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A FINE-SCALE SPATIAL ANALYSIS OF THE MOSAIC HYBRID ZONE BETWEEN

GRYLLUS FIRMUS AND GRYLLUS PENNSYLVANICUS
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Abstract.—The pattern of character variation within a hybrid zone, the hybrid zone structure, has been used to infer
the processes that maintain hybrid zones. Unfortunately it is difficult to infer process from structure alone because
many different processes can produce the same pattern of character variation. Mosaic hybrid zones may be maintained
by exogenous selection in a heterogeneous environment and/or endogenous sel ection against hybrid individual s; habitat
preference, premating isolating barriers and/or fertility selection can also contribute. The spatial scale at which a
hybrid zone is sampled affects its apparent structure; a hybrid zone may appear clinal at one scale and mosaic at
another. Here, we sample the mosaic hybrid zone between two field crickets, Gryllus firmus and G. pennsylvanicus,
at a scale that spans the boundaries between individual soil-habitat patches. From our analysis, we find that at fine
scales, the mosaic hybrid zone resolves into a set of steep clines across patch boundaries. Both morphological and
molecular traits exhibit sharp and generally concordant clines. However, clines for mitochondrial DNA and one
anonymous nuclear marker are clearly displaced as a result of current hybridization or past introgression (the ‘‘ ghost
of hybridization past’’). Thus, scale isimportant for the structure of this and probably other hybrid zones. The extremely
sharp, concordant clines across patch boundaries indicate that the cricket hybrid zone is undoubtedly structured by
selection. However, the detailed mechanisms responsible for the maintenance of the hybrid zone—whether endogenous
selection against hybrids, exogenous selection by the environment, and/or behavioral preferences for mates or habitats—
remain to be elucidated. Determining these mechanisms will depend on closer inspection of the organisms themselves
and their interactions, as is the case for all hybrid zones.
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Although hybrid zone structure, the spatial distribution of
phenotypes and genotypes, has been described for numerous
pairs of hybridizing taxa (Harrison 1993; Arnold 1997), dis-
covering the processes that are responsible for observed pat-
terns has proved more difficult. Elucidating hybrid zone
structure is a relatively straightforward endeavor of identi-
fying the spatial distribution of traits and alleles among in-
dividuals and populations. Spatially, hybrid zones may be
broadly characterized as clinal or mosaic in nature (Harrison
1990). In clinal hybrid zones, pure individuals (or popula-
tions) meet and hybridize to form a smooth transition (or
stepped cline) from one parental type to the other. Mosaic
hybrid zones are characterized by a patchwork of alternating
pure parental types (or populations) throughout the zone of
hybridization, with abrupt transitions and reversals in the
character of individuals and populations through space. The
relationship between these structural types is not clear. Cer-
tainly, one basic difference between them is their dimen-
sionality. Clinal zones generally are treated as one-dimen-
sional (although see Sites et al. 1995; Bridle et al. 2001;
Marshall and Sites 2001), whereas mosaic zones require two
dimensions to describe. However, it is uncertain whether
these hybrid zones differ only in this aspect (mosaic zones
representing sets of clinal zones for numerous pairs of pure
populations) or whether there are different forces maintaining
the patterns as well.

Structure has been used to infer the processes that maintain
many hybrid zones (Endler 1977; Barton and Hewitt 1985;
Harrison 1990, 1993; Barton and Gale 1993; Arnold 1997).
Tension zones, for example, which have a clinal pattern, are
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zones maintained by intrinsic (endogenous) selection against
hybrids, balanced by dispersal and recombination (Key 1968;
Barton and Hewitt 1985, 1989; Barton and Gale 1993). Other
clinal hybrid zones may be maintained by extrinsic (exoge-
nous) selection, in which case the position of the hybrid zone
clines should coincide with environmental gradients, eco-
tones, or other natural barriers to dispersal (Endler 1977),
although tension zones may also settle in these places. In-
dependent of the nature of the selective forces acting, the
shape of character clines across a hybrid zone can be used
to estimate the strength of selection (Szymura and Barton
1986, 1991; Barton and Gale 1993).

Many mosaic hybrid zones are presumably maintained by
extrinsic selection in a heterogeneous environment. Different
habitat patches, which favor one parental form or the other,
structure the hybrid zone into a mosaic pattern, and hybrids,
which have lower fitness in either habitat, are repeatedly
produced and selected against. Consequently, the environ-
ment structures the hybrid zone as well as providing the
framework to maintain it. Unfortunately, from pattern alone,
it may be difficult to discern the specific mechanisms that
control the structure of many hybrid zones (Moore and Price
1993; Ross 2000). Indeed, many hybrid zones may be main-
tained by a combination of endogenous and exogenous se-
lection, perhaps coupled with habitat preferences. By under-
standing more about the structure of hybrid zones in general,
however, a link between structure and maintenance can be
elaborated.

Spatial scale can be an important issue when looking at
the structures of hybrid zones because patterns of variation
will appear only at specific spatial scales. Different patterns
may be revealed by sampling at different spatial resolutions,
and some patterns may be overlooked because they exist on
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Effect of spatial scale on cline shape in the Gryllus hybrid zone. At continental scales, the hybrid zone represents a long but

narrow region of overlap and hybridization between two widespread cricket species. At regional scales (e.g., across the state of Connecticut;
A), the hybrid zone forms a smooth cline from G. firmus-like to G. pennsylvanicusike crickets. When the hybrid zone is sampled at
smaller spatial scales (a few kilometers; B), the hybrid zone is mosaic in nature. It is not clear what the structure of the hybrid zone is

at very fine scales (C), across patch boundaries.

a scale not resolved by the sampling (Bridle et al. 2002).
Although the issue of scale has rarely been studied explicitly,
many hybrid zones may vary in structure at different spatial
scales (e.g., Searle 1986; Cruzan and Arnold 1993; Hewitt
1993; Patton 1993; Szymura 1993; Sites et al. 1995).

The mosaic hybrid zone between the two North American
field crickets, Gryllus pennsylvanicus and G. firmus (Harrison
and Arnold 1982; Harrison 1986), varies in structure over
different spatial scales (Fig. 1). At regional scales, from Con-
necticut to Virginia, the hybrid zone appears clinal in nature
(Harrison and Arnold 1982; Harrison 1986). Across the state
of Connecticut, there are gradual transitions in numerous
characters from northwestern Connecticut to the central coast
(Harrison 1986; Harrison and Rand 1989). The mosaic nature
of the hybrid zone is revealed at intermediate spatial scales,
among habitat patches within Connecticut (Harrison 1986;
Harrison and Bogdanowicz 1997). At this scale, the hybrid

zoneis presumably structured by an underlying heterogeneity
in soil type across the state (Rand and Harrison 1989). For
the hybrid zone, the association of G. pennsylvanicus with
loam soils and G. firmus with sand soils suggests that each
species has the highest fitness on the soil with which it is
associated (Harrison and Rand 1989; Rand and Harrison
1989). In this scenario, hybrid individuals do not have the
highest fitness in any habitat patch.

The fine-scale structures of hybrid zones are rarely de-
scribed in conjunction with descriptions at larger spatial
scales. Fine-scale sampling allows resolution of variation on
scales equal to and less than the dispersal distances of in-
dividuals (defined as the standard deviation of distances be-
tween the sites where parents and offspring reproduce). For
mosaic hybrid zones, this scale must include the boundaries
between adjacent patches of different habitats (tens of meters
for this cricket hybrid zone). Analysis of fine-scale structure
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allows for the appropriate comparison between clinal and
mosaic hybrid zones. Given limited dispersal, it is at fine
scales in mosaic hybrid zones that parental types meet, mate,
and form hybrid offspring.

