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ABSTRACT

Shortleaf pine, Pinus echinata Mill., is the most widely distributed yellow pine of the southeastern United States.
Allozyme diversity at 22 loci was determined for 18 populations of shortleaf pine sampled from throughout its
geographic range. Compared to plant species possessing similar life history traits, shortleaf pine had more
polymorphic loci (P = 91%) and a higher mean number of alleles per locus (A = 2.77) but less expected
heterozygosity (H,=0.115). This result was due to the presence of several polymorphic loci with skewed allele
frequencies, a pattern typical of many conifers. The G, value of shortleaf pine (0.026) was somewhat fower than
G, values for other pine species with continuous geographic ranges. Differences in allele frequencies between
eastern and western sections of its range were slight. However, significantly more hybridization between
shortleaf pine and loblolly pine, P. taeda L., was found in populations west of the Mississippi River (4.6% West

vs. 1.1% East).
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INTRODUCTION

Plant species are not only defined taxonomically by
their characteristics but their traits can also influence
their genetic composition. Ecological factors and life
history traits such as regional distribution, life span,
habit, geographic range, mating system, and pollen and
seed dispersal mechanisms all influence genetic
diversity and structure in plant species. In general,
long-lived, woody species have more allozyme
variation than other types of plants (HAMRICK et al.
1979, 1992: HAMRICK & GODT 1989). Furthermore,
plant species with a boreal-temperate distribution, a
continuous and regional geographic range, and with
wind-dispersed pollen and seeds have most of their
genetic variation within their populations (LOVELESS &
HAMRICK 1984; HAMRICK & GODT 1989). Such pollen
and seed dispersal mechanisms promote gene flow;
increasing genetic diversity within populations and
minimizing among population variation,

Shortleaf pine is a yellow pine belonging to
Subsection Australes Loud. and 1s native to 22 states,
making it the most widely distributed of the
southeastern United States pines (Figure 1)
(CRITCHFIELD & LITTLE 1966; LITTLE 1971; LAWSON
1990). Tts distribution is naturally subdivided into
western and eastern regions, since shortleaf pine does
not compete well with the hardwoods that dominate the
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Mississippi  River flood plain (LOWERY 1986).
Paleoecological data indicate that the Mississippi River
flood plain has separated these two regions at least
since the end of the last glacial epoch and there has
been speculation that present day populations were
founded by individuals from separate glacial refugia
(DELCOURT et al. 1983).

Shortleaf pine grows sympatrically with loblolly
pine throughout most of its range, but locally the two
species are often found in different habitats (MCCUNE
1088). Artificial crosses between shortleaf pine and
loblolly pine produce viable, hybrid offspring which
are intermediate to the parental species for some, but
not all, morphological traits (DUFFIELD 1952;
CRITCHFIELD 1963; KENG & LITTLE 1961; LITTLE &
RIGHTER 1965). In addition to such traits, loblolly pine,
shortleaf pine, and their hybrids can be distinguished by
their genotypes at an isocitrate dehydrogenase locus
(IDH) (HUNEYCUTT & ASKEW 1988).

In this paper we estimate levels of genetic diversity
for shortleaf pine and determine how genetic diversity
is distributed within and among populations and
geographic regions. We also use the IDH locus to
identify the frequency of natural hybrids between
shortleaf pine and loblolly pine within populations and
to determine whether there are regional differences in
the frequency of hybridization.
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MATERIALS AND METHODS
Study sites

