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Speciation can be conceptualized as evolution across dynamic fitness landscapes, where groups of 
individuals occupy peaks or plateaus that change across space and time. Within such landscapes, gene 
flows between species can be expected outcomes, which result in the episodic and temporal permeability 
of species boundaries. Because species recognition and gene flow both arise from the same underlying 
fitness landscape dynamics, they are emergent, instead of causally linked, properties. Therefore, despite 
their frequent correlation, studies in systematics should decouple species recognition from the presence or 
absence of gene flow.
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Speciation, similar to how it has long been 
conceptualized in population genetics, is often visualized 
as a journey across heterogeneous fitness landscapes, 
where distinct fitness peaks are separated by valleys of 
low fitness. This view explains why hybrids between 
species or locally adapted populations, assuming that 
fitness is the phenotype and that hybrid offspring have 
an intermediate genotype, tend to have reduced fitness 
(Fig. 1A). That is, it explains why and how we observe 
discontinuity between biological entities in nature. But 
what if this metaphor is too simplified? What if, instead 
of isolated peaks, different species often occupy broad 
plateaus of roughly equal fitness (Gavrilets 2003)? What 
are the ramifications of this perspective for species, 
gene flow, and the correlation between them? This 
piece aims to introduce students and practitioners of 
molecular taxonomy, particularly those working with 
genetic or genomic data, to a classic, yet less involved, 
perspective on how speciation occurs and is maintained, 
along with its implications for systematics. My goal is 
to offer an alternative viewpoint that helps taxonomic 
practitioners in the genomic era reconcile two important 
yet sometimes seemingly contradictory ideas. That is (1) 

species are discrete evolutionary entities and (2) gene 
flow does not undermine the species identity.

The definition of species has been a challenging 
concept for biologists to agree upon, especially when 
practitioners have different study foci or systems 
(Stankowski and Ravinet 2021).  For example, 
evolutionary scientists may view species as genetic 
entities with independent past and future evolutionary 
trajectories (Maddison and Whitton 2023), whereas 
taxonomic practitioners may emphasize distinct 
phenotypes of key traits that are thought to maintain 
species boundaries and treat species recognition 
as a testable hypothesis (Brady et al. 2024). In this 
perspective piece, I assume that species are genetic 
clusters occupying discontinuous peaks and plateaus in 
a fitness landscape (Fig. 1). This represents a snapshot 
in time in which we observe evolutionarily distinct 
and discrete units maintained in nature. These units 
could be regarded as populations or local genotypes if 
morphological variation is insufficient to warrant species 
status. On the other hand, they could be treated as well-
recognized species if specific local adaptation has 
occurred between genetic clusters or if morphological 
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divergence is apparent (Butlin and Faria 2024).
In such a landscape (Fig. 1B), the boundaries 

between species may be far more permeable. Gene 
flow could occur as a common evolutionary process. 
Specifically, large plateaus could permit the immigration 
of foreign alleles, or gene flow, into the species, because 
the hybrid offspring may not always suffer fitness loss 
(Fig. 1B). For example, imagine there is a plateau and a 
peak in a one-dimensional fitness landscape, and assume 
again that the fitness of the hybrid is the phenotype 
and that the hybrid offspring will have an intermediate 
genotype between the parental genotypes. We can infer 
that hybridization between the species occupying the 
peak (sp2 in Fig. 2A) and the one that occupies a plateau 
(sp1 in Fig. 2A) will have certain odds of producing fit 
individuals that reside in the plateau species (sp1). As a 
result, directional gene flow from sp2 to sp1 is possible. 
However, the reverse direction of gene flow will likely 
always result in unfit offspring and thus is less likely to 
occur (Fig. 2B). 

The implications of the above observations have 
important evolutionary and systematic implications. 
We often detect directional or asymmetric gene flow in 
nature between diverging entities, such as in our own 
species (e.g., from Neanderthals to non-African modern 
humans; Green et al. 2010; Li et al. 2024). Specifically, 
humans occupy a large geographic range and likely a 
broader ecological range than those of Neanderthals. 
As a result, studies have commonly detected directional 
gene flow from Neanderthals, which likely represent 
a species that occupied a fitness peak, to non-African 
modern humans, which may represent a species that 
occupied a plateau on the fitness landscape.