Modeling of the structure and maintenance of mosaic hy-
brid zones has|agged behind modeling of clinal hybrid zones.
Much attention has been given to modeling clinal hybrid zone
structure by looking at the shape of single and multilocus
clines for traits across hybrid zones (Slatkin 1973, 1975,
1976; Nagylaki 1975, 1976; Barton 1979a,b, 1983; Szymura
and Barton 1986, 1991; Barton and Gale 1993; Sites et al.
1995; Porter et al. 1997; Kruuk et al. 1999). By assuming
hybrid zones are tension zones maintained by a balance be-
tween dispersal and selection, clina models can predict pa-
rameters such as dispersal and selection against hybrids that
are otherwise difficult to estimate (Barton and Gale 1993).
Barton and colleagues also have shown that these models are
robust to variations in the nature of selection (Barton and
Gale 1993; Kruuk et al. 1999) and are useful even when
selection is due to environmental heterogeneity in different
habitats. Examining mosaic hybrid zones at fine spatial scales
may allow these hybrid zones to be equated to clinal hybrid
zones, thus allowing the application of cline shape models
to mosaic hybrid zones.

For the Gryllus hybrid zone, parental types presumably
meet, mate, and form hybrids at habitat patch boundaries.
Therefore, understanding how sel ection maintains this hybrid
zone depends on knowing the distributions of crickets, the
interactions among crickets and their environments, and the
fitnesses of genotypes at patch boundaries on a fine scale.
Examination of the fine-scal e structure of the Gryllus hybrid
zone also allows further tests of the hypothesis that soil type
is structuring the mosaic hybrid zone (Rand and Harrison
1989). If soil (or associated habitat) is responsible for the
mosaic structure, then the soil type-by-genotype association
that has been characterized at i ntermediate scal es shoul d exist
at fine scales as well, even at the boundaries between distinct
soil patches.

In this study, we describe the structure of the cricket mosaic
hybrid zone at a fine spatial scale. We examine how both
cricket characters and soil characters change across the
boundaries of habitat patches in the hybrid zone. From the
analysis, we show that the cline shapes of different cricket
traits vary from each other but in a consistent manner across
different patch boundaries. Additionally, patterns of variation
for these traits resemble those seen in many clinal hybrid
zones, suggesting that mosaic hybrid zones at fine scales can
be viewed as clinal in nature.

The Gryllus Hybrid Zone

Gryllus firmus, the beach cricket, lives in coastal and low-
land habitats along the North American eastern seaboard from
Florida to Connecticut (Lutz 1908; Fulton 1952; Alexander
1957, 1968). It is found on sands and other soils with high
sand content. Gryllus pennsylvanicus lives in inland and up-
land areas from Ontario south along the Appalachian Moun-
tains into northern Georgia (Lutz 1908; Fulton 1952; Alex-
ander 1957, 1968). It is found on loam and other soils with
loamy character, frequently in old fields or pastures. Gryllus
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firmus is a larger, lighter colored cricket and females have
relatively long ovipositors compared with their body length.
Gryllus pennsylvanicus is smaller and darker, and females
have relatively short ovipositors.

These two field cricket species hybridize in along, narrow
zone that extends at least from North Carolina through Con-
necticut, approximately along the eastern edge of the Ap-
palachian Mountains (Harrison and Arnold 1982; Fig. 1). In
Connecticut, this hybrid zone has been described as mosaic
in nature (Harrison 1986). Relatively pure parental types are
found throughout the hybrid zone, and habitat heterogeneity
allows these parental types to interact directly within the
zone, forming populations with bimodal distributions for
many characters and rapid transitionsin character frequencies
through space (Harrison 1986). The mosaic nature of the
hybrid zone has been demonstrated for morphological char-
acters (Harrison 1986), allozymes (Harrison 1986), mito-
chondrial DNA (mtDNA; Harrison et al. 1987), and anony-
mous nuclear markers (Harrison and Bogdanowicz 1997).
Within the hybrid zone, few F; hybrids exist, and the dis-
tribution of multilocus genotypes is bimodal (Harrison and
Bogdanowicz 1997), which is typical for many hybrid zones
(Jiggins and Mallet 2000). In addition, the two parental types
are associated with different soil types; G. firmusike indi-
viduals and alleles are associated with sandy soils within the
hybrid zone and G. pennsylvanicus-like individuals and al-
leles are associated with loamy soil patches within the hybrid
zone (Harrison and Rand 1989; Rand and Harrison 1989). It
is not clear what mechanisms maintain this association.

MATERIALS AND METHODS
Cricket Sampling

This study was designed to sample crickets at the borders
between sand and loam patches in the hybrid zone. Appro-
priate sampling sites in Connecticut were chosen by first
identifying soil type boundaries using statewide and county
soil survey maps (Gonick 1978; Reynolds 1979a,b). After
candidate sites were investigated to confirm soil types and
to assess the probability of sampling crickets continuously
across the presumptive patch boundaries, two sites, UT and
GHWA, were sampled extensively. UT is located southeast
of Middletown in Middlesex County, Connecticut, along a
500-m segment of River Road near the Connecticut River
(latitude: 41°33.30'N; longitude: 72°35.18'W). GHWA is
located north of East River in New Haven County, Con-
necticut, along a 762-m length of Warpas Road between
Copse and Greenhill Road (latitude: 41°18.02’N; longitude:
72°37.37'W). Additional details of locations are available
from C. L. Ross.

For each site, adults and nymphs were collected during
September 1996 and 1997. Crickets were collected along both
sides of the road as well as in suitable surrounding habitat,
occasionally up to 20 m from the road. Over two years, 571
crickets were collected along the UT transect, and 242 crick-
ets were collected along the GHWA transect. For the tran-
sects, considerably more effort was used to collect crickets
in the perceived middle of the transects where the habitat-
soil transitions occurred. This uneven effort was designed to
bolster numbers of crickets and achieve better resolution in
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the expected density trough that exists at the center of hybrid
zone step clines (Barton and Hewitt 1985; Hewitt 1988).
Despite this effort, few crickets were collected along some
areas of the transects. Additionally, very few crickets were
collected at the G. firmus endpoint of the GHWA transect
during 1997 because this area had been transformed from a
vacant lot to a housing development. Crickets were kept alive
in individual 50-ml conical tubes until they could be placed
at —80°C in the laboratory. Immature crickets were raised in
the laboratory to adulthood before they were frozen.

The position along the transects at which each cricket was
first seen was recorded to within 0.1 m. For each transect, O
m indicates the start of the transect at the G. pennsylvanicus
end, and 500 m (UT) or 762 m (GHWA) indicates the G.
firmus end of the transect. The sampling resolution of these
transects (the distance between collected crickets) variesfrom
less than 1 m to several meters. Thus, sampling was done on
a much finer scale than in previous studies (Harrison 1986;
Harrison and Bogdanowicz 1997), which sampled popula-
tions a few kilometers apart rather than individuals a few
meters apart. Rand and Harrison (1989) al so sampled adjacent
G. pennsylvanicus-like and G. firmus-like populations that
were less than 1 km apart, but these samples were not con-
tinuous across patch boundaries.