Eighteen naturally occurring shortleaf pine populations
were sampled from 10 southeastern states, ranging
from Virginia (VA) to Oklahoma (OK) (Figure 1).
Where possible, branch samples from 48 individuals of
varying ages were collected from each population. Po-
pulations TAR, PMO, WTN, and CMI had 43, 44, 36,
and 47 individuals, respectively. Branch material was

placed in a plastic bag and kept cool to avoid protein
denaturation. Upon return to the lab, samples were re-
frigerated at 5 °C until enzyme extraction. Enzyme
extraction was accomplished with a mortar and pestle.
Needle and bud materials were covered with liquid
nitrogen and a pinch of sea sand was added to facilitate
the creation of a fine powder. A phosphate- polyvinyl-
pyrrolidone buffer was then added to the extract to
stabilize the proteins (MITTON ez al. 1979). The crude
extract was absorbed onto filter paper wicks which
were placed in microtest plates for storage at —70°C,

%

Figure 1 Range map of shortleal pine and populations sampled: (1) BOK = Bokhoma City, Oklahoma; {2) WAR — Waldron.
Arkansas; (3) TAR - Tilly, Arkansas; (4) NAR — Norfolk, Arkansas; (5) WSMO ~ Willow Springs, Missouri; (6) GMO -
Greenville, Missouri; (7) PMO — Perrysville, Missouri: (8) WTN — Williston, Tennessee: (9) CMI - Corinth, Mississippi; (10)
CAL - Cherokee, Alabama; (11) TMGA (Thompson Mills, Georgia: (12) TGA - Toccoa, Georgia; (13) WSC — Walhalla, South
Carolina; (14) ISC - Inman, South Carolina; (15) CNC - Concord, North Carolina; (16) TVA - Turberville, Virginia: (17) SVA

- South Hill, Virginia; (18) GVA — Green Bay. Virginia
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Table 1 Electrode and gel buffer systems and electrophoretic conditions used to resolve twenty-two putative loci in
shortleaf pine. Buffer systems are as described by Soltis et al (1983) with the exceptions of 1 and 2 (both modifications of

buffer system 6) and 4 ( a modification of buffer system 8)

System Electrode buffer Gel buffer Enzyme systems Initial setting
1 0.4 M NaOH 0.015 M Tris ADH, MNR, PER 200V
0.3 M boric acid 0.004 M citric acid PGI, PGM. TPI 3 hrs.
pH 8.6 pH 7.6
2 0.05 M NaOH 0.100 M Tris AAT 200V
0.27 M boric acid 0.016 M citric acid 5 hrs.
pH 8.0 pH 8.45
3 0.40 M citric acid. 0.005 M Histidine HC! FDP, IDH, MDH 35 mA
trisodium 1.0 M NaOH SKDH, 6-PGD 5.5 hrs.
1.0 M HCI to pH 7.0
topH 7.0
4 0.388 M LiOH 0.004 M LiOH DIA. FE 40 mA
0.263 M boric acid 0.029 M boric acid 4.5 hrs.
pH 8.0 0.033 M Tris
0.006 M citric acid
pH 7.6

Allozyme Analysis

Samples were run on 10% starch gels using four gel
electrode buffer systems (Table 1). The 14 enzyme
systems stained (22 putative loci resolved) were alcohol
dehydrogenase (Adh), aspartate aminotransferase
(Aar-1, Aat=2), diaphorase (Dia-2, Dia-3), fluorescent
esterase (Fe—/, Fe-2), fructose-1,6-di-phosphatase
(Fdp), isocitrate dehydrogenase (/dh), malate dehydro-
genase (Mch), menadione reductase (Mnr), peroxidase
(Per—1, Per-2), phosphoglucoisomerase (Pgi-/,
Pgi=2), phosphoglucomutase (Pgm-1, Pgm-2),
6-phosphogluconate  dehydrogenase (6-Pgd-1,
6-Pgd~2), shikimic dehydrogenase (Skdh), and
triose-phosphate tsomerase (Tpi—/, Tpi-2).

