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indirect methods using genetic markers are the primary measure of gene flow levels
among interbreeding populations. Results from studies employing these methods are
often ambiguous and open to multiple interpretation. This is primarily due to low

resolution of molecular markers and low precision of model-based estimates. Studies
of patemity, kinship and phylogeography generate the most reliable resuits. Future

studies should employ more powerful analytical methods, analyse loci independently,
and attempt to distinguish confounding contributions of vicariance to isolation-by-
distance studies. Moreover, direct assessment of movement remains the most valid

approach to many key issues in population biology.
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tudies of gene flow are integral to inter-

pretation of microevolutionary patterns
and geographic structure. Through such
studies, we strive to gain insights into evo-
lutionary independence and potential for
population diversification, differentiation,
and ultimately speciation. Indirect meth-
ods, which infer gene flow from genetic
data on measurements of population struc-
ture, are relied upon almost exclusively to
calculate this important parameter (see
Box 1 for definitions of relevant terms).
This widespread popularity reflects the
ease with which genetic data can gener-
ally be collected and analysed!, and the
belief that such estimates may be more
valid than those obtained through direct
studies of movement? because they give a
temporal perspective. However, many in-
direct estimates of gene flow may be of
limited interpretive value and reveal little
about the degree of genetic cohesion and
evolutionary potential of contemporary
populations, for two reasons: (1) molecular
markers appear to lack the resolving power
required to distinguish contemporary pat-
terns of gene flow with current analytical
methods; (2) limitations imposed by con-
ventional population genetics models lead
to low precision of gene flow estimates
and a general lack of biological realism.

Others have emphasized the difficul-
ties associated with interpreting patterns
of molecular variation and model-based
estimates (for example, Ref. 3). Yet these
cautions have not been widely embraced
by the scientific community. Conclusions
often are drawn about genetic structure
and levels of gene flow even though there
are multiple, equally viable interpretations

202

of results. Moreover, these methods are
advocated for use in ecological studies4,
such as population demography, meta-
population processes, and interspecific
interactions, but there is much uncertainty
about the success of molecular methods
in ecological time scales. Indeed, present-
day patterns of genetic structure may of-
ten reflect effects of Pleistocene glaciations
and post-glacial range expansions3S,

Problems with interpretation of
indirect estimates

Most population genetic studies using
indirect methods seek to establish levels
of gene flow. Statistics that estimate this
parameter generally include variance
among populations in allele frequencies
(Fgr, Wright”; Ggp, Nei®; and ©, Weir and
Cockerham?; and their analogues, e.g. Ry,
Slatkin!®) and Nm, the effective number of
migrants per generation’. Values are inter-
preted as indications of relative levels of
gene flow among populations. For instance,
high Nm and low Fg; indicate high migr-
ation. Additional analyses are often con-
ducted based on spatial relationships pre-
dicted by isolation-by-distance models.
Correlations between geographic distance
and genetic distance are calculated, and
geographic patterns visualized by clus-
tering algorithms. Three possible results
obtained from these studies are: (1) no
genetic structure or differentiation among
populations; (2) significant genetic struc-
ture but no geographic pattern to the
structure; or (3) significant genetic differ-
entiation and geographically structured
populations. Difficulties arise in the inter-
pretation of all of these results.
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The first case can produce ambigu-
ous results because there are multiple
explanations for homogeneity that cannot
be readily distinguished. These include
current gene flow among populations,
balancing selection on markers, and lack
of resolution of markers (i.e. retention
of shared ancestral polymorphisms). Sci-
entists generally favor one of these ex-
planations over the others. Occasionally,
a follow-up study with a second marker
detects significant heterogeneity among
populations and implicates lack of resolu-
tion for the first marker (for example, Zink!!
detected no pattern in fox sparrows with
allozymes but later detected a pattern
with mtDNA12). Unless lack of resolution is
documented, distinguishing among expla-
nations is conjectural.