Soil Samples

Soil samples were collected along each transect every 50
m. For each sample, the top 10 cm of soil was collected.
Female crickets deposit eggs only into the top 2 cm of soil
(approximately); however, the top 10 cm was collected to
ensure an adequate representation of the soil from the parent
material for each sample and to average over the inevitably
large amount of variation which is typical of the top few
centimeters of soil at any site. Soil was also collected every
100 m on both sides of the UT transect 10-15 m from road.
These samples were collected to assess the consistency of
the soil samples along additional linear paths parallel to the
road, to sample away from the road to avoid any possible
contamination of fill used in road construction, and to get a
two-dimensional picture of the soil in the area. Soil samples
were characterized for organic content and particle size dis-
tribution, which are two distinct physical differencesbetween
many loams and sands (McKeague 1978). Organic content
was determined by weighing dried samples before (dry
weight) and after (ash weight) burning in akiln at 500°C for
2 h. Particle size distribution was determined using the hy-
drometer method (Bouyoucous 1926; Day 1965; Sheldrick
and Wang 1993). For comparison to the transect sites, soil
samples also were collected from five reference populations
within the hybrid zone that harbor well-characterized, rela-
tively pure populations of G. pennsylvanicus and G. firmus
(Harrison and Arnold 1982; Harrison 1986; Rand and Har-
rison 1989; Harrison and Bogdanowicz 1997). In addition,
soil samples were collected from two sites, one on each side
of the hybrid zone, where G. pennsylvanicus and G. firmus
populations reside.

Characterizing Morphological Traits

Three morphological characterswere measured for all adult
crickets from the transects: femur length, pronotum width,
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and tegmina color. A fourth character, ovipositor length, was
measured for all adult females. Gryllus firmus is generally
larger than G. pennsylvanicus, and femur length and pronotum
width were used to reflect overall size differences. Ovipositor
length is the character that most clearly differentiates the two
species. All size measurements were made by C. L. Ross to
the nearest 0.1 mm with the same pair of vernier calipers.
Tegmina color was assessed by comparing individuals to a
standard array of tegmina colors, ranging from a score of 1,
which represented dark black tegmina typical of G. penn-
sylvanicus, to 9, which represented the light tan tegmina fre-
quently found in G. firmus.

Molecular Markers

All individuals were scored for mtDNA haplotype, and a
subset of individuals was scored for three anonymous nuclear
loci. For mtDNA, total DNA was extracted from femoral
muscle using Qiagen DNeasy tissue kits (Qiagen, Inc., Va-
lencia, CA). An approximately 2-kb segment of mtDNA
spanning the cytochrome oxydase | and Il (COI and COIl)
region was amplified using polymerase chain reaction (PCR)
with the Harrison lab primers Ron (5'-GCATCACCTGATAT-
AGCATTCCC-3') and Eva (5'-GAGACCATTACTTGCTT-
TCAGTCATCT-3'; Simon et al. 1994; Willett et al. 1997).
For 10-pl PCR reactions, 1 pl of a 1/1000 dilution of total
DNA was added to areaction mixture (1 X PCR buffer [Gib-
co-BRL, Rockville, MD], 3 mM MgCl,, 0.2 mM of each
primer, 0.05 units TAQ [Gibco-BRL], and 0.2 mM dNTPs).
After an initial 2-min soak at 95°C, the reaction was run 35
times through a temperature cycle of 95°C for 30 sec, 47°C
for 60 sec, and 72°C for 90 sec, followed by a5-min extension
at 72°C.

Amplification products were digested with the restriction
enzyme EcoRV at 37°C for 1 h. Digests were run on 2%
TAE agarose gels, and fragments visualized with ethidium
bromide. EcoRV cuts the PCR product once in G. pennsyl-
vanicus from Connecticut, producing fragments of 1100 bp
and 900 bp from the original 2000-bp PCR product. For G.
firmus, EcCORV cuts the PCR product twice, producing frag-
ments approximately 900 bp, 800 bp, and 300 bp in size (for
DNA sequence see Willett et al. 1997). This restriction site
difference is diagnostic for populations of G. pennsylvanicus
and G. firmus outside of the hybrid zone in the Northeast
(Harrison et a. 1987; Harrison and Rand 1989).

Three anonymous nuclear DNA loci were also scored:
GpUC 5, GpUC 279, and GpUC 351 (Harrison and Bogda-
nowicz 1997). For the UT transect, 125 individuals along the
transect were scored for GpUC 5, 81 individual s were scored
for GpUC 279, and 123 individuals were scored for GpUC
351. For the GHWA transect, 100 individuals along the tran-
sect were scored for GpUC 5, but GpUC 279 and GpUC 351
were not scored. These nuclear DNA markers were initially
developed as restriction fragment length polymorphisms
(RFLPs) from Southern hybridizations of a cricket genomic
DNA library (Harrison and Bogdanowicz 1997). GpUC 5
behaves as a dispersed repeat, whereas GpUC 279 and GpUC
351 most likely represent single-copy loci. GpUC 351 ap-
pearsto be X-linked because males, which are XO in crickets,
never show any heterozygotes (Harrison and Bogdanowicz
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1997). All three markers exhibit fixed or nearly fixed restric-
tion site differences between allopatric populations of G.
pennsylvanicus and G. firmus (Harrison and Bogdanowicz
1997). To assay these markers, total DNA was extracted from
femurs, thoraces, and/or heads using phenol/chloroform
(Sambrook et a. 1989) and digested with appropriate restric-
tion enzymes. Southern blots were performed as in Harrison
and Bogdanowicz (1997).

RESULTS

Variation in Morphology across the Transects

Both transects show similar patterns of variation for each
morphological trait measured (Fig. 2). All of the morpho-
logical characters show atransition from G. pennsylvanicus—
like to G. firmus-like. Groups of individuals on each side of
both transects show the same range of variation as pure pop-
ulations bordering the hybrid zone.

Although all morphological traits change from G. penn-
sylvanicus-like to G. firmus-like in the same direction, the
traits do not changein a uniform manner. Using acubic spline
method (Eubank 1988), which fits a set of third-degree poly-
nomials to the data with a smoothing function, cline shapes
can be approximated across the transect for each of the traits
(Fig. 2). Ovipositor lengths have a very sharp transition, or
stepped cline, centered at the 300-m position for the UT
transect and at the 350-m position for the GHWA transect
(Fig. 2A, E). Tegmina color aso shows a sharp transition
from the G. pennsylvanicus side of the transects to the G.
firmus side of the transects (Fig. 2D, H). With this trait,
however, individuals on the G. pennsylvanicus side of the
transects exhibit only dark tegmina, but individuals on the
G. firmus side display the full range of scores. Transitions
occur approximately at the same position along the transects
as the transitions for ovipositor length, but shifted slightly
into the G. firmus side of the transects (at 320 m for UT and
410 m for GHWA). The clines for both body size measures
are decidedly shallower than for ovipositor length or tegmina
color (Fig. 2B, C, F, G). Pronotum width and femur length
distributions overlap substantially between the two species.
However, the gradual transitions along the transects are not
solely a function of this overlap. For these characters, the
average pronotum width and femur length increase steadily
and gradually along the transects, indicating shallow clines.
Nonetheless, for both of these traits, the transitions across
the transects from G. pennsylvanicus-like to G. firmus-like
character states are centered roughly at the same position as
for ovipositor length and tegmina color.

Variation in Molecular Markers across the Transects

The four molecular markers also show striking transitions
across the two transects, from alleles or haplotypes charac-
teristic of G. pennsylvanicus to alleles or haplotypes char-
acteristic of G. firmus (Fig. 3, 4). These transitions are most
easily visualized by superimposing the single-locus genotype
of each individual on a graph of ovipositor length by transect
position.