The odds of gene flow can be impacted by the 
width of the valley between the peaks and plateaus 
(Fig. 2). Specifically, if the valley is wider than the 
plateaus, then hybridization between genotypes of 
different parental species will often result in unfit 
intermediate genotypes (Fig. 2C). As a result, gene 
flow will not be detected. Note that fitness landscapes 
are not static. Climate shifts, ecological changes, 
and biotic interactions can reshape their contours, 
expanding, contracting, or shifting these peaks and 
plateaus (Seehausen et al. 2014). Such fluctuations 
could periodically open or close channels of gene 
flow, implying that hybridization may not be a 
rare accident but rather an expected outcome of a 
dynamic environment. Empirically, gene flow between 
evolutionary entities can be periodic instead of 
continuous across geological time (e.g., Li et al. 2024). 
The results probably not only represent distributional 
shifts in the past that likely facilitated contact and 
hybridization at certain points in time, but also reflect 
that historical changes in climatic conditions may have 

Fig. 1.  A fitness landscape view of species and the outcomes of 
hybridization. (A) A conventional view, where hybridization between 
members of two species can produce unfit hybrid offspring (red lines). 
(B) When a species occupies a plateau of the fitness landscape, some 
interspecific genotype combinations may produce fit offspring (blue 
lines). (C) The scenarios in (A) and (B) are highly simplified. In a 
more realistic, though still simplified, view, some F1 hybrids may 
have fitness < 1 but > 0; this fitness value only indicates that the 
genotype may not persist under current environmental conditions (grey 
dashed lines) and does not imply immediate elimination (fitness = 0). 
Surviving F1s may have a higher odds of producing fit (fitness ≥ 1) 
F2 offspring (blue lines) with parental species sp1 than with sp2. The 
horizontal dark blue dashed lines indicate the lower and upper fitness 
values of 0 and 1.
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expanded the fitness landscape into a larger plateau, 
making the influx of foreign alleles more likely during 
certain geological periods. From this point of view, 
speciation is not only about the divergence of different 
evolutionary entities by occupying different fitness 
peaks, but also about how they track changes in peaks 
and plateaus in an ever-changing terrain. Hybridization 
and gene flow may or may not be possible, or be 
detected, between species because these processes 
depend on the shifting fitness landscape across time 
and space. Additionally, along with shifts in the 
fitness landscape, hybridization has been argued to 
be a creative force for accessing novel fitness peaks 
that would not be possible if breeding occurred only 
between conspecific genotypes (Edelman and Mallet 
2021; e.g., Rosser et al. 2024).

Finally, in a multidimensional fitness landscape 
integrating genome and genotype effects, divergent 
selection may turn plateaus into peaks and thus 
broadens valleys along specific dimensions. This 
process reduces hybrid fitness in those dimensions, 
while gene flow continues to homogenize most others 
(cf. Wu 2001). Over time, reproductive isolation can be 
achieved when the landscape only forms narrow fitness 
peaks with broad and deep valleys in between the peaks. 
Specifically, the valleys between peaks may become so 
wide, gradually or suddenly depending on the pace of 
environmental change, that future shifts can no longer 
generate fit hybrids. This point of no return, or tipping 
point (Nosil et al. 2017), may mark the completion of 
speciation. Nevertheless, detecting this tipping point 
remains challenging.

The ramifications on species, gene flow, and 
their correlation

The number of species are thus emergent 
properties of the ever changing fitness landscape 
determined by the number of peaks and plateaus at 
the time and place of investigation. Furthermore, the 
existence, direction, and strength of gene flow is also 
an emergent property of this ever changing landscape 
determined by the relative width of the valley and the 
expand of the plateaus (Fig. 2). Therefore, the support, 
or detection, of gene flow may not be generalized to 
argue for or against biological species recognition, 
even though the two may be highly correlated because 
of shared determination factors. For example, does 
geographically isolated entities without gene flow 
equates species? Or does gene flow between different 
locally adaptive forms is a sign of intraspecific 
relationship between the studied groups? Many 
empirical studies will argue against these claims because 
the predictions are largely determined by historical 

Fig. 2.  A fitness landscape view of directional gene flow between 
species. (A) A range of genotypes in sp1 (blue shaded area), 
combined with the extreme left genotype of sp2, can produce fit 
hybrid genotypes on the plateau representing typical sp1. This process 
can result in directional gene flow from sp2 to sp1. (B) In contrast, 
none of the genotypes in sp2 (red shaded area), combined with the 
right-most genotype of sp1, can produce fit hybrids. Therefore, 
no directional gene flow is expected to occur from sp1 to sp2. (C) 
Following a change in environmental conditions, the relative size 
and shape of fitness peaks, plateaus, and valleys may change, and the 
valley between plateau and peak may become too wide for fit hybrid 
genotypes to be produced. As a result, gene flow is effectively absent, 
even though it existed previously from sp2 to sp1 (A). The horizontal 
dark blue dashed lines indicate the lower and upper fitness values of 0 
and 1.
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contingencies (Baum and Shaw 1995; Maddison and 
Whitton 2023). The delineation between species and 
population may often be determined by the regional or 
system specific culture of where to draw the line (Huang 
and Knowles 2016; Stankowski and Ravinet 2021). 
It is never as simple as to test whether two different 
entities can produce viable and fertile offspring (Wilson 
and Brown 1953), because a species is a population 
and one could never know how many different pairs of 
interbreeding experiments are needed to say for sure 
that members from the two tested species could never 
produce viable progenies (Figs. 1 and 2). The only thing 
that are statistically testable and experimental tractable 
is whether gene flow and/or hybridization occurred 
between the two focal species. And even if the result 
is a resounding yes, it still does not warrant an intra-
specific relationship (Baum and Shaw 1995; Wu 2001; 
Seehausen et al. 2014; Edelman and Mallet 2021).