Results are also ambiguous in the sec-
ond case where population structure is
detected by a significant Fg;, yet no corre-
lation with geography or geographic struc-
turing is observed. Despite this result, esti-
mates of Nm often are taken at face value as
the approximate number of migrants mov-
ing among populations. However, these
estimates are not necessarily indicative of
gene flow for at least three reasons. First,
if these measures provide meaningful esti-
mates of gene flow, there should be hier-
archical structure that is associated with
geography. Second, significant discrepan-
cies among the various statistics used to
partition genetic variation suggest prob-
lems in general with the methods and
their underlying assumptions. For exam-
ple, F5;, Ggr, and private allele analyses
do not always generate comparable Nm
values!3.14, Third, demographic instability
or heterogeneity among populations can
cause loose correlations between Fg and
Nm (Ref. 15). Fg; may fluctuate over time
and space, resulting in a poor estimation
of genetic structure and gene flow.

The third outcome, significant genetic
and geographic structure, can be ambigu-
ous because patterns can result from two
distinct processes. Structure may result
when vicariant events restrict gene flow
among a subset of populations (i.e. geo-
graphic isolation). Sharp discontinuities
in gene frequencies are usually evident on
either side of the vicariant event with gen-
etic homogeneity among populations on
the same side. Alternatively, gene flow
levels among populations may vary and
follow an isolation-by-distance model with
neighboring populations exchanging more
migrants than distant ones. Isolation-by-
distance theoretically results in a direct
relationship between genetic distance
and geographic distance. In reality, these
two alternatives cannot be easily distin-
guished because the scatter of points in
the distance regression is usually large.
Furthermore, it is likely that many studies
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of isolation-by-distance are, in fact, con-
founded by vicariance because vicariance
is more likely to be detected with increas-
ing geographic distance. Irrespective of
the term used to define such isolated taxa,
one is not studying levels of gene flow in
contemporary populations (i.e. Nm has
been zero over some period of evolution-
ary time), but instead, geographic vari-
ation among allopatric taxa (i.e. phylo-
geography). There are a few studies that
appear to support isolation-by-distance,
usually in very ‘sedentary’ organisms (e.g.
Refs 14,16,17). However, in these stud-
ies, it is not possible to discount the fact
that samples contributing to a significant
genetic—geographic correlation may be
completely isolated.

Many of these interpretational prob-
lems have been recognized previously3.18,
and have fostered an expanding interest
in the development of high resolution mol-
ecular markers. Population genetic stud-
ies have moved beyond allozymes and now
routinely include data from DNA regions.
In general, allozymes evolve at a slower
rate than mtDNA and nuclear DNA such
as microsatellites!20 and rarely provide
enough resolution to track contemporary
processes and assess gene flow levels. Allo-
zymes are good at detecting vicariance!.
Although DNA markers evolve at faster
rates and thus potentially reveal more
recent evolutionary events, their ability to
resolve levels of gene flow remains uncer-
tain. In a cursory review of the recent lit-
erature, we found little evidence that DNA
markers give better estimates of gene flow
(Table 1). In summary, allozymes and DNA
markers produced similar results except
in cases where a vicariant event was sug-
gested by the DNA but not the allozymes
(for example, Ref. 22). The challenge thus
remains to separate genetic history from
present-day patterns. Moreover, although
indirect methods clearly reveal the his-
tory of gene frequency distributions up to
some ‘recent’ point, the precise location
of that point is unknown. The presumed
advantage of molecular approaches is their
temporal perspective on genetic struc-
ture, but this is only an advantage to the
extent the evolutionary time scale of this
temporal perspective can be determined.

Problems with population genetic
models

A second issue regarding indirect meth-
ods concerns limitations imposed by popu-
lation genetics models (for example, Ref.
29, p. 863). These limitations are sufficiently
stringent that it is difficult to have confi-
dence in estimates obtained. As Lewontin3
cautioned, model-based estimates of evo-
lutionary parameters, such as gene flow,
will almost never be valid because param-
eters that define these models are spatially
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populations of a species.

dispersal of individuals among populations.
measurement of population structure.
geographic distance.

gene flow; largely a function of mutation rate.

within an ancestral species.