GpUC 5 and GpUC 351 display transition patterns across
the transects similar to those seen for the morphological traits
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(Figs. 3B, 3D, 4B). In both transects GpUC 5 displays a
discrete transition from the G. pennsylvanicus allele to the
G. firmus allele (Figs. 3B, 4B). The positions of these tran-
sitions along the transects, approximately 325 m for UT and
400 m for GHWA, are similar to those for the morphological
characters. Like the ovipositor length cline, this cline exhibits
an abrupt, steep step at both UT and GHWA. Each transect
contained fewer heterozygotes than expected given Hardy-
Weinberg expectations (UT: observed = 10 [8%)], expected
62.4 [50%], x7 = 88.146, P < 0.0001; GHWA: observed =
1 [1%)], expected 50 [50%)], x7 = 95.950, P < 0.0001). This
deficit of heterozygotes may be represented by F,s, where 1
— F,5 equals the ratio of observed heterozygote frequency
to expected heterozygote frequency given Hardy-Weinberg.
Pooling individuals over the entire transect, F,g for GpUC 5
is0.84 and 0.98 for UT and GHWA, respectively. In addition,
both sides of the transects considered separately also show
deficits of heterozygotes (G. pennsylvanicus side: F;g = 0.78
and 0.40, for UT and GHWA, respectively; G. firmus side:
Fis = 0.10 and 1.00 for UT and GHWA). Only one hetero-
zygote was located in the middle of the transects (at 325 m
in the GHWA transect). This is where heterozygotes would
be expected if the cline is a result of the matings between
G. pennsylvanicusike crickets and G. firmus-like crickets,
producing hybrid offspring. It should be noted that the di-
agnostic G. pennsylvanicus and G. firmus alleles are not com-
pletely fixed in most populations sampled in the hybrid zone
(Harrison and Bogdanowicz 1997), so a few heterozygotes
should exist even in seemingly pure populations of each spe-
cies and at the ends of the transects.

The distribution of GpUC 351 alleles in the UT transect
is similar to the distribution of GpUC 5 alleles. Individuals
with G. pennsylvanicus alleles show a sharp transition to in-
dividuals with G. firmus alleles at the same approximate po-
sition as the morphological clines (Fig. 3D). As with GpUC
5, GpUC 351 shows a deficit of heterozygotes over the entire
UT transect (UT: observed = 9 [7%)], expected 15 [12%],
X% = 46.453, P < .0001; F,s = 0.41). However, unlike GpUC
5, there is an excess of heterozygotes when each side of the
transect is considered separately (G. pennsylvanicus side, F,g
= —53; G. firmus side, Fg = —1.5). All but one of the
heterozygous individuals were located at the two ends of the
transect.

Two loci, mtDNA and GpUC 279, show transition patterns
that are markedly different from the other characters mea-
sured. The G. firmus mtDNA haplotype is only found in in-
dividuals on the G. firmus sides of the transects (Figs. 3A,
4A) and never on the G. pennsylvanicus sides of the transects
(with one exception in the GHWA transect). In contrast, in-
dividuals with the G. pennsylvanicus mtDNA haplotype exist
throughout the transects. The proportion of G. pennsylvanicus
MtDNA is 0.75 and 0.17 at the G. firmus ends of the UT and
GHWA transects, respectively. As a consequence, the clines
for mtDNA are shifted toward the G. firmus side of the tran-
sects relative to morphological traits.

The distribution of GpUC 279 alleles in the UT transect
parallels the distribution of mtDNA haplotypes (Fig. 3C).
The transition from areas dominated by G. pennsylvanicus
alleles to areas dominated by G. firmus alleles is abrupt, as
with the GpUC 5 locus, but is offset from the morphological
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Molecular genotypes for females are superimposed on the ovipositor

by position graphs (to show spread). Each point on the transects represents a single female individual homozygous for the Gryllus

pennsylvanicus allele (@), a single individual homozygous for the
each point represents an individual with the G. pennsylvanicus hap
on these graphs, the distribution of genotypes is identical. Sample
D, 77 (123).

clines toward the G. firmus side of the transect. Similar to
the other anonymous nuclear loci, fewer heterozygotes are
present than expected with Hardy-Weinberg assumptions,
and the population is not in Hardy-Weinberg proportions
when the entire transect is considered (UT: observed hetero-

G. firmus alele ([7), or a heterozygous individual (X). For mtDNA,
lotype (®) or G. firmus haplotype ([]). Although males are not shown
sizes for females (and overall): A, 322 (567); B, 77 (125); C, 47 (81);

zygotes = 8 [10%)], expected = 9 [11%)], x% [for all HW
proportions] = 27.159, P < .0001; F;s = 0.14). As with
GpUC 351, when the two sides of the transects are considered
separately, more heterozygotes than expected are observed
on both the G. pennsylvanicus side (F|s = —2.3) and the G.
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Fic. 4. Molecular characters by position along the GHWA transect. See Figure 3 for details. Sample sizes for females (and overall):

A, 129 (240); B, 45 (100).

firmus side (F;s = —3.9). Not all heterozygotes are located
at the ends of the transects, although most are. Two hetero-
zygous individuals are located near the step in the cline for
this locus.

Average Cline for All Characters

The average clines for both transects are plotted in Figure
5. The average cline is generated by first standardizing the
scores for all morphological and molecular characters to a
scale from 0 to 1. For each morphological character, stan-
dardization is based on the range of observed values. For
molecular markers, the alternative homozygotes or haplo-
types are scored as O or 1, respectively, and heterozygotes
are scored as 0.5. The average trait score for each individual
isthen plotted against position, and a cubic spline polynomial
isfit to the data (as before) to produce a cline shape function.
As aresult, the shape of the cline is dependent on the traits
and individuals that are included in the analysis, and a dif-
ferent suite of traits, which may experience a different bal-
ance of evolutionary forces, will produce a different cline.
From Figure 5, both transects show similar average clines,
with abrupt steps in the middle of the transects, and gradual
decays on either side of the steps to the extremes in scores
at the ends of the transects.

Covariance and Linkage Disequilibrium

Hybrid zones are often characterized by increased phe-
notypic variance in the middle of the zone (Endler 1977).
This phenomenon may occur as a result of mixing distinct
genomes and/or increasing environmental variability. The co-
variance between quantitative traits also increasesin the mid-
die of hybrid zones due to increased linkage disequilibrium
(Szymura and Barton 1986, 1991; Barton and Gale 1993).

At the fine scale of the transects in this study, where indi-
viduals are sampled without the benefit of population affil-
iation, variance and linkage disequilibrium are inappropriate
measures unless individuals along the transects are grouped
into pseudo-populations. Grouping individuals is not nec-
essarily desirable for analysis of fine-scale transects because
spatial information islost through the binning process. None-
theless, to compare our fine-scale transects with transects
over larger spatial scales, where each observation is a pop-
ulation instead of an individual, it is useful to have a sense
of how the variance in traits and linkage disequilibrium
change over the transects. Consequently, the variance/co-
variance structures in three areas of the transects, the G.
pennsylvanicus end, the middle, and the G. firmus end, were
estimated, along with D*, the average linkage disequilibrium
for diagnostic alleles of phenotypic traits (see Nurnberger et
al. 1995).

For all morphological traits except tegmina color, variance
is highest in the middle of the UT transect (Table 1A). For
the GHWA transect (Table 1B), ovipositor length shows a
pattern similar to that seen in the UT transect, but the body
size characters and tegmina color show less variance in the
middle of the transect than at the ends.

Covariance is highest in the middle of the UT transect for
all pairwise combinations of morphological traits (Table 1A)
and for four of six combinations at the GHWA transect (Table
1B). For the UT transect femur length and pronotum width
show a high pairwise phenotypic correlation (r2 = 0.89).
Also, ovipositor length is correlated with both body size traits
(r2 = 0.88 with femur length, r2 = 0.82 for pronotum width).
If the increase in covariance in the middle of the hybrid zone
is the result of high linkage disequilibrium, then the relative
increase in covariance can be used to estimate D* for quan-
titative phenotypic traits. Using the equation, cov(z, zZ') =
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AzAZ'D*/2 (NUrnberger et al. 1995), the covariance between
two quantitative traits, z and Z/, is proportional to D*, the
average linkage disequilibrium between diagnostic alleles,
where Az and AZ' are the maximum trait differences across
the transects. Table 1 lists the estimates of D* for three areas
of both transects. As with covariance, D* for every pairwise
case of morphological traits measured along the UT transect
is highest in the middle of the transect. For GHWA, D* for
four of six combinations is highest in the middle, with com-
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binations involving femur length having higher D* at the G.
firmus end of the transect.