Whether or should the evolutionary entities that 
are still in the same ever changing fitness landscape 
represent different species would be a different and 
challenging question to answer. Specifically, one 
naïve assumption of this simplified perspective is that 
different genotypes can freely encounter and recombine 
with one another. Of course, this is not always the 
case in empirical systems. For example, the evolution 
of lock-and-key mating structures or the presence of 
physical, unsurpassable barriers can reduce, or even 
completely preclude, the opportunity for recombination 
between certain genotypes (Mayr 1963; Shapiro and 
Porter 1989). Additionally, when there is an important 
regime shift in how the genomic network integrating 
different elements to produce fit phenotypes, then most 
of the time practitioners will have no issues calling 
these entities as different species (such as the whole 
genome epistatic evolution, or the snow ball effect; 
Mayr 1963; Orr 1995; Nosil et al. 2017). However, 
this regime change may not often occur between what 
have been recognized as good species by taxonomists 
(Huang 2020; Kulmuni et al. 2020).  What we name 
today as different species versus populations are often 
only separate by the magnitudes of the relative width 
of the valleys and the size of the plateaus in the fitness 
landscape (Figs. 1 and 2). Keep in mind that this 
landscape is changing all the time, so the dynamics 
between defining populations versus species may also 
have to be changed all the time. Biological species 
are real, because we see independent entities and 
discontinuities in genetics and phenotypes in nature; 
however, some of the discontinuity and independence 
can be evolutionarily ephemeral,  while others 
transcendent. More importantly, whether a species 
today will become transcendent depends on changes in 
the fitness landscape, instead of on the presence of gene 

flow, which has often been the presumed homogenizing 
force.

Incompatibility between genotypes or between 
species?

Interestingly, the classical model of allopatric 
speciation and evo-devo share similar genomic 
perspectives for understanding the mechanisms through 
which incompatibility arises. The idea of the evolution 
of epistatic interactions in the genome between isolated 
species described by Mayr (1963) is conceptually, 
and perhaps surprisingly, similar to what has been 
hypothesized as developmental system drift (True 
and Haag 2001) in evo-devo studies. The mechanism 
describes how similar phenotypes can be maintained 
despite extensive underlying genetic divergence. 
Because developmental and regulatory networks 
are highly epistatic, compensatory changes can 
accumulate while buffering phenotypic output. When 
such changes are recombined in hybrids, mismatched 
components may disrupt developmental stability and 
result in incompatibilities. Such incompatibilities, 
nevertheless, can also evolve within species (Corbett-
Detig et al. 2013), which also indicates that there is 
no definitive association between species recognition 
and incompatibility. If the “point of no return,” where 
different genotypes can no longer produce compatible 
hybrids, is the focus of your study, then, the question 
might be less about what species are or how they came 
to be; instead, it concerns more specifically how genetic 
networks or epistatic interactions between genes in the 
genome evolve. 

The implications of such studies are undoubtedly 
relevant to speciation and reproductive isolation, 
especially in the genomic era. However, they represent 
only one of many possible mechanisms, or stages 
(Kulmuni et al. 2020), that may explain why we 
observe discontinuities among evolutionary units in 
nature. What I would like to emphasize here is that 
incompatibility tests are typically conducted between 
individual organisms or among individuals carrying 
different genotypes, and thus the outcomes reflect 
genotype–genotype interactions rather than species-level 
properties. A species, however, is composed of a diverse 
pool of genotypes. As a result, incompatibility and 
species recognition should be conceptually decoupled; 
i.e., incompatibilities detected between particular 
genotypes do not constitute direct evidence about the 
boundaries or reality of species as evolutionary units, 
nor are they causal determinants of species status. 
Thus, incompatibility and species recognition operate at 
different biological levels and should not be conflated.
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