Data Analysis

Statistics of genetic diversity were calculated at the
population, region, and species levels. Two regions,
east and west, were based on the location of the
population relative to the Mississippi flood plain.
Populations BOK, WAR. TAR, NAR, WSMO, GMO,
and PMO were pooled to represent the west, while the
remaining populations made up the east (Figure 1).
Standard measures of genetic variation used at all levels
included percent polymorphic loci (#: a locus was
considered polymorphic if it contained more than one
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allele regardless of the frequency of that allele), mean
number of alleles per locus (A), mean number of alleles
per polymorphic locus (A,), observed heterozygosity
(H,), and expected heterozygosity (H, = 1 — Z p/*; also
referred to as genetic diversity) (Table 2).

For each polymorphic locus in each population,
deviations from Hardy Weinberg expectations were
examined by calculating Wright's fixation index and
using ¥° to test for significant deviations from the
expected value of F =0 (WRIGHT 1922; L1 & HORVITZ
1953). F,; values were also calculated (Table 3; NEI
1973). Among population variation was quantified
three ways. First, % tests were used to test for signi-
ficant allele frequency heterogeneity among popula-
tions (WORKMAN & NISWANDER 1970). Next, Nei's
genetic identities were calculated for pairwise compari-
sons of divergence between populations (NEI 1972,
1977). And finally, total genetic diversity at poly-
morphic loct (H,) was partitioned into a within popula-
tion component () and an among population compo-
nent (Dgp) so that

H.=H

- =D

s ST

(Table 3). Among population variation was compared
to total genetic variation to give Gy = D/ H, (Table
3). The G, values were calculated for each polymor-
phic locus and then averaged over all loci. Among
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Table 2 Summary of genetic diversity within eighteen populations of shortleaf pine based on twenty—two putative loci.
Numbers in parentheses refer to locations indicated on Figure 1

Population P A, A H, (sd) H, (sd)
West

BOK 0))] 54.6 2.58 1.86 0.108 (0.010) 0.119 (0.036)
WAR  (2) 59.1 2.46 1.86 0.096 (0.009) 0.115 (0.036)
TAR 3 59.1 2.62 1.95 0.129 (0.011) 0.129 (0.036)
NAR ) 54.6 2.25 1.68 0.094 (0.009) 0.104 (0.031)
WSMO (5) 54.6 2.75 1.95 0.129 (0.01 1) 0.134 (0.0306)
GMO  (6) 59.1 2.69 2.00 0.125(0.011) 0.118 (0.035)
PMO (7 63.6 2.57 2.00 0.133 (0.011) 0.124 (0.036)
Mean 57.8 2.56 1.90 0.116 0.120
Within West 72.7 2.88 2.36 0.120
East

WTN (&) 50.0 2.82 1.90 0.131 (0.013) 0.130 (0.040)
CMI 9 59.1 2.54 1.91 0.118 (0.010) 0.127 (0.037)
CAL 10y 57.1 2.58 1.90 0.099 (0.011) 0.098 (0.033)
TMGA (1) 57.1 2.83 2.05 0.102 (0.009) 0.103 (0.030)
TGA (12) 455 2.80 1.82 0.110 (0.010) 0.109 (0.038)
WSC 13 455 2.90 1.86 0.098 (0.010) 0.105 (0.032)
ISC (14) 455 2.60 1.73 0.085 (0.009) 0.091 (0.033)
CNC (15) 50.0 2.64 1.82 0.099 (0.009) 0.113 (0.033)
TVA (16) 50.0 2.64 1.82 0.089 (0.009) 0.102 (0.033)
SVA (17) 45.5 2.70 1.77 0.090 (0.009) 0.107 (0.033)
GVA s 40.9 2.78 1.73 0.099 (0.009) 0.101 (0.034)
Mean 49.6 2.71 1.85 0.102 0.108
Within East 77.3 2.94 2.50 0.110
Mean 52.8 2.65 1.87 0.107 0.113
Within species 90.9 2.95 2.77 0.115

region variation was calculated in the same way.

