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A RARE, NARROWLY DISTRIBUTED SPECIES AND A COMMON,
WIDESPREAD SPECIES OF ALNUS (BETULACEAE)!
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Comparisons of population genetic diversity between related rare and widespread species provide valuable insights to the con-
sequences of rarity and are critical for conservation planning. Population genetic diversity of A. maritima, a rare species, was
compared with its common, widespread congener A. serrulata to evaluate the impacts of small population size and high isolation
on genetic diversity in A. maritima and to provide population genetic data to be used in conservation planning for A. maritima.
Genetic data were also used to evaluate whether the disjunct distribution of A. maritima was due to range reduction or anthropo-
genic dispersal. Genetic diversity was lower in A. maritima (H, = 0.217) than in A. serrulata (H, = 0.268), and there is also higher
inbreeding within A. maritima populations (f = 0.483) than A. serrulata populations (f = 0.269). The partitioning of genetic varia-
tion was also higher among A. maritima populations (® = 0.278), but not significantly different from that of A. serrulata (® =
0.197). Significant genetic differences among A. maritima populations support using local populations as seed sources for regional
conservation efforts. The results also indicate that the highly disjunct distribution of A. maritima is due to natural range reduction

in the past and not anthropogenic establishment of Oklahoma and Georgia populations.
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Geographic distribution is an important factor shaping the
genetic characteristics of plant populations. Rare or endemic
plant species with limited geographic distributions tend to have
lower levels of genetic variation than species with more wide-
spread distributions due to the effects of either directional se-
lection promoting adaptation to local environments or random
processes such as inbreeding, genetic bottlenecks, or drift act-
ing in small populations. Isolation may further reduce levels of
genetic diversity within plant populations and enhance differ-
ences among them due to restricted gene flow (Hamrick et al.,
1992). In several important reviews of the allozyme literature,
mean values for statistics to describe population genetic diver-
sity for plants with different life history traits (Hamrick et al.,
1979; Hamrick and Godt, 1990, 1996) have been established.
These data have served as benchmarks in numerous studies that
compared population genetic characteristics of related rare and
widespread species (Karron et al., 1988; Sherman-Broyles
et al., 1992; Linhart and Premoli, 1993; Purdy and Bayer, 1995;
Avis and Hamrick, 1996; Gitzendanner and Soltis, 2000; Cole,
2003). Comparisons of related species to investigate the im-
pacts of rarity and small population size are particularly valu-
able because they can factor out shared traits such as breeding
system or life history, which are important characteristics that
shape the levels and structuring of population genetic variation
(Karron et al., 1988; Hamrick and Godt, 1996; Gitzendanner
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and Soltis, 2000; Cole, 2003). Further, comparisons of related
taxa allow specific insights into the impacts of isolation and
restricted distribution on population genetic attributes of rare
plant species that conservation biologists can use in developing
effective management strategies (Hamrick, 1983; Swensen
et al., 1995; Avise and Hamrick, 1996; Rieseberg and Swensen,
1996; Gemmill et al., 1998; Chung, 1999; Hedge and Ellstrand,
1999; Francisco-Ortega et al., 2000, Oliva-Tejera et al., 2006;
Mateu-Andrés and Segarra-Moragues, 2004).

Alnus maritima (Marsh.) Muhl. ex Nutt (seaside alder) has
the most highly disjunct distribution of any tree species in North
America (Little, 1975). It occurs naturally in three highly sepa-
rated locations (Fig. 1): the Delmarva Peninsula of Delaware
and Maryland (A. maritima subsp. maritima Schrader &
Graves), south central Oklahoma (A. maritima subsp. oklaho-
mensis Schrader & Graves), and northwest Georgia (A. marit-
ima subsp. georgiensis Schrader & Graves). The existence of
Delmarva and Oklahoma populations has been known for over
100 years, but the Georgia population was not discovered until
1997 (Furlow, 1979; Ranger, 1997; Schrader and Graves, 2002,
2004; USDA and NRCS, 2002).

A majority of A. maritima populations are small, typically
containing fewer than 20 individuals. However, larger popula-
tions containing 70-100 individuals do exist along the Blue
River in Oklahoma, at Drummond Swamp in Georgia, and in
the Prime Hook National Wildlife Refuge in Delaware. Alnus
maritima is a globally rare species. Due to the small number
and size of existing populations, the National Biological Infor-
mation Infrastructure and the Association for Biodiversity In-
formation have given A. maritima a global conserva tion status
ranking of G3, marking it as a globally rare species facing a
moderate vulnerability of extinction because of its restricted
range and relatively few populations (NatureServe, 2007). In
Delaware and Maryland, A. maritima is given an S3 ranking
(Delaware Natural Heritage Program, 2003; Maryland Depart-
ment of Natural Resources, 2004), indicating that it is rare and
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on the Watch List of monitored species in those states. In Okla-
homa, A. maritima is an S2 species; it is rare and potentially
vulnerable to extirpation in the state (Oklahoma Biological
Survey, 2003). The Georgia Department of Natural Resources
(2006) has given A. maritima an S1 ranking because it is highly
rare and critically imperiled in the state.