Box 1. Definitions of terms

Contemporary gene flow: present-day pattern of movement of genes {via individuals) among interbreeding
Direct measures of movement: use of genetic (constructed) or physical markers that allow tracking of
Indirect estimates of gene flow: movement of genes (via individuals) inferred from genetic data on
Isolation-by-distance: decreasing gene flow and thus genetic similarity between populations with increasing
Marker resolution: relative power to reveal meaningful patterns of genetic structure and track contemporary

Vicariance: historical process of range fragmentation that leads to geographic isolation of populations

Table 1. Comparison of congruence and resolution of allozyme and DNA
markers used to assess gene flow levels in some recent studies

Genetic—
Significant geographic Geographic
Taxon Marker heterogeneity correlation pattern
Anopheline mosquito2: Allozymes N? NA NA
(Anopheles gambiae) Microsatellites N? NA NA
American oyster22 Allozymes N NA N
(Crassostrea virginica) MtDNA Y NA Y*
Nuclear RFLPs Y NA Y*
Sea beet?3 Allozymes Y N NA
(Beta vuigaris maritima) Nuclear RFLPs Y Y NA
Atlantic salmon24 Allozymes Y Y Y*
(Salmo salar) Microsatellites Y Y Y*
Atlantic cod?s Allozymes Y Y Y*
(Gadus morhua) Nuclear RFLPs Y Y Y*
Cyprinid minnow?¢ Allozymes Y NA Y*/N
(Tiaroga cobitis) MtDNA Y NA Y*/N
Cyprinid minnows27 Allozymes Y NA Y*
(Meda fulgida) mtDNA Y NA Y*
Fox sparrow Allozymes1t N NA N
(Passerella iliaca) mMtDNAL2 Y NA Y*
Threespine stickieback Allozymes?? Y NA Y*
(Gasterosteus aculeatus) mMtDNA28 Y NA Y*

heterogeneity not tested.

N=No, Y=Yes; NA=value not calculated; *=vicariance probably responsible for observed pattern:
Y/N=some inconsistencies in geographic pattern; N?=some loci significant, significance of overall

¢ Weather-related effects, both catastrophic and
deterministic

* Habitat patch location, e.g. edge or central

*» Variable patch size

* Variable distance between habitat patches

Box 2. Abiotic and biotic factors that promote genetic and demographic
instability and non-uniformity across a species’ range

» Variable resource availability and quality

* Rates of gene flow that evolve in response to
habitat patch attributes

¢ Variable brood numbers and size

¢ Interactions with other organisms

and temporally variable and too sensitive
to forces of evolution. More generally,
population genetics models ignore the
complexity that defines biological sys-
tems. Conventional models assume that
population structure and demographic pa-
rameters such as population size and dis-
persal rates are uniform and constant over
space and time. Assumptions of demo-
graphic and genetic equilibrium and uni-
formity are unrealistic and violated as a

matter of course. Demographic parameters
are a function of abiotic and biotic factors
that regularly change (Box 2), often in un-
predictable ways (e.g. Ref. 31). These de-
terministic and stochastic elements and
their interactions routinely perturb and
introduce variability into natural systems,
as commonly evidenced in the literature.
Population genetic studies, however, only
rarely address basic model assumptions of
population structure and equilibrium with
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s Choice of model to estimate gene flow
» Choice of marker

Box 3. Potential sources of error and ambiguity surrounding estimates of
genetic structure and gene flow

¢ Choice of analytical method used to partition genetic variation

* Inherent error associated with second order Fstatistics

* Violations of assumptions of analytical methods, genetic models, or both

* Variation among locus specific estimates and averaging over loci

* Variation among allele specific estimates and averaging over alleles

» Inadequate or improper sampling of species’ range

* Confounding of contemporary patterns with historical associations

» Cumulative averages that confound gene flow and other evolutionary determinants of gene frequencies
among populations (e.g. demographic fluctuations and genetic bottlenecks)

respect to populations of interest. More-
over, discussions rarely include expla-
nations of how violations of these assump-
tions affect results.

