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ALLOZYME FREQUENCIES IN NEwW JERSEY AND NORTH
CAROLINA POPULATIONS OF ATLANTIC WHITE-CEDAR,
CHAMAECYPARIS THYOIDES (CUPRESSACEAE)*!
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ADAM WHITE*
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The present study was conducted to assess the distribution of genetic variation within and among populations of Cham-
aecyparis thyoides in both marginal and centrally located populations. Allozyme frequency analyses of ten loci from foliage
of four New Jersey populations and two North Carolina populations of C. thyoides showed polymorphic loci = 50%, mean
number of aleles per locus = 2.8, effective number of alleles per locus = 1.17, and expected heterozygosity = 0.14.
Diversity was highest in two populations from southern New Jersey. The isolated population at High Point, New Jersey had
only two polymorphic loci and expected heterozygosity of 0.03. There was no correlation between genetic and geographic
distances among populations, implying that cedar must have possessed some means of long-distance dispersal at the end of
the last glacial period, rather than advancing northward step by step.
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In developing sampling strategies for conservation ef-
forts, or genetic improvement of tree species, it is useful
to take into account overall geographic patterns of genetic
differentiation (National Research Council, 1991). Such
patterns may reveal localized pockets of diversity based
either on relatively short-term dispersal patterns or more
long-term migration patterns across several generations.
Analysis of the current distribution of genetic variation
within and among local populations of a species can shed
light on the distribution of genetic diversity and can aso
help us to understand the historical processes underlying
that genetic diversity (e.g., Schnabel, Hamrick, and
WEells, 1993; Sheely and Meagher, 1995). Knowledge of
patterns in the distribution of genetic diversity can aso
help us determine whether to focus on local stock ma-
terials or more geographically distant stock for reestab-
lishment efforts, provenance trials, and breeding purpos-
€s.

Atlantic white-cedar, Chamaecyparis thyoides
(L.)B.S.P. has been regarded as a possible candidate for
restoration efforts. It is an obligate wetland species oc-
cupying swamps along the Atlantic and Gulf coasts of
the United States. Most cedar swamps lie along the
Coastal Plain from New Jersey southward, but a few are
perched atop mountains at some distance inland, as at
High Point, New Jersey (457 m €elevation, 145 km in-
land). The largest natural areas containing cedar swamps
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are in eastern North Carolina, southeastern New Jersey,
and northwestern Florida. The western Florida population
is sometimes regarded as a separate subspecies, ssp. hen-
ryae (Li, 1962; Little, 1966, 1979). This population ex-
tends into Alabama around Mobile Bay, and there are two
isolated populations to the west in Mississippi (Fig. 1).

As the climate warmed at the end of the last glacial
period ~12000 yr ago, C. thyoides moved northward to
occupy its present range. According to Belling (1977), its
route of migration was along a low-lying area between
the coastal plain and the Appalachian Mountains, and es-
tablishment at other sites, in the mountains and on the
coastal plain, took place later. However, Laderman (1989)
reports pollen evidence indicating white-cedar’s presence
on the New Jersey coastal plain 9500 and 7700 yr ago,
vs. less than 300 yr ago at High Point; and Watts (1979)
states that C. thyoides macrofossils (leaves, cones) at Hel-
metta Swamp (Monmouth county, NJ) date back to
10000 yr ago.

Conkle (1992) reported that allozyme diversity in four
major western conifers was greatest in the south, and less
in populations that had migrated north to their present
areas as the climate warmed after the Pleistocene. In
1995, Eckert sampled eight cedar swamps at the north
end of cedar's range (New Hampshire and Maine, 20
trees/swamp), estimated heterozygosity in the species at
0.12 there, and suggested that it might be greater toward
the center of the range. We were curious to find out
whether C. thyoides would exhibit greater diversity
southward, with lowest values at High Point, intermediate
in southern New Jersey, and highest in North Carolina
(indicating a possible glacial refugium).