Stibolt (1981) suggested that the disjunct distribution of A.
maritima is the result of indigenous peoples of North America
either intentionally or unintentionally transporting seeds from
Delmarva to Oklahoma. However, no ethnobotanical data sup-
port this speculation beyond records of the Delaware Tribe
traveling through Oklahoma before the discovery of the Okla-
homa populations in 1872 (Stibolt, 1981). Furlow (1979)
proposed that ancestors of A. maritima dispersed into North
America across the Bering land bridge and spread across North
America. Range reduction from environmental changes follow-
ing the Pleistocene glacial period resulted in the highly disjunct
distribution of A. maritima. On the basis of biogeographic and
molecular analyses (Chen et al., 1999; Chen and Li, 2004;
Schrader and Graves, 2000, 2002) the existing A. maritima
populations have been concluded to be relicts of a more exten-
sive distribution in the past.

In contrast, Alnus serrulata (Aiton) Willd. (hazel alder)
grows throughout the eastern third of North America. It is a
common riparian and wetland species that grows in moist soils
along the banks of streams, rivers, ponds, and lakes (Fig. 1).
Ancestors of A. serrulata are also thought to have dispersed to
North America from Asia. However, this species either did not
experience extreme range reduction or was able to repopulate
areas following the glacial periods (Furlow, 1979; Chen et al.,
1999). Populations of A. serrulata are sympatric with A. mar-
itima except in Oklahoma, where the distribution of A. maritima
lies west of the A. serrulata range.

Distribution of Alnus maritima and A. serrulata in the United States.

Alnus maritima and A. serrulata both have multistemmed
growth forms, with individuals growing as clearly delimited
clumps. Alnus maritima occurs in shallow, open, moving water
along streams and rivers or in swamp or marsh areas. High
shade intolerance in A. maritima restricts plants to full sun areas
(Schrader et al., 2006), whereas greater shade tolerance allows
A. serrulata to grow in both shade and full sun. In sympatric
locations, A. maritima occupies full sun sites, while A. serru-
lata grows in more shaded, drier areas.

Alnus maritima is the only North American member of the
small subgenus Clethropsis, and A. serrulata is a member of the
larger subgenus Alnus. The primary difference between sub-
genera is the timing of flowering. As in other members of sub-
genus Alnus, the catkins of A. serrulata are initiated in the
summer and become dormant during the winter. The catkins
open for pollination in the following spring, and seeds mature
and are released in late summer or autumn. In contrast, A. mar-
itima forms catkins in the spring, opens for pollination in sum-
mer or autumn, and releases seeds in late autumn or early winter
(Chen and Li, 2004). Although A. maritima seeds germinate
readily in greenhouse or laboratory conditions, there is no evi-
dence of successful seedling recruitment in natural populations.
Establishment from seed is characteristically low in Alnus spp.,
with most individuals reproducing asexually via suckers that
arise from the roots (Huenneke, 1987).

The focus of the current study is to compare the levels and
structuring of population genetic diversity between A. marit-
ima, a rare species with a highly disjunct distribution, and A.
serrulata, a common, widespread congener. The species are
sympatric in the majority of locations where A. maritima oc-
curs. Unlike others who similarly compared rare species to
common species that could be sampled over a much larger geo-
graphic scale (Cole, 2003), we sampled populations of both
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species at an identical geographic scale and, in many instances,
in the same location, to more accurately determine population
genetic consequences of isolation and rarity in A. maritima.
These data will also allow further evaluation of whether the
disjunct distribution of A. maritima is the result of natural or
anthropogenic forces. If it is the result of range reduction, then
the levels and structuring of genetic variation are expected to be
consistent with patterns observed in other rare species in gen-
eral and Alnus species in particular. If the A. maritima distribu-
tion is the result of human dispersal, then the Oklahoma and
Georgia populations should have significantly lower genetic
variation than Delmarva populations and contain a subset of the
genetic variation present in Delmarva populations.

MATERIALS AND METHODS

Sampled populations—ILeaf tissue was collected from plants of A. maritima
in Delmarva, Oklahoma, and in Georgia (Table 1). Leaf tissue was collected
from only one branch per clump to avoid repeated sampling from a single plant.
Delmarva samples were collected at streamside locations in Dorchester County,
Maryland (DELM1 and DELM?2) and along the Marshyhope and Nanticoke
Rivers, in Sussex County, Delaware (DELM3 and DELM4). In all Delmarva
locations except DELM2, A. maritima was growing in areas with dense vegeta-
tion, and clumps were becoming overtopped by other vegetation, indicating
these were late successional habitats. Plants in DELM?2 were established in an
open marshy area of the Nanticoke River. Alnus maritima samples in Okla-
homa were collected from the banks of the Blue River in the Blue River Wild-
life Management Area (OKM1) and along the banks of Pennington Creek
(OKM2) in Johnston County. Georgia samples of A. maritima were collected at
the lone Georgia population at Drummond Swamp in Bartow County (GAM1).
Clumps were established in open areas of the swamp with full sun exposure.
Alnus serrulata samples were collected at the same four Delmarva locations
where A. maritima samples were collected (DELS1, DELS2, DELS3, DELS4).
In Oklahoma, A. serrulata samples (OKS1, OKS2) were collected at sites east
of OKM1 and OKM2. In Georgia, A. serrulata samples were collected in more
shaded areas at Drummond Swamp (GAS1) and along the Yellow River in
Gwinnett County east of Atlanta (GAS2). Samples were stored on ice and re-
turned to the laboratory for genetic analysis.

