott A. Taylor

Cold Spring Harb Perspect Biol 2023; doi: 10.1101/cshperspect.a041455 originally published online
October 3, 2023

Subject Collection

For additional articles in this collection, see http://cshperspectives.cshlp.org/cgi/collection/

Copyright © 2023 Cold Spring Harbor Laboratory Press; all rights reserved


http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

	Outline placeholder
	BOX 1.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