From a purely statistical perspective,
effects of genetic and demographic non-
uniformity and stochasticity on estimates
of genetic structure and model-based pa-
rameters include scale dependence of Fy;
(e.g. Refs 14,32), fluctuation of Fy; over
space and time (e.g. Ref. 15), wide vari-
ance of F¢; values among loci (e.g. Ref. 33),
and a loose correlation between F; and
Nm (Ref. 15). Thus, estimates of Nm will
have large standard errors. ‘Snapshot’ esti-
mates assessed at one (or a few) points in
space and time will be unlikely to reveal
actual levels of interpopulation genetic ex-
change. Note that population genetic esti-
mates based on F-statistics inherently
have large variances?®, irrespective of vari-
ance attributable to genetic and demo-
graphic factors.

More importantly, demographic
instability determines, in part, the evolu-
tion of genetic variation among popu-
lations30:3435.36, Fluctuating or novel con-
ditions of genetic variance that occur as a
consequence may be integral to population
diversification and speciation, and tem-
porarily provide conditions conducive to
kin selection or shifting balance evolu-
tion!530:3335  Conventional indirect ap-
proaches implicitly assume that gene fre-
quency distributions among populations
are caused by gene flow (e.g. Ref. 29).
Contributions of other evolutionary forces
to genetic structure are not distinguished
and estimates obtained are interpreted as
weighted averages of effective ‘gene flow’
over time. Such cumulative weighted aver-
ages however may provide few insights
into the issues we would most like to ad-
dress as evolutionary biologists, that is,
the microevolutionary processes that pro-
mote or hinder genetic differentiation and
diversification of populations.

As Strong®” and others have previously
emphasized ‘...mathematical theory of
equilibrium and stability has proven dis-
appointingly sterile for ecology’. Dispersal
and rates of gene flow will likely be unique
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characteristics of different populations
and most appropriately viewed as a dy-
namic, interconnected network of differ-
ential values. Moreover, to the extent that
individuals differ genetically in their pro-
pensity to disperse and wander3, attrib-
utes of diiferent habitat patches will se-
lectively act on this underlying variation
such that rates of gene flow will ‘evolve’
like any other quantitative trait. Just as
the evolution and spread of adaptive traits
can generally not be assessed from stud-
ies of population means, but rather require
detailed analysis of (co)variance structure,
the importance of gene flow as a deter-
minant of genetic pattern across environ-
mental landscapes will be difficult to evalu-
ate from cumulative weighted averages.

Future studies

After more than 25 years of using mol-
ecular methods to estimate genetic struc-
ture and gene flow, enough data have accu-
mulated to assess where the markers have
succeeded and where they have not. Their
most successful use is in phylogeography
and species level analyses!®. Allozymes are
generally sufficient for detecting isolation
caused by vicariant events, but in some
groups higher resolution DNA markers are
required. Some of the more variable mark-
ers such as microsatellites may be excellent
tools for establishing kinship relationships
among related individuals (e.g. Ref. 16) and
even allozymes have proven useful in this
respect (e.g. Ref. 40). There appear to be
many fewer successes in areas between
these two extremes, that is, evaluating lev-
els of gene flow among interbreeding popu-
lations and in population demographic
studies. Here, efforts are undermined by
the many sources of error and ambiguity as-
sociated with indirect approaches (Box 3).

Despite shortcomings summarized
here, genetic approaches are a useful start-
ing point for evolutionary studies when
results are properly analysed statistically
and interpreted critically, and when the
question of interest is an appropriate ap-
plication of their use. In this regard, we
offer four specific recommendations for
consideration.