There has been much recent interest in restoring white-
cedar swamps, particularly in North Carolina and New
Jersey (Summerville, 1995; Kuser, 1996). Production of
propagules for planting cedar in areas lacking natural
seedbanks is well underway; a substantial portion of this
consists of rooted cuttings (Kuser and Zimmermann,
1995). A commercial nursery in North Carolina currently
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Fig. 1. Range of Atlantic white-cedar (Little, 1971).
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Fig. 2. Cedar swamps sampled in New Jersey (A) and North Carolina (B).

produces ~400 000 cuttings a year, (North Carolina, Del-
aware, and New Jersey genetic stock); and New Jersey’s
state nursery produces 20000 cuttings a year. Before ar-
tificial planting of cedar swamps goes much further, we
need to learn more about the genetic architecture of
white-cedar: amount of genetic variation, degree of local
adaptation, and how far propagules can be successfully
moved from sites of origin. While answers to some of
these questions await results of provenance tests under-
way in North Carolina and New Jersey (Kuser and Zim-
mermann, 1995), comparative amounts of variation found
by allozyme studies of six populations in those states are
reported in this paper. Thus we have: (1) measured over-
al levels of genetic variation in New Jersey and North
Carolina populations, (2) assessed the relative distribution
of genetic variation within and among populations, and
(3) conducted a regression analysis of the relationship
between patterns of genetic variation and presumed his-
torical migration patterns, as reflected in current geo-
graphic distance, for populations of this species in New
Jersey and North Carolina.

MATERIALS AND METHODS

Sample sites—We sampled six populations of Chamaecyparis thyoi-
des, four in New Jersey and two in North Carolina (Fig. 2). From each
of the six populations, fresh foliage was collected from 40 trees during

the period November 1994—April 1995. Where cedar stands were ex-
tensive, as at Lebanon State Forest, New Jersey, several subpopulations
1-5 km apart were included in the 40-tree sample to insure good cov-
erage and avoid vicinism. This was not possible at High Point where
the cedar swamp covers only 16 ha, so we sampled as evenly as possible
throughout the swamp. Trees were tagged and foliage samples were
numbered, placed in small ziploc bags over ice in a picnic cooler, then
transferred to the laboratory coldroom at 0°-5°C until processed. The
North Carolina samples were packed in ice and sent to New Brunswick,
New Jersey by next-day-delivery mail. Because we have been able to
root cedar cuttings after several months of cold storage in ziplocs, we
did not anticipate any loss in freshness.

Sample collection and electrophoresis—Population genetic surveys
were based on horizontal starch gel electrophoresis performed on foliar
samples (needles) ground in liquid nitrogen and prepared using the ex-
traction buffer described by Mitton et al. (1979), as modified by Eckert
(1995). Samples were subsequently evaluated for scorable allelic com-
position for the following allozymes: fluorescent esterase (FE-1, FE-2),
glucose-6-phosphate dehydrogenase (G-6-PDH), glutamate oxal oacetate
transaminase (GOT-1, GOT-2), isocitrate dehydrogenase (IDH), malate
dehydrogenase (MDH), malic enzyme (ME), 6-phosphogluconate de-
hydrogenase (PGD), and phosphogluco isomerase (PGI) . Buffer sys-
tems and enzyme assays followed Wendel and Weeden (1989).

Genetic analysis—Standard measures of genetic variation were es-
timated, including percentage polymorphism, mean number of alleles
per locus, effective number of alleles per locus, and expected hetero-
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TaBLE 1. Allozyme frequencies in six populations of Chamaecyparis
thyoides in New Jersey and North Carolina.

Populations
New Jersey North Carolina
Locus/
alele High Point Lebanon  Wharton  Belleplain Gates  Brunswick
FE-1
1 0.15 0.16 0.14 0.02
2 1.00 0.85 0.98 0.78 0.86 0.98
3 0.02 0.01
4 0.09
FE-2
1 0.08 0.06 0.02 0.08 0.09
2 1.00 0.91 0.94 0.91 0.76 0.82
3 0.01 0.06 0.16 0.09
G-6-PDH
1 0.04 0.19 0.20 0.20 0.08 0.22
2 0.95 0.41 0.80 0.75 0.91 0.78
3 0.01 0.40 0.04 0.01
4 0.01
GOT-1
2 1.00 1.00 1.00 1.00 1.00 1.00
GOT-2
1 0.01
2 1.00 1.00 1.00 0.99 0.99 0.94
3 0.01 0.06
IDH
1 0.05 0.05 0.01
2 1.00 0.95 1.00 0.95 0.99 1.00
MDH
1 0.01
2 1.00 1.00 1.00 1.00 0.99 1.00
ME
1 0.04 0.31 0.02
2 0.91 0.72 0.94 0.59 0.62 0.90
3 0.09 0.24 0.06 0.10 0.35 0.10
3 0.01 0.01
PGD
1 0.04
2 1.00 0.95 0.99 1.00 1.00 1.00
3 0.01 0.01
PGI