We also estimated pairwise two-locus linkage disequilib-
rium, Dpg, and gametic phase cytonuclear disequilibrium,
CND, between molecular loci using GDA version 1.0 (Lewis
and Zaykin 2001) and CND (Asmussen and Basten 1994,
Basten and Asmussen 1997), respectively. Dg and CND are
highly significant among all pairwise combinations (Table 2)
because most individuals in the transects contained either G.
pennsylvanicus alleles at all loci or G. firmus alleles at all
loci. As reported above, very few heterozygotes were found
throughout the transect (see Harrison and Bogdanowicz
1997).

We summarize the distribution of multilocus genotypes
across the entire UT transect using histograms of genotype
scores for males and females (Fig. 6). Genotype scores are
calculated by assigning a value of O for each G. pennsylvan-
icus allele or mtDNA haplotype and a value of 1 for corre-
sponding G. firmus alleles or haplotypes. Because GpUC351
is assumed to be sex-linked, the range of scores is 0—6 for
males and 0-7 for females. The histograms emphasize the
bimodal nature of the hybrid zone and also the clear signature
of introgression of G. pennsylvanicus alleles into G. firmus.
Although each histogram has a large peak at O (representing
pure G. pennsylvanicus), the G. firmus peak is broad with
relatively few individuals with scores of 6 (males) or 7 (fe-
males). F, hybrids (i.e., heterozygotes at all nuclear loci and
G. pennsylvanicus mtDNA) would have scores of 2 (males)
and 3 (females), but no actual F; hybridswere collected along
the transects (individual s with these genotype scores are other
multilocus genotypes).

Across the two transects, there is a strong association be-
tween morphological traits and nuclear gene alleles or
mtDNA haplotypes in spite of introgression at GpUC279 and
mMtDNA (Table 3). This can be seen clearly by examining the
plots of ovipositor length by position (Figs. 3, 4), with in-
dividuals coded by the alleles they possess. Interestingly,
heterozygotes at autosomal loci are intermediate in character
for nearly all of the morphological traits (Table 3).

Changes in Soil across the Transects

Based on two soil characters that differ between sands and
loams, particle size distribution and organic content, our data
indicate that each transect crosses a patch boundary (Fig. 7).
Soils transition from areas with high sand content at the G.
firmus ends of the transects to areas of moderate sand content
at the G. pennsylvanicus ends of the transects (Fig. 7). Like-
wise, organic content, which is typically low in sands and
high in loams, is low at the G. firmus end of the transect and
high at the G. pennsylvanicus end of the transect (Fig. 7).
The changes in soil attributes are not abrupt but are none-
theless conspicuous. Using the U.S. Department of Agricul-
ture guide for textural classification (Bureau of Plant Indus-
try, Soils, and Agricultural Engineering) and grouping sam-
ples by the morphology of crickets collected on them, soil
samples where G. firmus-like crickets were found are clas-
sified as sands, with some samples classified as loamy sands
(Fig. 8). Soil samples where G. pennsylvanicus-like crickets
were found are classified as loams or sandy loams (Fig. 8).
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TaBLE 1. Estimates of variance, covariance, and D*. (A) UT transect. (B) GHWA transect. Covariance estimates are listed above the diagonal,
with variance estimates listed on the diagonal, for four morphological traits at the Gryllus pennsylvanicus end (top), middle (middle), and G.
firmus end (bottom) of the transect. These values are the residuals of individual estimates after subtracting the respective transect mean for
each trait. Sample sizes are given in parentheses. Estimates of D* are listed below the diagonal for each section of the transect. Az-values are
the maximum trait difference across the transect (see text for details).

A
Ovipositor Femur Pronotum Tegmina
length length width color
Az 11.70 7.75 3.50 8
Ovipositor length 2.101 (158) 0.808 (155) 0.465 (157) 0.797 (141)
8.045 (25) 2.615 (25) 1.307 (25) 2.844 (22)
1.981 (139) 0.800 (137) 0.438 (138) 0.096 (125)
Femur length 0.018 0.631 (242) 0.332 (241) 0.347 (223)
0.058 1.335 (45) 0.638 (45) 1.310 (45)
0.018 1.057 (270) 0.421 (269) 0.059 (256)
Pronotum width 0.023 0.011 0.229 (245) 0.210 (225)
0.064 0.042 0.367 (46) 0.710 (42)
0.021 0.002 0.253 (274) —0.043 (260)
Tegmina color 0.017 0.011 0.015 1.650 (226)
0.061 0.042 0.051 4.820 (42)
0.002 0.002 —0.003 4.887 (261)
B
Ovipositor Femur Pronotum Tegmina
length length width color
Az 10.10 5.15 2.85 8
Ovipositor length 1.091 (58) 0.694 (58) 0.354 (58) 0.052 (58)
3.798 (22) 0.865 (22) 0.606 (22) 1.496 (22)
1.878 (50) 0.701 (50) 0.462 (50) 0.515 (50)
Femur length 0.027 0.747 (91) 0.387 (91) 0.091 (91)
0.033 0.421 (57) 0.193 (57) 0.273 (57)
0.027 0.647 (91) 0.299 (91) 0.299 (91)
Pronotum width 0.025 0.004 0.232 (91) 0.049 (91)
0.042 0.013 0.140 (57) 0.177 (57)
0.032 0.015 0.187 (91) 0.057 (91)
Tegmina color 0.001 0.004 0.004 0.760 (91)
0.037 0.013 0.016 3.784 (57)
0.013 0.015 0.005 4.018 (91)

These samples are consistent with samples collected from
reference populations, albeit not as distinctly sand or loam
as sites that harbor pure cricket populations. They are similar,
however, to soil samples from reference populations of G.
pennsylvanicus-like crickets and G. firmus-like crickets
found within the hybrid zone (Fig. 8).

Discussion

Patterns of Variation across Patch Boundaries in a Mosaic
Hybrid Zone

Thefield cricket hybrid zone was initially described on the
basis of morphological and allozyme variation in popul ations
sampled from throughout the northeastern United States
(Harrison and Arnold 1982). Analysis of variation revealed
a broad zone of hybridization and overlap on a spatial scale

of tens to hundreds of kilometers, with G. firmus populations
found along the coast and at low elevations and G. pennsyl-
vanicus populations occupying inland and upland sites. More
intensive sampling within small regions (kilometers to tens
of kilometers) of the hybrid zone in Connecticut produced a
very different picture; the hybrid zone appeared to be a patch-
work of populations (a mosaic), with adjacent populations
exhibiting substantial differences in morphology, allozyme
allele frequencies, mMtDNA haplotype frequencies, and fre-
guencies of diagnostic anonymous nuclear gene markers
(Harrison 1986; Harrison et al. 1987; Harrison and Rand
1989; Rand and Harrison 1989; Harrison and Bogdanowicz
1997). The mosaic structure of the cricket hybrid zone in
Connecticut reflects an underlying patchy distribution of sand
and loam soils (Rand and Harrison 1989).