Analyses of population structure rely
almost exclusively on antiquated method-
ology. From the beginning of 1996 to mid
1997, 21 articles published in the journal
Evolution used indirect methods to mea-
sure population structure. Of these, almost
all based interpretation on F-statistics
analysis (18 of 21 studies) and allozyme
markers (15 of 21 relied solely on allo-
zymes). Although most population geneti-
cists acknowledge that Nm imparts mini-
mal information, this value is still widely
reported (14 of 21 studies) and often liter-
ally interpreted. Theoretical population
genetics methodology has sufficiently
progressed that we should be hesitant to
base measures of genetic structure on F-
statistics analysis, especially of allozyme
variation, and simple genetic models. More
realistic models and analytical methods
are available and should be evaluated
for their precision and statistical power
(e.g. Refs 41,42). Many of these new meth-
ods rely upon DNA data and genealogical
analysis of haplotypes or alleles and have
increased capacity for distinguishing
genetic/spatial associations including vi-
cariance, isolation-by-distance, and range
expansion.

Second, variance among single locus
estimates of genetic structure is common.
This suggests that either uninformative
loci have been included in the analysis (i.e.
those exhibiting low levels of polymor-
phism and thus unlikely to reveal genetic
structure) or that basic assumptions of
genetic equilibrium or marker neutrality
or both have been violated”32. Our current
approach of combining data across dis-
crepant loci introduces error in the esti-
mation procedure. More importantly, when
locus-to-locus variance cannot be ex-
plained by disparate levels of allelic diver-
sity, estimates obtained will be biologically
misleading. Such estimates confound gene
flow with other evolutionary determinants
of genetic variance among populations and
thus do not take full advantage of the in-
formation we have available. If our goal is
to distinguish relative effects of different
evolutionary forces in population diversi-
fication, discrepant loci should be empha-
sized for their power to reveal underlying
mechanisms. Compatibility assessments
across loci would be more informative®
and locus-specific estimates should rou-
tinely be reported and interpreted in the
context of allelic diversity, model assump-
tions, locus-specific evolutionary forces,
and observed patterns of genetic structure.

Our third suggestion concerns analy-
sis of isolation-by-distance. Such studies
generally employ regression analysis of
data derived from estimates of genetic dis-
tance (or gene flow) among pairwise popu-
lation contrasts. Effects of single popu-
lations or clusters of populations are rarely

TREE vol. 13, no. 5 May 1998



distinguished. Statistical significance tests
of each pairwise value should routinely be
conducted to assess whether certain popu-
lations are largely responsible for isolation-
by-distance correlations. If statistically
significant values are associated with a sin-
gle population or cluster of populations,
vicariance should be discussed as a viable
explanation. If significance is scattered
throughout population pairs, a stronger
case can be made for isolation-by-distance.

Our final recommendation concerns
direct studies of movement. Even our most
enthusiastic supporters of genetic ap-
proaches have long advocated the key
role such studies play'8. Yet data from di-
rect observational studies have accumu-
lated at a much slower rate than data from
indirect studies. Admittedly, direct studies
of movement are logistically difficult and
suffer from their own set of limitations!8.
The most severe of which is that such
studies may tell us little about the impor-
tance of gene flow over evolutionary time.
However, direct observational studies of
movement can provide data on the degree
of spatial and temporal heterogeneity of
movement patterns across a species’
range, the impact of environmental attrib-
utes such as habitat patchiness and re-
source quality on movement patterns, and
the extent of quantitative genetic variation
for propensity to stay or wander. More-
over, direct assessment of movement
among contemporary populations remains
the only valid approach to the study and
interpretation of gene flow in an ecologi-
cal context. Technological advances will
undoubtedly facilitate such studies in the
future. The use of uniquely marked or
tagged individuals tracked by satellite or
radar will allow unbiased assessments of
direct movement over short and long dis-
tances for organisms amenable to such
tags (e.g. Ref. 2). Indeed, the use of genetic
tags to track the movement of marine or-
ganisms has proven to be a successful
arena for applying genetic approaches to
the study of movement among present-
day populations#3#,