Two indirect methods were employed to estimate
gene flow. The first was based on the average
frequency of "rare” alleles (BARTON & SLATKIN 1986).
An allele was considered "rare” if found in only one
population (region) (SLATKIN 1985). The second
method used WRIGHT's (1931) formula:

I - F.)
Nm(W) = (7”
4F,,

Where N is the effective population size of the recipient
population and m is the rate of gene flow. Nm(W)
estimates the number of migrants per generation. Here,
F . was considered equivalent to G (NEI 1977).
Lastly, IDH genotypes were used to determine the
percent hybridization occurring in each population. All
heterozygous individuals containing an allele from each
parental species were considered to be hybrids.
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RESULTS
Genetic Diversity

Twenty of the 22 loci resolved (91%) were
polymorphic in at least one population. Throughout the
species, the 20 polymorphic loci averaged 2.95 alleles.
Mnr and Fe—I were the only monomorphic loci, and
when averaged with the other twenty loci gave a value
of 2.77 alleles per locus. Expected heterozygosity at the
species level was rather low (0.115) due to several loci
exhibiting very skewed allele frequencies. Fifty three
percent of the loci were polymorphic within
populations (Table 2). The number of alleles per
polymorphic locus within populations was 2.65,
slightly less than at the species level. Across all loci,
the average number of alleles within populations (1.87)
was much less than that for the species as a whole. The
mean expected heterozygosity within populations
(0.113) was close to that tor the species .
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Table 3 Statistics of genetic variation for twenty polymorphic loci in shortleaf pine (NE11973, 1977; WRIGHT 1922)

L.ocus Genetic diversity Genetic structure
(alleles)
As 18 populations As 2 regions
HT HS DST FI.S G.YT FI,\' GST
Aat-1(4) 0.261 0.254 0.007 0.024 0.026 -0.002 0.004
Aar-2 (4) 0.334 0.322 0.012 0.022 0.037 0.053 0.007
Adh (2) 0.011 0.011 0.000 —0.040 0.033 -0.015 0.009
Dia-2 (3) 0.048 0.047 0.001 -0.036 0.014 -0.022 0.001
Dia-3 (2) 0.001 0.001 0.000 -0.009 0.008 -0.001 0.000
Fe=2(2) 0.111 0.110 0.002 -0.035 0.015 -0.021 0.001
Fdp (2) 0.015 0.015 0.001 0.304 0.034 0.324 0.006
Idh (3) 0.050 0.049 0.001 —0.048 0.021 -0.037 0.011
Mdh (3) 0.022 0.022 0.000 -0.026 0.017 -0.010 0.001
Per-1(2) 0.019 0.018 0.000 —0.026 0.015 -0.013 0.004
Per-2 (2) 0.496 0.470 0.026 0.127 0.053 0.167 0.007
6-Pgd—1 (5) 0.475 0.461 0.014 0.106 0.030 0.129 0.003
6-Ped=2 (5) 0.234 0.226 0.007 -0.019 0.031 0.012 0.001
Pei-1(2) 0.007 0.007 0.000 1.000 0.059 1.000 0.002
Pgi-2 (4) 0.212 0.205 0.007 0.046 0.033 0.073 0.003
Pom~1(2) 0.008 0.008 0.000 -0.018 0.014 -0.005 0.001
Pom=2 (2) 0.003 0.003 0.000 -0.016 0.015 -0.004 0.003
Skdh (5) 0.213 0.208 0.006 0.045 0.027 0.069 0.002
Tpiol (3) 0.002 0.002 0.000 -0.011 0.010 -0.001 0.001
Tpi-2 (2) 0.002 0.002 0.000 -0.022 0.020 -0.002 0.001
i
Mean 0.126 0.122 0.004 0.068 0.026 0.085 0.003

Overall levels of genetic variation in the eastern
and western regions were very similar (Table 2). The
eastern region had 77% polymorphic loci, 2.50 alleles
per locus, and 2.94 alleles per polymorphic locus. The
western region had 73% polymorphic loci, 2.36 alleles
per locus, and 2.88 alleles per polymorphic locus.
Expected heterozygosity for the east was 0.110 and for
the west was 0.120.