1 0.04 0.04 0.26 0.15 0.05 0.11
2 0.96 0.95 0.72 0.84 0.94 0.85
3 0.01 0.01 0.01 0.01 0.04

zygosity at the population and species levels (Hamrick and Godt, 1990).
A locus was considered polymorphic if the most common allele was
present at a frequency of 0.95 or less. For each of these statistics, we
calculated both species-level and population-level estimates. Data from
al six populations were pooled to calculate species-level estimates. To
obtain population-level measures, estimates were calculated for each of
the six populations and then averaged over populations. Wright's F sta-
tistics measuring the hierarchical distribution of genetic variance within
and among populations (Wright, 1978) were estimated from variance
components obtained from a nested ANOVA of gene frequencies (Weir,
1990). The fixation index, Fs, measures the extent of differentiation
among populations, often attributed to genetic drift and limited gene
flow. The inbreeding coefficient, F,s, measures the effects of nonrandom
mating within populations. For example, in populations with high levels
of selfing, a resulting high inbreeding coefficient is reflected by a high
frequency of homozygotes. The overall departure from Hardy-Weinberg
equilibrium over all populations is reflected by F ;. Finaly, isolation
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TaBLE 2. Measures of genetic diversity for Chamaecyparis thyoides
at the species and population levels and for each population. P =
percentage polymorphic loci, A = mean number of alleles per lo-
cus, A, = effective number of alleles per locus, and H, = expected

heterozygosity.
P A A He
Species level 50.0 2.80 1.17 0.145
Population level 48.3 1.97 1.15 0.128
High Point State Park, NJ 20.0 1.40 1.03 0.033
Lebanon State Forest, NJ 70.0 2.20 1.25 0.200
Wharton State Forest, NJ 40.0 1.80 111 0.099
Belleplain State Forest, NJ 60.0 2.40 1.22 0.180
Gates County, NC 50.0 2.20 1.15 0.133
Brunswick County, NC 50.0 1.80 1.14 0.125

by distance measures as defined by Slatkin (1985) were used to deter-
mine the correlation between population proximity and genetic similar-
ity. To do that, estimates of gene flow between pairs of populations
were calculated using Slatkin’s (1993) method. Those estimates were
plotted against geographic distances separating the population pairs, for
which regression analysis was performed.

RESULTS

Allozyme frequencies in the six populations are shown
in Table 1. Among the ten loci analyzed, GOT-1 was
monomorphic in all six populations; all other loci con-
tained 3—10 genotypes (1-4 alleles) in one population or
another. The High Point, New Jersey population was
monomorphic at eight loci; G-6-PDH yielded three al-
leles and ME yielded two alleles. Three populations pos-
sessed unique alleles: only Gates had MDH allele 1, only
Lebanon had PGD allele 1, and only Belleplain had G-6-
PDH allele 4 and FE-1 dlele 4. Both North Carolina
populations had GOT-2 dlele 3; the four New Jersey
populations were without this allele.

Percentage polymorphic loci, mean number of alleles
per locus, number of effective aleles per locus, and ex-
pected heterozygosity were greatest at Belleplain State
Forest, NJ and Lebanon State Forest, NJ, intermediate at
Brunswick and Gates counties, NC and Wharton State
Forest, NJ, and lowest at High Point State Park, NJ (Table
2). Different loci show varying amounts of inbreeding
and differentiation among populations (Table 3). Positive
estimates of F, and F indicate nonrandom mating of
individuals relative to the total population and to their
subpopulations, respectively. The small estimate of Fg
shows little genetic differentiation, with only 9% of total

TaBLE 3. Hierarchica F statistics analysis of population genetic struc-
ture for Chamaecyparis thyoides from six populations: four in New
Jersey and two in North Carolina

Locus Fi Fq Fi
FE-1 0.076 0.076 0.000
FE-2 0.103 0.049 0.057
G-6-PDH 0.354 0.159 0.233
GOT-2 0.030 0.230 0.000
ME 0.543 0.089 0.499
PGD 0.019 0.019 0.000
PGI 0.109 0.060 0.052
Jackknife estimate 0.276 0.094 0.200
SD 0.097 0.024 0.099




1540

TaBLE 4. Estimates of gene flow between all population pairs of Cha-
maecyparis thyoides in New Jersey and North Carolina calculated
by Slatkin's (1993) method, and geographic distances (km) sepa-
rating all population pairs. Be = Belleplain State Forest, NJ Br =
Brunswick County, NC; Ga = Gates County, NC; Hp = High Point
State Park, NJ; Le = Lebanon State Forest, NJ; and Wn = Wharton
State Forest, NJ.