In summary, our understanding of
gene flow will progress more significantly
through candid discussion of limitations,
more refined statistical analysis, and a bet-
ter balance between indirect and direct ap-
proaches. Our reliance on easy to apply,
conventional indirect methods to study
population structure and gene flow is no
longer advancing the field. Technological
advances in DNA analysis over the past
decade have brought about a new era of
data gathering that has potential for en-
hanced resolution. The challenge now is
to develop and implement analytical meth-
ods that keep pace with technology and
allow more precise estimates of gene flow
in contemporary time,
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‘Lamarckian’ mechanisms in darwinian

evolution
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Since the Modern Synthesis, evolutionary biologists have assumed that the genetic
system is the sole provider of heritable variation, and that the generation of heritable
variation is largely independent of environmental changes. However, adaptive
mutation, epigenetic inheritance, behavioural inheritance through social learning,
and language-based information transmission have properties that allow the
inheritance of induced or learnt characters. The role of induced heritable variation in
evolution therefore needs to be reconsidered, and the evolution of the systems that
produce induced variation needs to be studied.
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GLamarckism’ and ‘darwinism’ are tra-
ditionally seen as alternative theories
trying to account for evolutionary change
(Box 1). The verdict of history is that
Lamarck got it wrong - evolutionary change
does not occur through the inheritance of
acquired characters, Acquired characters
are the outcome of instructive processes,
such as those seen in embryonic induc-
tion, transcriptional regulation, and learn-
ing, all of which involve highly specific
and usually adaptive responses to factors
external to the responding system. The
inheritance of the outcomes of instructive
processes is deemed to be impossible.
Adaptive evolutionary change is assumed
to be based on darwinian (or more accu-
rately neo-darwinian) evolution in which
guidance comes exclusively from selective
processes. The production and nature of
heritable variation is assumed to be un-
informed by the environment or by previ-
ous history. The future is open-ended, de-
termined solely by the contingencies of
life. It is neither foretold nor intimated.

206

General selection theory makes no as-
sumptions about the origin of heritable
variation. It maintains that evolution by
natural selection will occur in any system
with entities manifesting the properties
of multiplication, heredity and heritable
variation affecting reproductive success!.
In the current version of biological darwin-
ism, it is assumed that information is digi-
tal and encoded in DNA base sequences,
that multiplication of information occurs
through DNA replication, and that vari-
ation, which is generated by mutation and
recombination, is random with respect to
the selecting environment and the devel-
opmental history of the organism and the
lineage. However, this version of evolution
- ‘genic neodarwinism’ - is incomplete: it
gives natural selection an exclusive deter-
ministic role in the evolution of all conceiv-
able complex adaptations, but until re-
cently it has had rather little to say about
the evolution of new systems for acquiring,
storing and transferring information, and
even less about the evolutionary effects
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of such systems once they are in place.
Natural selection leads not only to the evo-
lution of eyes, wings, and sonars, but also
to the evolution of new evolutionary rules.
Many of these rules undermine the as-
sumption that variation is random. Mecha-
nisms allowing the inheritance of acquired
characters have evolved several times
during the history of life, and understand-
ing their evolution is crucial to under-
standing the transitions to new levels of
individuality?-4.

Evolved ‘lamarckian’ heredity
systems

The heredity systems that we consider
here are all complex mechanisms for the
acquisition, storage and transfer of infor-
mation. All evolved through natural selec-
tion, but they differ from each other in the
type of information they transmit, in their
evolutionary history, and in their evolu-
tionary effects. They include adaptive mu-
tational systems involving non-random
changes in DNA, cellular heredity systems
in which information is acquired and trans-
mitted through intracellular structures and
biochemical mechanisms, the transfer of
patterns of behaviour through social learn-
ing coupled with certain types of social or-
ganization, and the transmission of infor-
mation using symbolic languages. All of
these systems allow certain outcomes of
the interaction between the organism and
its environment to be incorporated into
and maintained within the information-
carrying system, and the information to
be transmitted to future generations. All
therefore allow the inheritance of acquired
or learnt characters.

Adaptive mutational systems:
the intelligent genome

In the genetic inheritance system, in-
formation for making RNA and proteins is
stored in DNA base sequences; an elabo-
rate enzyme system enables this infor-
mation to be replicated and transmitted
to the next generation. Physico-chemical
damage to the DNA and errors occurring
during its replication can be removed by a
battery of repair processes. Errors that
remain, and sequence changes that are
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