Genetic Structure

For the most part, genotype frequencies conformed to
Hardy Weinberg expectations. Eight of the 208 ¥ tests
showed significant deviations. Based on chance alone
we would expect to see approximately ten significant
deviations. The mean F g value over all loci was 0.068,
further indicating that there is little deviation from
random mating within populations and suggesting the
absence of significant genetic structure (Wahlund
effect) within the populations (Table 3).
Heterogeneity x° tests for allele frequency
ditferences among populations were significant for 14
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of the 20 polymorphic loci. Values of G, ranged from
0.010 (Tpi-1) to 0.059 (Pgi—1) with a mean Gy, of
0.026, indicating that most of the genetic diversity
(97.4%) occurred within populations (Table 3). Nei's
genetic identities (/) were high for all pairwise com-
parisons (mean = 0.995). The lowest genetic identity
was between BOK and TMGA (0.972) and the highest
was between ISC and GVA (0.999). There was no
statistically significant correlation between the geo-
graphic distance among populations and their genetic
identities (r = —0.086, p = 0.294). Gene tlow among
populations was high with Nm due to the Slatkin me-
thod (Nm(S)) equal to 6.47 with 9 private alleles and to
the Wright method (Nm(W)) equal to 9.95.

Loci with significant differences (p < 0.05) in allele
frequencies between regions included Aat~I, Aat-2,
Adh, Fdp, Idh, Per-I, Per-2, Pgi-2, Skdh, and
6-Pgd—1. The proportions of total genetic diversity due
to differences among regions (Gg;) were quite low
ranging from 0.000 (Dia-3) to 0.011 (/dh, Table 3).
The mean G, value among the two regions was 0.004
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Table 4 Shortleaf pine populations and their percent hybridization as measured using the IDH locus

Region

Western

Eastern

Popualtions

% hybrids

Populations

% hybrids

BOK
WAR
TAR
NAR
WSMO
GMO
PMO
Mean
sd

5.21
2.08
3.49
7.29
6.25
4.35
34
4.58
1.80

WTN
CMI
CAL
TMGA
TGA
WSC
ISC
CNC
TVA
SVA
GVA
Mean
sd

0.00
3.19
1.11
4.55
0.00
0.00
1.04
0.00
2.08
0.00
0.00
1.09
1.57

Table 5§ Comparison of genetic variation for shortleaf pine with average values of genetic variation for all plants, for
all woody plants, for all gymnosperms, and for loblolly pine (HAMRICK, unpublished data; HAMRICK et al. 1992)

Categories Sample Within species Within populations Amon'g
size populations
N
P A H, P A H, Gyr
All species 655 51.3 1.97 0.150 34.6 1.52 0.113 0.228
Woody plants 191 65.0 222 0.177 493 1.76 0.148 0.084
Gymnosperms 89 71.1 2.38 0.169 53.4 1.83 0.151 0.073
Loblolly pine - 90.0 2.89 0.221] 72.7 1.93 0.218 0.078
Shortleaf pine - 91.1 2.77 0.115 52.8 1.87 0.113 0.026

indicating that almost all of the genetic diversity within
the species (99.6%) exists within regions. Thus,
approximately 16.7% of the variation among
populations is due to differentiation among regions.
Genetic identity between the regions was 0.999.

All seven western populations contained hybrids
between loblolly pine and shortleaf pine, as indicated
by the IDH locus (Table 4). In this region, the fewest
were found in WAR (2.1%) and the most were found in
NAR (7.3%). Less than half of the eastern populations
contained hybrids. Overall, the western region had a
significantly higher percentage ot hybrids than the
eastern region (4.6% vs. 1.1%, p < 0.0005).