Allozyme analyses—Leaf tissue from each sampled plant was quick frozen
with liquid nitrogen and crushed with a mortar and pestle. Proteins were ex-
tracted using a phosphate polyvinyl pyrolidone buffer (Mitton et al., 1979).
Tissue homogenates were stored in 1.5-ml microcentrifuge tubes at —80°C.
Prior to electrophoresis, homogenates were thawed, and protein extracts from
tissue homogenates were absorbed onto 4 x 6 mm filter paper wicks.

Electrophoretic analyses were conducted on 12% horizontal, hydrolyzed
potato starch gels. Over 30 allozyme systems were initially surveyed for each

TaBLE 1. Locations and sample size (N) of seven Alnus maritima (M)
and eight A. serrulata (S) study populations in Delmarva (DEL),
Oklahoma (OK), and Georgia (GA).

Population(N) County, state Latitude Longitude
Delmarva
DELMI(11)/DELSI1(11)  Dorchester, MD N 38°32' W 75°43'
DELM2(19)/DELS2(6) Dorchester, MD N 38°34' W 75°47
DELM3(4)/DELS3(6) Sussex, DE N 38°31" W 75°28'
DELM4(8)/DELS4(11) Sussex, DE N 38°37' W 75°49'
Oklahoma
OKM1(47) Johnston, OK N 34°19' W 96°35'
OKM2(21) Johnston, OK N 34°21’ W 96°41’
OKS1(22) McCurtain, OK N 34°08’ W 94°42'
OKS2(9) Choctaw, OK N 34°08’ W 95°32'
Georgia
GAMI(73)/GAS1(9) Bartow, GA N 34°07 W 84°57
GAS2(32) Gwinnett, GA N 33°47 W 84°08’

Note: DE, Delaware; GE, Georgia; MD, Maryland; OK, Oklahoma
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species using different buffer—stain combinations. Eight putative allozyme loci
were resolved for A. maritima using modifications of Soltis et al. (1983) buffer
systems 6, 8, and 11 and Conkle et al. (1982) buffer system B. System 6 (gel
buffer: 0.015 M Tris [Sigma 7-9, Sigma-Aldrich, St. Louis, Missouri, USA]
0.004 M citric acid, pH 7.8; electrode buffer: 0.3 M boric acid, 0.1 M NaOH,
pH 8.6) resolved one locus each for diaphorase (Dia) and menadione nitrate re-
ductase (Mnr). System 8 (gel buffer: 0.004 M LiOH, 0.025 M boric acid, 0.042 M
Tris [Sigma 7-9] (Sigma-Aldrich, St. Louis, Missouri, USA), 0.007 M citric
acid, pH 7.6; electrode buffer: 0.039 M LiOH, 0.263 M boric acid, pH 8) resolved
amylase (Amy) and fluorescent esterase (Fe). System 11 (gel buffer: 0.045 M Tris
[Sigma 7-9] 0.007 M citric acid, 0.004 M LiOH, 0.019 M boric acid, pH 8.3;
electrode buffer: 0.038 M LiOH, 0.188 M boric acid, pH 8.3) resolved single loci
for fructose 1,6-diphosphatase (Fdp) and shikimate dehydrogenase (Skdh). Sys-
tem B (gel buffer: 00.1 M Tris (Sigma 7-9), 0.016 M citric acid monohydrate, pH
8.45; electrode buffer: 0.27 M boric acid, 0.05 M NaOH, pH 8.0) resolved loci
for beta-galactosidase (Bgal) and glutamic oxalic transaminase (Got).

Fourteen putative allozyme loci were resolved in A. serrulata using the same
four buffer systems. System 6 resolved two loci for fluorescent esterase (Fe-1,
Fe-2) and one locus for phosphoglucoisomerase (Pgi). System 8 resolved single
loci for diaphorase (Dia) and menadione nitrate reductase (Mnr). System 11 re-
solved single loci for malate dehydrogenase (Mdh), 6-phosphogluconate dehy-
drogenase (6-Pgdh), and shikimate dehydrogenase (Skdh), and two loci for
fructose 1,6-diphosphatase (Fdp-1, Fdp-2) and phosphoglucomutase (Pgml,
Pgm?2). Single loci were resolved for beta-galactosidase (Bgal) and glutamic
oxalic transaminase (Gof) on System B.