Here we have intensively sampled crickets along transects

TaBLE 2. Two-locus linkage disequilibrium, D,s, and cytonuclear disequilibrium, CND. Values above the diagonal are estimates of D,; or
CND and P-values of Fisher exact tests (in parentheses) for the UT transect. Values below the diagonal are for the GHWA transect. See text

for details.

mtDNA GpuC 5 GpUC 279 GpUC 351
mtDNA — 0.88 (<0.0001) 0.77 (<0.0001) 0.76 (<0.0001)
GpUC 5 0.89 (<«0.0001) — 0.26 (<0.0001) 0.40 (<0.0001)
GpUC 279 — — — 0.26 (<0.0001)
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Fic. 6. Histograms of genotype scores for (A) males and (B) fe-
males sampled along the entire UT transect. To determine an in-
dividual’s score, each Gryllus firmus allele (or haplotype for
mtDNA) contributed one point, so that for nuclear loci, G. penn-
sylvanicus homozygotes scored zero points, G. firmus homozygotes
scored two points, and heterozygotes scored one point. MtDNA
haplotypes were scored as one point (G. firmus) or zero points (G.
pennsylvanicus). See text for details.

across the boundaries between sand and |oam patches. Rather
than comparing trait, allele, and haplotype frequencieswithin
arbitrarily defined populations, we examined the distribution
of morphological and molecular characters in individual
crickets over distances of less than a kilometer. At this fine
spatial scale, both morphological and molecular characters
show abrupt transitions from G. pennsylvanicus-like to G.
firmus-like scores and alleles. These step clines show sub-
stantial concordance, especially considering the scale over
which they are measured. In addition, both transects show
similar patterns even though they are geographically distant
and are at different positions in the hybrid zone—UT deep
within the hybrid zone and GHWA near the coast where G.
firmus populations are more common. Accordingly, the crick-
et mosaic hybrid zone appears clinal in nature when examined
at a fine spatial scale across the patch boundaries between
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habitats. Because the hybrid zone appears clinal at very large
spatial scales, the mosaic nature of this hybrid zone is re-
vealed only at intermediate scales, which presumably cor-
respond to the scale of patchiness of the relevant environ-
mental heterogeneity. Thus, scale clearly matters when ex-
amining the structure of this and other hybrid zones (Bridle
et al. 2002).

Most remarkableisthat concordant changesin morphology
and diagnostic molecular markers occur over distances less
than 100 m at both UT and GHWA. In Connecticut, indi-
viduals of both G. pennsylvanicus and G. firmus are nearly
always flightless. From mark-recapture studiesit appears that
many individuals move only tens of meters from where they
are first marked, but a fraction of marked individuals are
never recovered and some of these may represent longer-
distance dispersal (Harrison and Rand 1989; unpubl. data).
The ability to detect pattern in the hybrid zone on a scale
equivalent to or less than the dispersal distance of an indi-
vidual cricket suggests that this spatial resolution is appro-
priate and useful for elucidating process in this hybrid zone.

It is possible that the transects we sampled represent non-
equilibrium situations, for example, very recent contacts be-
tween populations of the two species. Under these circum-
stances, the observed discontinuities may be transient phe-
nomena and a balance between dispersal and selection need
not be invoked to explain the sharp discontinuity. If the tran-
sects are at equilibrium, then either crickets show strong pref-
erences for different soil types (thereby effectively reducing
dispersal across patch boundaries) or strong selection (either
exogenous or endogenous; see Moore and Price 1993) coun-
teracts the effects of dispersal and maintains the steep clines.

Because crickets occupy disturbed habitats and because
the cricket hybrid zone in Connecticut exists within aheavily
populated and devel oped region, suitable habitat patchestend
to be ephemeral. Many interactions at patch boundaries may
be relatively recent and probably have not reached equilib-
rium. Assuming a neutral diffusion model, the abrupt dis-
continuities and strong disequilibrium that we see would only
be consistent with very recent contact between the two cricket
species. For randomly mating populations, linkage disequi-
librium decays by one-half every generation, so the proba-
bility of D*, Dpg, and CND values as large as those found
in the transects is extremely small unless populations arrived
only a few generations ago. It is unlikely that observed pat-
terns are simply a consequence of our encountering such
recent contacts, given that we find nearly identical patterns
at two independent sites and that we have sampled each of
those sites in two successive years. The patterns that we see
are also not likely a consequence solely of strong habitat
choice in the absence of selection, given that the observed
clines in morphology and allele and haplotype frequencies
are much steeper than the soil gradient. Also, although G.
pennsylvanicus females in the laboratory prefer to oviposit
in loam soils, G. firmus females do not show a preference
for sand and indeed lay more eggs in loam than in sand when
given a choice in the laboratory (Ross 2000).

Therefore, selection likely plays an important rolein main-
tenance of the abrupt discontinuities. However, it is difficult
from pattern alone to identify the nature of the selection
regime. Both single-locus and multilocus model s suggest that
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TaBLE 3. Means for morphological traits as a function of molecular alleles. (A) UT transect. (B) GHWA transect. Means for four morphol ogical
traits (=SE) are listed for each genotype/haplotype of four molecular loci. Sample sizes are listed in parentheses. Penn. refers to homozygotes
with alleles that are fixed or nearly fixed in pure Gryllus pennsylvanicus populations. Firmus refers to homozygotes with alleles that are fixed
or nearly fixed in pure G. firmus populations.

A
Ovipositor Femur Pronotum Tegmina
length (mm) length (mm) width (mm) color
mMtDNA
penn. 16.05 = 0.17 (291) 10.83 =+ 0.05 (501) 5.62 + 0.03 (508) 3.35 + 0.11 (473)
firmus 18.81 = 0.27 (31) 11.48 = 0.15 (55) 5.99 = 0.07 (56) 4.28 + 0.26 (55)
GpuUC 5
penn. 13.91 = 0.25(35) 10.19 *= 0.11 (60) 5.26 = 0.06 (60) 1.48 = 0.12 (48)
heterozygote 17.06 = 0.65 (5) 11.01 = 0.43 (10) 5.88 + 0.27 (10) 357 + 0.75(7)
firmus 19.11 = 0.23(37) 11.74 = 0.15 (55) 6.08 = 0.08 (55) 4.71 = 0.27 (42)
GpUC 279
penn. 15.65 + 0.56 (29) 10.67 = 0.20 (45) 5.46 *+ 0.09 (45) 2.03 + 0.32(31)
heterozygote 16.16 = 1.28 (5) 11.18 = 0.29(8) 5.97 + 0.25 (8) 6.33 + 0.74 (6)
firmus 18.64 + 0.39 (13) 11.16 = 0.26 (28) 5.89 *+ 0.12(28) 4.33 + 0.37 (24)
GpUC 351
penn. 14.12 = 0.26 (37) 10.33 = 0.11 (62) 5.31 = 0.07 (62) 1.71 = 0.20 (49)
heterozygote 17.72 = 1.05(7) 10.99 = 0.44 (9) 5.56 + 0.18 (9) 2.14 + 0.54(7)
firmus 19.18 * 0.23(33) 11.70 + 0.19 (52) 6.13 + 0.07 (52) 4.90 * 0.23(39)
B
Ovipositor Femur Pronotum Tegmina
length (mm) length (mm) width (mm) color
mMtDNA
penn. 15.06 = 0.21 (89) 10.71 = 0.07 (162) 5.63 + 0.04 (162) 2.17 + 0.15(162)
firmus 18.91 = 0.23 (40) 11.64 = 0.09 (76) 6.19 = 0.05 (77) 5.17 = 0.22 (78)
GpUC 5
penn. 14.63 = 0.23 (26) 10.51 = 0.12 (57) 5.53 = 0.07 (75) 1.39 = 0.10(57)
heterozygote 0) 11.20 (1) 5.90 (1) 1.00 (1)
firmus 19.26 = 0.28 (19) 11.78 = 0.14 (41) 6.27 = 0.06 (42) 5.29 = 0.28 (42)
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Fic. 7. Percentage sand and organics by position along the transects. In addition to sampling on the roadside, the UT transect was
sampled 10 m east (toward the Connecticut River) and 10 m west (uphill) of the road at 100-m intervals. This is indicated by three soil
samples at these distances. The lines show the linear regressions of percentage sand or organics on distance. For UT, sand r2 = 0.25,
organics r2 = 0.26 (after excluding high value at 0 m). For GHWA, sand r2 = 0.45 (after excluding samples at 550 m, 600 m, and 650