DISCUSSION

Compared to the average values for all plant species,
for all woody species, and for all gymnosperms,

26

shortleaf pine has a higher proportion of polymorphic
loci (P = 91%) and alleles per locus (A = 2.77) but
lower expected heterozygosity (H, = 0.115) (Table 5,
HAMRICK et al. 1992). A priori, we would expect many
of shortleaf pine's loci to have a common allele and
several low frequency alleles, a pattern typical of many
conifer species (HAMRICK et al. 1992, 1994). Twelve of
the twenty polymorphic loci have H, values less than
0.10, indicating that the common allele at these loci has
a frequency of 0.95 or higher (Table 3). Such skewed
allele frequencies are responsible for the low mean H,
value observed. While several factors can have a
significant influence on genetic diversity within woody
plant species, we know of nothing in the biology or
evolutionary history of shortleaf pine that might explain
this observation (HAMRICK et al. 1992). P. taeda
(loblolly pine), which has a similar distribution and
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recent biogeographical history, has similar levels of
polymorphism (P = 90%) and alleles per polymorphic
locus (A, = 2.89) but has significantly higher mean
heterozygosity (H, = 0.221), indicating that fewer of its
loci have highly skewed allele frequencies (Table 5;
HAMRICK unpublished data).

Since most woody plants are outcrossing, they
often have less genetic differentiation among
populations than nonOwoody plant species (Table 5).
Partitioning genetic diversity among woody plant
populations is, therefore, primarily influenced by their
effective population size and geographic distribution
(HAMRICK et al. 1992). More specitically, pine species
that occur in widely distributed, isolated populations
have more among population genetic differentiation
(i.e. higher G, values) presumably as a result of limited
gene flow. Examples of pine species with disjunct
ranges are bishop pine (P. muricata, Gy, = 0.220,
MILLAR [988), aleppo pine (P. halepensis, G = 0.300,
SCHILLER et al. 1986), and torrey pine (P. torreyana,
Gr=1.00, LEDIG & CONKLE 1983). In contrast, species
with more continuous geographic distributions should
have more gene flow among populations and their
populations should be less differentiated genetically.
Pines with this sort of geographic distribution include
Jack pine (P. banksiana, G4 = 0.030, DANCIK & YEH
1983), lodgepole pine (P. contorta, G = 0.036,
WHEELER & GURKES 1982), ponderosa pine (P.
ponderosa, Gs = 0.015, HAMRICK et al. 1989), and
pitch pine (P. rigida, G¢ = 0.023, GURIES & LEDIG
1982).

Throughout much of its range shortleaf pine is
continuously distributed and, therefore should have
relatively little genetic heterogeneity among its
populations. Our results support this prediction (G, =
0.026). In addition, genetic identities between shortleaf
pine populations are quite high (0.972 to 0.999) as are
estimates of gene flow (Nm(S) = 6.47 and Nm(W) =
9.95). Gene flow rates greater than 4.0 migrants per
generation are sufficient to prevent population
differentiation due to genetic drift (WRIGHT 1931).

Given their presumed evolutionary history, we had
expected more heterogeneity in allele frequencies
between the two geographic regions. This is obviously
not the case since less than 17% of the total variation
among populations is due to region of origin.
Interestingly, loblolly pine, which is thought to have a
similar paleoecological history but has more genetic
diversity among populations (G, = 0.078), has a
similar level of genetic diversity among these two
regions (23% of the total among population diversity)
(HAMRICK unpublished data).
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Despite their genetic similarity, shortleaf pine from
the eastern and western regions differ in one important
aspect; the seven western populations had significantly
more hybridization between shortleaf pine and loblolly
pine than the eleven eastern populations. Loblolly pine
usually sheds its pollen earlier than shortleaf pine;
however, flowering time can differ extensively, both
temporally and spatially (DORMAN & BARBER 1956).
The flowering times of shortleaf pine and loblolly pine
are associated with latitude (i.e. trees in lower latitudes
flower earlier than trees in higher latitudes) (DORMAN
& BARBER 1956). Apparently, the dry, warm climate,
such as that found in the west and lower latitudes of the
shortleaf pine distribution, creates more phenological
overlap between the two species and, therefore, more
opportunities to hybridize.