Enzyme stain recipes followed Soltis et al. (1983), except for Dia and Mnr
(Cheliak and Pitel, 1984). Amy was scored from white, destained bands,
a sign that the enzyme degraded starch, on gels stained with a triose phos-
phate isomerase (7pi) overlay. Different loci and alleles within loci were
numbered sequentially, giving the most anodally migrating locus/allele the
lowest number.

Genetic diversity and structure—Standard parameters of species- and pop-
ulation-level genetic diversity were calculated from allozyme data using
LYNSPROG, a statistical program developed by M. D. Loveless (Department
of Biology, College of Wooster, Wooster, Ohio, USA) and A. F. Schnabel
(Department of Biology, University of Indiana, South Bend, Indiana, USA).
Genetic diversity was measured by percentage of polymorphic loci (P,), aver-
age number of alleles per locus (A), effective number of alleles per locus (A,),
expected heterozygosity (H.), and observed heterozygosity (H,). Expected
heterozygosity was calculated at the population and species levels. Wright’s
(1922) inbreeding coefficient () was calculated for each polymorphic locus in
each population to measure deviations of genotype frequencies at individual
loci from Hardy—Weinberg expectations. Positive F-values indicate excess
homozygosity, while negative values indicate excess heterozygosity. Statistical
significance of F-values was evaluated by a y? test: x> = F’N(a — 1), df = a(a - 1)/2,
where N is the total sample size, and a is the number of alleles at the locus
(Li and Horvitz, 1953).

The distribution of genetic diversity for polymorphic loci was evaluated
through Weir and Cockerham’s (1984) parameters F, f, and ©. Values were
calculated using the program GDA version 1d16¢ (Lewis and Zaykin, 2001)
according to the methods of Weir (1996). The parameters F, f, and © are
conceptually similar to Wright’s (1965) F-statistics Fiy, Fis, and Fgr, respec-
tively. F and f indicate levels of inbreeding over all populations and within
populations, respectively, and ® measures genetic differentiation among
populations. Deviations of F and f from zero were evaluated by the y? test
described earlier for F. Statistical significance of ® was likewise tested by a
%2 test, X?> = 2NO(a — 1), df = (a — 1)(n — 1) where N is the total sample size,
a is the number of alleles, and n is the number of populations (Workman and
Niswander, 1970).

Means and standard errors of genetic diversity and structure values were cal-
culated via Tukey’s jackknife (Sokal and Rohlf, 1981). Genetic diversity values
were jackknifed across populations, and genetic structure values were jackknifed
across loci. Means of genetic diversity and structure statistics were directly com-
pared between species via 7 tests.

Gene flow was indirectly estimated using Takahata’s (1984) modification
of Wright’s equation Nm = [(1 — Ggp)/4Ggrla, where o = [n/(n — 1% n is
the number of populations, and Nm is the number of migrants per generation
(Crow and Aoki, 1984). For our calculations, ®-values were substituted for
Ggr. Genetic identity (/) was calculated for all pairwise combinations of pop-
ulations to measure their genetic similarity (Nei, 1972; 1977). Genetic identi-
ties were then used to conduct cluster analyses via the UPGMA procedure
(Rohlf, 1988).
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RESULTS

A.maritima genetic diversity—Five of the eight loci (62.5%)
resolved for A. maritima were polymorphic in at least one pop-
ulation (Amy, Dia, Fdp, Mnr, and Skdh). Allelic diversity was
estimated at A = 1.55 (SE = 0.011), and A, = 1.30 (SE = 0.02)
(Table 2). Amy and Fdp were polymorphic in all three regions.
Dia was polymorphic in Georgia and Delmarva, and Mnr was
polymorphic in Delmarva and one Oklahoma population. Skdh
was polymorphic in all populations except DELM4. Of the
polymorphic loci, only Dia had the same allele present at the
highest frequency across all populations; the most common al-
lele varied among populations for all other polymorphic loci.
No private alleles were identified in any A. maritima popula-
tion. In the examination of multilocus genotypes, we found a
high degree of genotypic similarity among individuals within
populations, but multilocus genotypes differed in a majority of
instances, which indicated that clumps are unique plants and
not separate ramets of a single, large clonal genet.

Species-level genetic diversity was estimated at 0.217 (SE =
0.030). Mean expected heterozygosity within populations (H,)
ranged from 0.099 (OKM2) to 0.246 (DELM2). Observed
heterozygosity (H,) ranged from a low of 0.064 (OKM1) to a
high of 0.188 (DELM3). Mean observed heterozygosity across
all A. maritima populations (H,=0.111, SE = 0.009) was lower
than expected (H, = 0.180 SE = 0.008) (Table 2). In the x> anal-
ysis of Wright’s F for each polymorphic locus within popula-
tions, F' was significantly greater than 0.0 in 16 of 35 instances,
and no F-values were significantly less than 0.0. In DELM1,
only one locus (Mnr) had a significant fixation index, whereas
all polymorphic loci in DELM2 had significant F-values. In the
other A. maritima populations, F-values were significant at ei-
ther two or three polymorphic loci.