m), organics r2 = 0.27.
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Fic. 8. Ternary plot of particle size distribution for soil samples in the transects. The proportions of the three component particle sizes
for each soil sample are shown for the UT and GHWA transects, as well as for seven reference populations. In the graph, soil samples
where Gryllus pennsylvanicus-like individuals (based on morphology) were collected are indicated by e, soil samples where G. firmus—
like individuals (based on morphology) were collected are indicated by [], and reference populations are indicated by X. In addition,
reference populations are numbered: 1-4: locations with G. firmus populations (Seaside Park, NJ; Guilford 2, CT; Saybrook Pt., CT; and
Canaan 2, CT, respectively); 5-7: locations with G. pennsylvanicus populations (Housatonic Meadows, CT; Sharon 1, CT; and Ithaca,
NY, respectively). From the graph, G. firmus-like crickets are found on soils with higher sand content, whereas G. pennsylvanicus are
found on loamier soils. The graph does not show the complete range of proportions for each particle size (i.e., the axes do not go from

0 to 1), but all soil samples are shown within the graph.

clines produced by exogenous and endogenous sel ection can-
not be distinguished (Barton and Gale 1993; Kruuk et al.
1999). Furthermore, premating isolating barriers and/or fer-
tility selection may combine to create strong barriers (Gav-
rilets and Cruzan 1998). Nonetheless, it is useful to explore
the possible explanations for the patterns that we see, in the
context of our understanding of cricket population structure,
ecology, and behavior.

Divergent selection in different soil environments might
explain the slope and position of sharp-stepped clines for
ovipositor length and/or tegmina color. Soil gradients along
the Connecticut transects are not nearly as steep as the clines
for ovipositor length and tegmina color, but gradient models
of selection indicate that ‘‘ stepped clines can evolve in the
absence of stepped environments'’ (Endler 1977). Ovipositor
length determines the maximum depth at which cricket fe-
males can place eggs in the soil, although behavioral plas-
ticity may have astrong influence on the actual depth at which
eggs are deposited (Masaki 1979, 1986; Bradford et al. 1993).
Selection for a long ovipositor in habitats with sandy soils
has been invoked to explain longer ovipositors (relative to
neighboring populations) in North American field crickets
living on sandy soils (Lutz 1908; Alexander 1968). Similarly,

it has been proposed that crickets with light tegmina would
have an advantage on light colored (sandy) soils (Alexander
1968). However, if tegminacolor is adaptive on different soil
patches, it is unclear why crickets with dark tegmina would
be found on sandy soils, as is the case for both the UT and
GHWA transects.

It is difficult to explain the remarkably steep and concor-
dant clines for all morphological and DNA markers on the
basis of environmental selection resulting from variation in
the nature of the soil substrate. There is no a priori reason
to suspect that femur length and pronotum width should di-
rectly affect fitness differently in the two soil environments.
Furthermore, variation in soil substrate alone cannot readily
explain the abrupt step clines for the anonymous nuclear gene
markers GpUC5 and GpUC351, which are presumably neu-
tral genetic markers with respect to habitat. To explain these
step clines, we might assume that our markers are all closely
linked to nuclear genes under strong environmental selection
(an unlikely proposition) or that, as a consequence of strong
selection at multiple loci across the genome, many chro-
mosomal regions experience strong effective selection, that
is, there is *‘cohesion of the genome’’ (Barton 1983; Kruuk
et al. 1999).
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An aternative (but not mutually exclusive) selective ex-
planation for the maintenance of steep clines across patch
boundaries in the mosaic hybrid zone is that these represent
tension zones (Barton and Hewitt 1981, 1985), in which dis-
persal is balanced by selection against individuals of mixed
ancestry. Tension zone models clearly allow for steep clines
to be maintained (Barton 1979b, 1983; Barton and Gale
1993), with cline width a function of the magnitude of dis-
persal, the effective strength of selection on each locus, the
number of loci, and the rate of recombination (Barton 1983).
If hybrids arelessfit, then random colonization of local patch-
es by individuals of two species or races could result in a
patchy distribution with narrow clines across patch bound-
aries maintained by endogenous selection (for an examplein
chromosomal races of house mice see Hauffe and Searle
1993).

We have no direct evidence for the reduced fitness of hy-
brids between G. pennsylvanicus and G. firmus. In the lab-
oratory, egg-to-adult survivorship is much higher in G. firmus
than in G. pennsylvanicus; hybrids exhibit intermediate sur-
vivorship and no apparent reduction in fertility relative to
the parentals (R. Harrison, unpubl. data). Tension zone mod-
els also do not easily explain the position of the cricket step
clines, unless density troughs are invoked at the soil patch
boundaries. Hence, endogenous selection alone is not likely
to explain the patterns of variation in the field cricket hybrid
zone. Morelikely, as emphasized by Kruuk et al. (1999) ‘‘the
exclusive action of either endogenous or exogenous selection
is undoubtedly an unlikely simplification,”” and the patterns
that we see may well derive from a combination of selective
forces.

Hybrid zone models that incorporate fertility selection and
prezygotic isolation (Gavrilets 1997; Gavrilets and Cruzan
1998) suggest that these factors may also constitute strong
barriers to the flow of neutral alleles across hybrid zones.
Crosses between G. firmus females and G. pennsylvanicus
males do not give rise to any hybrid offspring (Harrison
1983). The reciprocal cross produces viable, fertile offspring
in the laboratory, but prezygotic barriers appear to limit gene
exchange in the field (Harrison 1986; Harrison and Rand
1989). In spite of opportunities for hybridization and gene
exchange, no F; hybrids and very few heterozygotes for the
nuclear gene markers are found along the transect.

The cricket hybrid zone is clearly bimodal (Harrison and
Bogdanowicz 1997), in the sense that most individuals are
very much like one or the other parent species. The distri-
bution of genotype scores shows this most clearly (Fig. 6).
Furthermore, comparisons of the associations of traits in
crickets—morphological/morphological (Table 1), molecu-
lar/molecular (Table 2), and morphological/molecular (Table
3)—suggest high levels of linkage disequilibrium across the
transects, especially in the center of the clines. In an earlier
study, Harrison and Bogdanowicz (1997) found no F; hybrids
and strong linkage disequilibrium in three mixed populations
in Connecticut. The implication of bimodality and high link-
age disequilibrium is that individuals and populations remain
pure (i.e., little or no mixing), either because few hybrids are
produced or because hybrids have greatly reduced fitness.
However, both the earlier study and the data reported here
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also reveal evidence of introgression at one or more marker
loci.

Displacement of Clines for Mitochondrial DNA and
GpuC279

The clines for mtDNA and GpUC279 are clearly not con-
cordant with clines for morphological characters or those for
the other nuclear gene markers. For both mtDNA and
GpUC279, the majority of crickets at the G. firmus end of
the transects carry G. pennsylvanicus alleles or haplotypes.
This pattern may reflect ongoing introgression across the UT
and GHWA transects or it may be a consequence of past
hybridization and introgression (the ‘‘ghost of hybridization
past’’). The latter scenario suggests that the crickets that
initially colonized the G. firmus ends of the two transects
came from source populations that already were introgressed
as a consequence of previous episodes of hybridization at
other sites within the mosaic hybrid zone. Whatever theorigin
of the pattern, the observation of differential introgression
argues for differences in the nature of the selection regime
experienced by the chromosomal regions (or mtDNA) in
which the marker loci reside (Nurnberger et al. 1995).