ACKNOWLEDGEMENTS

The authors wish to acknowledge Lonnie 1. Grassman Jr. for
his help in collecting populations. Sue Sherman-Broyles and
Jim Tyrell provided assistance with the lab work. A table of
allele frequencies is available from the authors upon request.

REFERENCES

BARTON, N.H. & SLATKIN, M., 1986: A quasi—equilibrium
theory of the distribution of rare alleles in a subdivided
population. Heredity 56 :409-415.

CRITCHFIELD, W.B., 1963: Hybridization of the southern
pines in California. Southern Forest Tree Improvement
Committee Publication 22:40-48.

CRITCHFIELD, W.B. & LITTLE, JR., E.L., 1966: Geographic
Distribution of the Pines of the World. USDA
Miscellaneous Publication 991, 97 pp.

DANCIK, B.P. & YEH, F.C., 1983: Allozyme variability and
evolution of lodgepole pine (Pinus contorta var.
latifolia) and jack pine (Pinus banksiana) in Alberta.
Canadian Journal of Genetics and Cytology 25:57-64.

DELCOURT, P.A., DELCOURT, H.R. & DAVIDSON, J.L., 1983:
Mapping and calibration of modern pollen vegetation
relationships in the southeastern United States. Reviews
in Paleobotany and Palynology 39:1-45.

DORMAN, K.W. & BARBER, J.C., 1956: Time of flowering and
seed ripening in southern pines. USDA Forest Service,
Southeastern Forest Experiment Station, Station Paper
72, 15 pp.

DUFFIELD, J.W., 1952: Relationships and species hybridi-
zation in the genus Pinus. Zeitschrift fiir Forstgenetik
1(4):93-97.

GURIES, R.P. & LEDIG, F.T., 1982: Genetic diversity and
population structure in pitch pine (Pinus rigida Mill.).
Evolution 36(2):387-402.

HAMRICK, J.L., BLANTON, H.M. & HAMRICK, K.J., 1989:
Genetic structure of geographically marginal populations

27



M.A.EDWARDS & J.L. HAMRICK: GENETIC VARIATION IN SHORTLEAF PINE, PINUS ECHINATA MILL.

of ponderosa pine. American Journal of Botany
76(11):1559-1568.

HAMRICK, J.L. & GoDT, M.J.W., 1989: Allozyme diversity in
plant species. /n: Plant Population Genetics, Breeding
and Genetic Resources (eds. A.H.D. Brown, M.T. Clegg,
AL. Kahler, & B.S. Weir). pp. 43-63. Sinauer
Associates, Inc., Sunderland, Massachusetts.

HAMRICK, J.L., GODT, M.J.W. & SHERMAN-BROYLES, S.L.,
1992: Factors influencing levels of genetic diversity in
woody plant species. New Forests 6:95-124,

HAMRICK. J.L., LINHART, Y.B. & MITTON, J.B., 1979:
Relationships between life history characteristics and
electrophoretically detectable genetic variation in plants.
Annual Review of Ecology and Systematics 10:173-200.

HAMRICK, J.L., SCHNABEL, A.F. & WELLS, P.V., 1994:
Distribution of genetic diversity within and among
populations of Great Basin conifers. /n: Natural History
of the Colorado Plateau and Great Basin, (eds. K.T.
Harper, L.L. St. Clair, K.H. Thorne & W.M. Hess). pp.
147-161. University Press of Colorado, Niwot,
Colorado.

HEDRICK, P.W., 1983 Genetics of Populations. Science
Books International, Inc., Portola Valley, California, 629
pp-

HUNEYCUTT, M. & ASkew, G.R., 1989: Elcctrophoretic
identification of loblolly pine—shortleat pine hybrids.
Silvae Genetica 38(3-4):95-96.