Genetic diversity in Alnus serrulata—Of the 14 loci re-
solved for A. serrulata, 11 (78.6%) were polymorphic in at least
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one population (Dia, Fdpl, Fel, Fe2, Got, Mdh, Mnr, Pgi,
Pgml, Pgm2, and Skdh). Three alleles were scored for Fel, Pgi,
Pgm?2, and Mnr, and two alleles were scored at other polymor-
phic loci. Mean allelic diversity was estimated across popula-
tions at A = 1.71 (SE = 0.02) and A, = 1.39 (SE = 0.01) (Table
2). The proportion of polymorphic loci was lowest in DELS2
and highest in OKS1 and GAS1. Loci Fdpl, Fel, and Got were
polymorphic in all populations. Skdh was polymorphic in Geor-
gia and Oklahoma populations, Fe2 was polymorphic in only
the two Oklahoma populations, and Dia was polymorphic in
DES1 and DES2. There were no consistent patterns of loci be-
ing fixed or polymorphic among populations or regions. For
example, Mnr was polymorphic in only GAS1, DELSI, and
DELSS3, while Pgm1 was polymorphic in all populations except
DELS2 and GAS2. Private alleles were identified for two loci:
allele Pgm2—1 in OKS1 and allele Mnr-3 in GASI.

Species-level genetic diversity for A. serrulata was estimated
at 0.268 (SE = 0.019). Observed heterozygosity was lowest in
DELS4 (H, = 0.144) and highest in DELS3 (H, = 0.217).
Expected heterozygosity was lowest in DELS2 (H, = 0.154) and
highest in OKS1 (H, = 0.268). Mean observed heterozygosity
(H, = 0.172 SE = 0.004) was lower than expected (H, = 0.203
SE =0.006), and H, was lower than H, in all A. serrulata popu-
lations except DELS2 and DELS3 (Table 2). In %2 tests of indi-
vidual loci within populations, F' was significantly different
from 0.0 in only 13 of 88 instances with 12 fixation index val-
ues significantly greater than and one significantly less than 0.0.
No heterozygotes were detected for Mdh in GASI1, Pgi in
DELS2, and Pgm2 in OKS1, DELS1, DELS3, and DELS4 al-
though multiple alleles were present.

Genetic structure of Alnus maritima—The mean values of
F (0.636, SE = 0.032) and f(0.483, SE = 0.042), and the indi-
vidual values of F and f for the loci in A. maritima were all
significantly greater than 0.0 indicating a high level of inbreed-
ing within populations and for the species (Table 3). The mean

TaBLE 2. Estimates of genetic diversity for seven A. maritima populations based on eight allozyme loci and for eight A. serrulata populations based on 14
allozyme loci. Means and (standard error) for population-level diversity statistics were calculated across populations using Tukey’s jackknife.

Population N P, A A, H, H,

A. maritima
OKMI1 47 50.0 1.50 1.28 0.064 0.157
OKM2 21 50.0 1.50 1.13 0.065 0.099
GAM1 73 50.0 1.50 1.23 0.078 0.141
DELMI1 11 62.5 1.63 1.33 0.159 0.198
DELM2 19 62.5 1.63 1.44 0.066 0.246
DELM3 4 62.5 1.63 1.37 0.188 0.219
DELM4 8 50.0 1.50 1.33 0.156 0.197
Mean — 55.4 (6.59) 1.55 (0.01) 1.30 (0.02) 0.111 (0.009) 0.180 (0.008)
Species 62.5 1.63 0.217 (0.030)

A. serrulata
OKSI1 22 64.3 1.86 1.52 0.211 0.268
OKS2 9 50.0 1.64 1.33 0.151 0.176
GASI1 9 64.3 1.79 1.47 0.167 0.258
GAS2 32 429 1.73 1.36 0.165 0.195
DELS1 11 57.1 1.79 1.42 0.184 0.211
DELS2 6 35.7 1.43 1.30 0.167 0.154
DELS3 6 50.0 1.71 1.42 0.217 0.204
DELS4 11 57.1 1.79 1.34 0.144 0.189
Mean — 52.7 (4.63) 1.71 (0.02) 1.39 (0.01) 0.172 (0.004) 0.203 (0.006)
Species 72.7 2.36 0.268 (0.019)

Note: N, sample size; P, percentage of polymorphic loci; A average number of alleles per locus; A,, effective number of alleles per locus; H,, expected

heterozygosity, H,, observed heterozygosity.
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TaBLE 3. Summary of genetic structure parameters calculated for
polymorphic loci in A. maritima and A. serrulata. Means and
(standard errors) for parameters were calculated across loci using
Tukey’s jackknife.