Because we assay both mtDNA and nuclear gene haplo-
types based on single restriction-site differences, it might be
the case that the presence of G. pennsylvanicus alleles at the
G. firmus end of the transects represents independent gains
or losses of singlerestriction sites. Several observationsargue
against this scenario. First, there is strong disequilibrium be-
tween mtDNA and GpUC279 at the G. firmus end of the UT
transect. Crickets that carry G. pennsylvanicus mtDNA also
carry G. pennsylvanicus GpUC279 alleles. This is expected
if introgression accounts for the observed pattern, but not if
it is simply due to homoplasy. Furthermore, crickets with G.
firmus morphology that carry G. pennsylvanicus mtDNA also
carry astrain of Wolbachia characteristic of G. pennsylvanicus
but absent in G. firmus (Mandel et al. 2001). Because mtDNA
and Wolbachia are both maternally transmitted, this pattern
is expected if introgression explains the displacement of the
mtDNA cline.

Asymmetric introgression of mtDNA has been observed
in previous studies of the cricket hybrid zone at larger spatial
scales (Harrison et al. 1987; Harrison and Bogdanowicz
1997). The asymmetry (introgression of G. pennsylvanicus
mtDNA into G. firmus but not the reverse) is a consequence
of an asymmetry in the outcome of the two reciprocal crosses
(Harrison 1983). Because all F; hybrids are derived from the
cross between G. firmus males and G. pennsylvanicusfemales,
individuals of mixed ancestry almost always carry G. penn-
sylvanicusmtDNA. Gryllus firmus mtDNA can introgressinto
G. pennsylvanicus only if a lineage involves initial back-
crossing to a G. firmus female followed by repeated back-
crossing to G. pennsylvanicus males. Extensive introgression
of G. pennsylvanicus mtDNA may reflect an inherent advan-
tage of this mtDNA throughout the hybrid zone independent
of nuclear gene background (positive selection), transient
hitchhiking of neutral mtDNA with positively selected nu-
clear genes (Kilpatrick and Rand 1995), or simply the absence
of selection against mtDNA because mtDNA is unlinked to
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chromosomal regions that are under negative selection (either
exogenous or endogenous).

Within the hybrid zone, many of the populations in which
crickets are morphologically like G. firmus show evidence of
significant introgression of G. pennsylvanicus GpUC279 al-
leles (Harrison and Bogdanowicz 1997). However, intro-
gression of GpUC5 and GpUC351 alleles (from G. pennsyl-
vanicus into G. firmus) has also occurred, although not as
consistently. Furthermore, previous data from populations
sampled on aregional scale provide evidence of introgression
of G. firmus alleles into G. pennsylvanicus-like populations,
which has not occurred along the UT or GHWA transects.
Possible explanations for the differential introgression of nu-
clear gene markers are the same as invoked for mtDNA,;
alleles that introgress more readily are either favored across
the entire transect or reside in chromosomal regions that are
effectively neutral (with introgression of other markers[chro-
mosomal regions| either prevented or delayed by exogenous
or endogenous negative selection; Szymura and Barton 1986,
1991; Barton and Gale 1993). Patterns of introgression across
hybrid zones often vary among loci (or traits; Harrison 1990;
Arnold 1997). The most elegant demonstration of this phe-
nomenon is by Rieseberg et al. (1999), who documented a
remarkable consistency across independent, replicate sun-
flower hybrid zones in the introgression of chromosomal seg-
ments in spite of substantial variation among markers in the
rates of introgression. These results suggest that introgression
is largely controlled by natural selection and that hybrid
zones are indeed semipermeable barriers to genetic exchange.
Data from the cricket hybrid zone are consistent with both
of these conclusions.

Changes in Soil across the Transects

For both the UT and GHWA transects, analyses of soil
samples indicate that these transects represent boundaries be-
tween sand and loam patches. However, the patches are not
discrete, and at fine scales the transition from a sand patch
to aloam patch is gradual (Fig. 7). The gradual soil transition
may reflect the fuzzy nature of patch boundaries for this
hybrid zone, the limits of resolving soil patches using very
simple soil characters, and/or that our transects are not nec-
essarily orthogonal to the patch boundary (see below). At
intermediate spatial scales, the patchwork association of
cricket genotypes and soil types strongly suggests that soil
must be structuring and maintaining the field cricket hybrid
zone, whereas at fine scales, this association, while apparent,
isnot nearly as distinct. However, even the gradual transition
of soil characters observed at fine scales may produce step
clinesin cricket characters due to divergent selection (Endler
1977) or behavioral preferences.

Three soil samples along the GHWA transect, at 550 m,
600 m, and 650 m (Fig. 7B), have loamlike characteristics
even though they are from the G. firmus end of the transect
and G. firmus-like crickets are found at these locations. That
G. firmus-like crickets are found at these locations suggests
that this arearepresents asoil patch too small to be recognized
by the crickets. The size of a local habitat patch that can
support a population of one species embedded in a larger
area occupied by a second species depends on the dispersal
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distance of individuals and on the strength of selection in the
different patch types (Levins 1968; Slatkin 1973, 1975; Na-
gylaki 1975). Thus, patches must be at least some minimum
size (Slatkin 1973), and the environment must be relatively
coarse grained (Levins 1968) to support a cricket-soil as-
sociation.

For the UT transect, soil samples taken approximately 10
m to the east and west of the road (which defines the major
axis of the UT transect) show that soil characters in less
disturbed environments generally correspond to those near
the road. Each side of the road, however, has a slightly dif-
ferent character. Samples to the east of the road, near the
Connecticut River, generally are slightly sandier in character
than the corresponding samples on the road. Samples to the
west of the road, which are at slightly higher elevations, are
more loamy than corresponding road samples (Fig. 7A). This,
of course, is not unexpected, and is consistent with the hy-
pothesis that G. firmus may invade upland areas using riv-
erbanks as favorable, sandy corridors.

Comparison of samples east and west of the UT transect
also suggest that this transect may not be strictly orthogonal
to a sand-loam patch boundary. Furthermore, using cricket
characters as a judge of habitat character, the extreme ends
of the transects (0 m and 500 m) may not actually represent
extremes in soil type. For example, the section of the transect
at 200 m appears to be a relatively pure upland area jutting
down to the Connecticut River, and the section of the transect
at 400 m is a sandy bank deposited from the river. These
observations confirm that the real world is far more complex
than a discrete two-patch model might suggest and that de-
fining an appropriate scale for patch structure requires de-
tailed observations at multiple spatial scales.

Finally, the shape of step clines for cricket characters will
reflect whether samples are collected along transects that are
orthogonal to habitat patch boundaries. Because many models
use cline shape to estimate evolutionary parameters such as
dispersal and selection in hybrid zones, it is essential to map
transects onto underlying patterns of environmental hetero-
geneity. Ideally, mosaic hybrid zones will be sampled in two
dimensions (see Marshall and Sites 2001), and two-dimen-
sional models of cline shape will be developed.

Conclusions

In the last few decades, the study of hybrid zones has
focused on using pattern to elucidate process. Here we have
shown that the pattern of the North American Gryllus hybrid
zone—and thus the interpretation of process—is dependent
on spatial scale, environmental heterogeneity, sampling of
individuals and loci, and the particular history of the system.
The cricket hybrid zone is clinal at coarse and fine scales,
but it is mosaic at intermediate scales. Many hybrid zones
may vary in structure at different scales. The sharp, concor-
dant clines across soil habitat for nuclear, cytoplasmic, and
phenotypic markers indicate that this hybrid zone is un-
doubtedly structured by selection. However, the elucidation
of detailed mechanisms for the maintenance of the hybrid
zone—whether endogenous selection against hybrids, ex-
ogenous sel ection by the environment, behavioral preferences
for mates or habitats, or pre- or postmating barriers—will
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depend on closer inspection of the organisms themselves and
their interactions.
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