KENG, H. & LITTLE, Jr., E.L.., 1961: Needle characteristics of
hybrid pines. Sifvae Genetica 10:131-146.

LAWSON, E.R., 1990: Pinus echinata Mill., Shortleaf Pine. In:
Silvics of North America Volume 1, Conifers. (ed. R.M.
Burns & B.H. Honkala). USDA Agricultural Handbook
654, pp. 316-326.

LEDIG, F.-T. & CONKLE, M.T. 1983: Gene diversity and
genetic structure in a narrow endemic, Torrey pine
(Pinus rorreyana Parryl ex Carr). Evolution 37.79-85.

L, C.C. & Horvitz, D.G., 1953: Some methods for
estimating the inbreeding coefficient. American Journal
of Human Genetics 5(2):107-117).

LITTLE, JR., E.L., 1971: Atlas of United States trees; Volume
1. Conifers and important hardwoods. USDA Forest
Service, Miscellaneous Publication 1146, 218 pp.

LITTLE, JR.. E.L. & RIGHTER, F.I., 1965: Botanical
descriptions of forty artificial pine hybrids. USDA
Forest Service, Technical Bulletin 1345, 47 pp.

LoveLESS. M.D. & HAMRICK, J.L., 1984: Ecological
determinants of genetic structure in plant populations.
Annual Review of Ecology and Systematics 15:65-95.

28

Lowery, R.F., 1986: Woody competition control. /n:
Proceedings of Symposium on the Shortleaf Pine
Ecosystem (ed. Murphy, P.A.). pp. 147-158. USDA
Forest Service, Little Rock. Arkansas.

MCCUNE, B., 1988: Ecological diversity in North American
pines. American Journal of Botany 75(3):353-368.
MILLAR, C.I., STRAUSS, S.H., CONKLE, M.T., WESTFALL,
R.D., 1988: Allozyme differentiation and biosystematics
of the Californian closed—cone pines (Pinus subsect.

Qocarpae). Systematic Botany 13(3):351-369.

MITTON, J.B., LINHART, Y.B., STURGEON, K.B. & HAMRICK,
J.L., 1979: Allozyme polymorphisms detected in mature
needle tissue of ponderosa pine. Journal of Heredity
70:86-89.

NEl, M., 1972: Genetic distance between populations.
American Naturalist 106(4):283-293.

NEI, M., 1973: Analysis of gene diversity in subdivided
populations. Proceedings of the National Academy of
Sciences of the USA 70:3321-3323.

NEL, M., 1977: F-statistics and analysis of gene diversity in
subdivided populations. Annals of Human Genetics
41:225-233.

SCHILLER, G., CONKLE, M.T. & GRuNwaLD, C., 1986:
Isozyme variation among native stands and plantations
of Alleppo pine in Isracl. Israeli Journal of Botany
35:161-174

SLATKIN, M., 1985: Rare alleles as indicators of gene flow.
Evolution 39:53-65

SoLTis, D.E., HAUFLER, C.H., DARROW, D.C. & GASTONY,
G.J., 1983: Starch gel electrophoresis of ferns: a
compilation of grinding buffers, gel and electrode
buffers, and staining schedules. American Fern Journal
73:9-27.

WHEELER, N.C. & GURIES, R.P., 1982: Population structure,
genetic diversity and morphological variation in Pinus
contorta Dougl. Canadian Journal of Forest Research
12:595-606.

WORKMAN, P.L. & NISWANDER, J.D., 1970: Population
studies on southwestern Indian tribes. II. Local genetic
differentiation in the Papago. American Journal of
Human Genetics 22:24-49.

WRIGHT, S., 1922: Coefficients of inbreeding and relation-
ship. American Naturalist 56:330-338.

WRIGHT, S., 1931: Evolution in Mendelian populations.
Genetics 16:97-159.