Locus N F f [C]

A. maritima

Amy 7 0.530% 0.211%* 0.404*
Dia 7 0.525% 0.464* 0.114%
Fi6 7 0.601%* 0.526* 0.160*
Mnr 7 0.828%* 0.552%* 0.615*
Skdh 7 0.696* 0.663* 0.097*
Mean 7 0.636% (0.032) 0.483%* (0.042) 0.278%* (0.056)

A. serrulata

Dia 8 0.395% 0.362%* 0.051
Fl61 8 0.165 0.190 —-0.031
Fel 8 0.003 -0.063 0.061
Fe2 8 0.205* 0.125 0.091%*
Got 8 0.414%* 0.324%* 0.133%*
Mdh 8 0.217* 0.080 0.149%
Mnr 8 0.326* 0.297* 0.042
Pgi 8 0.472% 0.282%* 0.263%*
Pgml 8 0.944* 0.799* 0.722%
Pgm2 8 0.339% 0.179 0.195%*
Skdh 8 0.460* 0.388* 0.119%
Mean 8  0.358%*(0.024) 0.269%* (0.022) 0.197* (0.021)

Notes: N = sample size; * = values differ significantly from 0.0
(P <0.05).

®-value (0.278, SE = 0.056) and values for individual loci were
likewise significant; indicating that approximately 28% of the
total genetic diversity is due to significant heterogeneity of al-
lele frequencies among all A. maritima populations.

Despite differences among populations and regions, mean
genetic identity (I = 0.839) was high among populations. The
dendrogram of the UPGMA analysis (Fig. 2) indicates that pop-
ulations within regions are genetically more similar to one an-
other than to populations in other regions. Furthermore,
A. maritima populations within the Oklahoma and Delamarva
regions had similar levels of genetic identity. The lone Georgia
population clustered more closely to the Oklahoma populations
than to the Delmarva populations. Estimated gene flow for
A. maritima was low with Nm = 0.885.

Genetic structure in Alnus serrulata—As with A. maritima,
mean values for F' (0.358, SE = 0.024) and £ (0.269, SE = 0.022)
were significantly greater than 0.0 (Table 3), indicating signifi-

_I
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cant inbreeding in A. serrulata. The F-value was significantly
greater than zero for all loci except Fdpl and Fel, and f was
significantly greater than zero for seven loci. The mean ®
(0.197, SE = 0.021) was significant, indicating that approxi-
mately 20% of the total genetic diversity is due to genetic dif-
ferentiation among populations (Table 3). Genetic identity was
high among A. serrulata populations (I = 0.908), and popula-
tions within regions clustered together in UPGMA analyses
(Fig. 3). Unlike A. maritima, Georgia A. serrulata populations
were more similar to Delmarva populations than to Oklahoma
populations. Gene flow in A. serrulata was estimated at Nm =
1.33.

Comparison of Alnus maritima and A. serrulata— Although
higher for A. serrulata, mean species-level diversity values did
not differ significantly between species. However, genetic di-
versities at the population level as measured by H,, H,, A, A,
and P, were all significantly higher in A. serrulata than A. mar-
itima. Furthermore, F and f were significantly higher in A. mar-
itima than A. serrulata, indicating different levels of inbreeding
overall and within populations between species. Despite differ-
ences in the levels of genetic diversity and inbreeding between
species, ®-values were not significantly different. Thus, both
species partition genetic diversity among populations in much
the same way.

DISCUSSION

Rare, endemic, and otherwise geographically restricted spe-
cies tend to have lower levels of genetic diversity than wide-
spread species (Hamrick and Godt, 1990; Sherman-Broyles
et al., 1992; Linhart and Premoli, 1993; Avis and Hamrick,
1996; Gitzendanner and Soltis, 2000; Cole, 2003). Consistent
with this trend, there is lower genetic diversity in A. maritima
than its widespread congener A. serrulata (Tables 2, 3). Lower
genetic diversity and higher inbreeding in A. maritima are likely
due to populations being smaller and more highly isolated from
one another than are A. serrulata populations.

The significant @-values for both A. maritima and A. serrulata
reflect significant genetic structure among populations. Signifi-
cant f~values measured in both species indicate high coancestry of
alleles within individuals in populations caused by a high occur-
rence of consanguineous matings despite a predominantly out-
crossing mating system (P. Gibson, unpublished data). Significant

OKM1

OKM2

GAM1

DELM1

DELM4

DELM2

| DELM3
| |

0.97 1.00

Fig. 2. UPGMA cluster dendrogram of seven Alnus maritima populations based upon Nei’s genetic identity (/).
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F-values likewise indicate a high level of inbreeding overall in
both species. The significant heterozygote deficiency at the species-
level for both A. maritima and A. serrulata is due to a Wahlund
effect caused by high levels of inbreeding within populations
and significant genetic differentiation among populations.

The percentage of polymorphic loci and number of alleles
per locus in both species is similar to mean values reported by
Hamrick and Godt (1990) and Hamrick et al. (1992) for long-
lived woody perennials at the species (A = 2.22, P, = 65.0) and
population (A = 1.76, P, = 49.3) levels. However, H, values in
both study species are slightly higher than typical at the species
(H. = 0.177) and population levels (H, = 0.148). In terms of
geographic distribution, values of genetic diversity for A. mar-
itima tended to be higher than those reported for rare species
(A=1.82, P,= 42.5, H, = 0.078), but more similar to those for
species with narrow distributions (A = 2.08, P, = 61.0, H, =
0.165). Likewise, genetic diversity in A. serrulata was similar
to that reported for widespread species (A = 2.11, P, = 67.8,
H, = 0.257). Our results are also generally consistent with the
different genetic diversity statistics reported Cole (2003) for
rare and common species at the population (rare: A = 1.42, P, =
27.6, H,=0.113, H, = 0.100; common: A = 1.72, P, —441
H, =0. 150 H,=0. 139) and species levels (rare: A = 1 74 P,=
407 H, —0142 common: A = 2.34, P, = 58.8, H, —0199)
Our estimates of inbreeding, however, were hlgher than Cole
(2003) reported for rare (Fig = 0.175) and common (Fig = 0.184)
species, but measures of genetic structure (rare spp. Fgp=0.212;
common spp. Fgp = 0.198) were similar.

The levels and structuring of genetic variation in both A.
maritima and A. serrulata are consistent with what has been
observed in other species with similar life history traits. Al-
though the small, highly isolated populations of A. maritima
would be expected to have extremely low levels of genetic di-
versity, perennial growth has likely promoted the maintenance
of genetic variation within populations as has been reported for
other long-lived, woody, perennial taxa (Hamrick and Godt,
1990, 1996). Further, populations of clonal shrubs may addi-
tionally be buffered against loss of genetic variation even more
so than trees because their multistemmed growth form can al-
low persistence of an individual genet following death or dam-
age to a ramet even in the absence of establishment from seed.
Clumps in Oklahoma have been observed to resprout vigor-
ously following flooding, which allows plants to persist in dis-
turbed riparian communities.

0.96

0.98 1.00

UPGMA cluster dendrogram of eight Alnus serrulata populations based upon Nei’s genetic identity (/).

Although genetic diversity is lower within A. maritima popu-
lations, the overall pattern of population genetic diversity and
structure is not markedly different from that of other North
American alders. Population genetic analyses have been con-
ducted for two other common, widespread North American al-
der species: A. crispa (Bousquet et al., 1987) and A. rugosa
(Bousquet et al., 1988). Measures of genetic diversity in A.
crispa (A =2.39, P,=56.0, H,=0.136) and A. rugosa (A =2.1,
P, =60.0, H. =0.165) are similar to values for A. maritima and
A. serrulata, but there was considerably less genetic differenti-
ation among population (Fgr = 0.05 in both species). This dif-
ference is probably due to the studies of A. crispa and A. rugosa
being conducted among neighboring populations that were pri-
marily along the same waterway. Low differentiation among
populations of these alder species was concluded to be due in
part to high gene flow among networks of populations (Bous-
quet et al., 1987, 1988). Populations of A. maritima in the dif-
ferent regions of our study are separated by over 800 miles
(1300 km) and clearly isolated from one another. Thus, it is not
at all unexpected that they would differ highly from one an-
other. However, within regions, it is possible that there could
potentially be gene flow among A. maritima populations, ex-
cept in Georgia where there is only one population. If a greater
number of A. serrulata populations located between those that
were sampled were to be included in this study, ®-estimates for
this species would likely decrease due to gene flow among pop-
ulations. Cursory analysis of only populations within the same
region for both species produced ®@-values ranging from 0.01 to
0.05. Therefore, within different regions, there is similar ge-
netic differentiation among populations to what has been docu-
mented in other North American Alnus species. There has likely
been extensive gene flow among populations within regions
that has maintained high effective population sizes despite the
small size of individual populations. Additional mating system
and seedling establishment studies are required to directly mea-
sure levels of gene flow and more fully understand the impacts
of the reproductive system on genetic dynamics of Alnus in
general and A. maritima in particular.

Schrader and Graves (2002, 2004) concluded that morpho-
logical and molecular differences in inter sequence simple re-
peats (ISSR) among A. maritima growing in Delmarva,
Oklahoma, and Georgia were sufficient to warrant subspecies
designation for plants in the three areas (subspecies maritima,
oklahomensis, and georgiensis). Their analyses indicated that the
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Delmarva and Georgia populations were more similar to one an-
other than to the Oklahoma populations and that the Oklahoma
populations had diverged first from the A. maritima lineage that
eventually established the Georgia and Delmarva populations. In
contrast, our results based on allozyme data indicate that, overall,
the Oklahoma and Georgia populations are more similar to one
another than they are to Delmarva A. maritima. Oklahoma A.
maritima populations also have allele frequency differences from
other populations, such as the fixation of Dia-2. Our results can-
not determine whether fixation is due to drift, genetic bottle-
necks, intense selection, or other factors acting on this locus.
The results of this study further support the conclusion that
the distribution of A. maritima in North America is due to natu-
ral range reduction and not human-mediated establishment of
the Oklahoma and Georgia populations. If populations of A.
maritima in Oklahoma and Georgia were established with
plants from the Delmarva locations, in the UPGMA analyses of
I, those populations would probably cluster within the Del-
marva group and not have the geographic pattern we found.
Instead, our results show a geographically based component in
analyses of I such that populations within regions cluster to-
gether. However, these results should be approached with cau-
tion as the high similarity between OKM1, OKM?2, and GAM1
is strongly influenced by the Dia and Mnr loci, which are either
fixed for the same allele or have the same allele in extremely
high frequency. If Oklahoma and Georgia A. maritima popula-
tions were established by indigenous peoples who transported
plants from Delmarva to Oklahoma and Georgia, allelic diver-
sity in these areas would be expected to have much less variation
as a result of the several genetic bottlenecks that would have
occurred from founder events. However, this is not the case
because genetic variation is similar among populations in all
three regions. The high levels of genetic diversity in Oklahoma
and Georgia populations indicate that humans were not likely to
have established populations in these areas unless there was in-
tentional transport of very large numbers of seeds to establish
A. maritima populations in these areas. There is no ethnobotani-
cal record of such cultural importance, and intentional propaga-
tion for this species by any group of indigenous peoples makes
this scenario highly unlikely. Thus, our genetic data further support
the conclusion of a natural range reduction in A. maritima.
While the range of A. maritima has likely contracted in North
America, it retains genetic variation within populations much
like more common alder species and slightly more variation
than is typical for rare species. Given the genetic heterogeneity
among populations, it will be important to protect and maintain
many different populations of this species to preserve variation
in the A. maritima genome. Conservation efforts should focus
on local seed sources for any reestablishment efforts to main-
tain integrity of the subspecies and preserve locally adapted
genotypes. Efforts to maintain genetic variation within popula-
tions are particularly important given the absence of seed-
established individuals in any population of A. maritima.
Individual plants produce copious quantities of viable seeds
that germinate readily in a greenhouse environment (P. Gibson
and S. Rice, personal observations). However, no evidence of
new individuals establishing from seed has been found in sur-
veys of our field sites. In a preliminary mating system analysis
of the Georgia A. maritima population, we estimated high out-
crossing in progeny arrays from several trees (P. Gibson, un-
published data). High outcrossing should promote maintenance
of genetic variation within populations if those seed success-
fully establish new individuals. It is interesting, however, that
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significant inbreeding is detected in populations despite a pre-
dominantly outcrossing mating system. Further analyses using
more sensitive and variable markers should be conducted to es-
timate more accurately the levels of selfing, consanguineous
mating, and outcrossing in populations of different sizes. The
mating system dynamics of A. maritima is a topic that will need
to be addressed in future studies of seaside alder. Without the
establishment of new individuals from seed, genetic diversity
will likely continue to decay within existing populations as in-
dividuals die of natural causes, are replaced by other species via
succession, or are killed due to anthropogenic causes. It will be
necessary to measure genetic characteristics of the seed pool to
develop effective conservation strategies that will promote es-
tablishment of new individuals and maintenance of population
genetic diversity. Any future conservation efforts for A. marit-
ima, therefore, must also consider ways to promote recruitment
of new individuals. Mating system studies combined with anal-
yses of seed germination and viability can determine whether
inbreeding depression may be a factor limiting the recruitment
and establishment of new individuals.

Conservation efforts for A. maritima hinge on understanding
the factors shaping its genetic diversity and structure. The pres-
ervation of local genetic diversity for all three subspecies re-
quires the protection of as many adult clones as possible because
of the lack of recruitment to populations from seeds. The lack
of seedling establishment removes the benefits of sexual re-
combination, particularly the spread of beneficial alleles, which
allow populations to respond to changing environmental condi-
tions. For example, A. maritima has low tolerance for drought
conditions, yet it is predicted that climate change could bring
drier environmental conditions to Georgia and Oklahoma (In-
tergovernmental Panel on Climate Change, 2007). If populations
are going to be able to respond to these changes, it is critical to
preserve individuals that could potentially carry alleles that
confer greater drought tolerance. Without these individuals and
their genetic variation, changing climatic and other environ-
mental conditions could be disastrous for the species. The evo-
lutionary responses of annual species to climate change are
predicted to be slower than the rate of climate change (Etterson
and Shaw, 2001). The evolutionary response of perennial plants
may be even slower due to the longer time to reach reproductive
maturity, but their higher levels of genetic diversity may
provide the additive genetic variation necessary to accurately
respond to long-term changes. Theoretical and empirical con-
servation genetics studies can build upon the current under-
standing of the population genetic attributes of both common
and rare woody species to evaluate and predict their evolution-
ary responses to changing environmental conditions.
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