Population pairs Gene flow Geographic distance (km)
Le/Wn 8.05 27
Be/Wn 9.78 58
BelLe 10.6 85
Hp/Le 3.59 166
Hp/Wn 9.40 188
Be/Hp 571 242
Br/Ga 26.6 310
Be/Ga 15.2 350
Ga/Wn 10.4 410
GalLe 6.45 425
GalHp 11.2 563
Be/Br 11.9 655
Br/Wn 54.3 715
Br/Le 8.36 730
Br/Hp 134 868

alozyme variation found among populations. Table 4 con-
tains calculated estimates of gene flow between all popu-
lation pairs and the geographic distances separating them.
Somewhat surprisingly, genetic resemblance and geo-
graphic proximity do not appear to be significantly related
in this study, as shown by the positive slope and nonsig-
nificance [P (>F) = 0.20] of the regression in Fig. 3.

DISCUSSION

Expected heterozygosity in C. thyoides varied from
0.20 to 0.03 in the six populations sampled. It was lowest
in the outlying swamp at High Point, New Jersey, highest
in two of the three populations in southern New Jersey,
and intermediate in the third southern New Jersey pop-
ulation and the two North Carolina populations. The lack
of correlation of geographic and genetic distances be-
tween swamps suggests that cedar had some means of
long-distance dispersal.

Based on the six populations, the expected heterozy-
gosity of C. thyoides at the species level is 0.145, close
to the 0.133 found by Millar and Marshall (1991) in C.
lawsoniana, and higher than the 0.094 in Thuja occiden-
talis (Perry, Knowles, and Yeh, 1990) or 0.04 in T. pli-
cata (Yeh, 1988). At the population level, our 0.128 is
dightly higher than the 12% reported by Eckert (1997),
who suggested that heterozygosity might be greater to-
ward the center of the range than at the northern edge,
which he sampled. We had thought that the same might
be true of heterozygosity levels in New Jersey vs. North
Caroling, i.e., that heterozygosity would be greater in
North Carolina (where the largest cedar-swamp area is
located), but this was not the case. It would be interesting
to know the heterozygosity levels in the western Florida-
Alabama-Mississippi area populations of C. thyoides, and
see whether they indicate a possible cedar refugium in
the Pleistocene possessing genes that did not travel north
when the ice thawed.

Allozyme frequency analyses of the isolated mountaintop
population at High Point, New Jersey show that cedar in
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Fig. 3. Log (gene flow) by log (geographic distance) plotted for all
pairs of populations of Chamaecyparis thyoides (L.)B.S.P

this swamp is relatively geneticaly depauperate and has
probably been through a bottleneck; it may have been
founded by one or a very few trees. Allele 3 of G6PDH
(the only locus having more than two aleles) was found in
only one of 40 trees, and could have blown in on pollen
carried by a south or east wind from the main coasta range.
With High Point’s expected heterozygosity at only 0.03, one
might wonder whether any inbreeding depression could be
present. We did not find any in seed viability or germination
in an earlier experiment; it was one of the more vigorous
populations in those respects in our 1992 tests (Boyle and
Kuser, 1994). It may or may not be coincidental that some
of the most vigorous stands of cedar in New Jersey arein
Lebanon State Forest, where we found the populations with
highest heterozygosity levels.

We think that the lack of correlation between geographic
and genetic distances among populations means that cedar
did not advance northward up the Atlantic coast swamp-
by-swamp &fter the last glaciation. The wind-dispersed
seeds may be carried as far as 1.6 km from the top of a
21-m tree by a 48 km/h wind (Korstian and Brush, 1931).
If cedar had moved north this maximum distance once each
generation (70 yr), it would have taken nearly 25000 yr to
travel from Gates County, North Carolina to High Point,
New Jersey and ~50000 yr to reach its current northern
limit in Maine, or if it had started from Brunswick County,
50% longer. It is more likely that cedar possessed some
means of long-distance dispersal such as a bird species,
which may have used swamps and fed on the small cones
or seeds. Water or snowpack dispersal may be additiona
methods at the local level in New England (Eckert, 1997),
and farther south water dispersal is considered likely (R. C.
Kélison, persona communication, North Carolina State
University).

Perhaps cedar did not have to travel from a Carolina
glacial refugium to occupy the northern part of its present
range. The existence of highest heterozygosity levels in
New Jersey, rather than North Carolina, implies that ce-
dar’s refugium might have been offshore of New Jersey
on the wide continental shelf now covered by a shallow
sea (USDC, 1972), or perhaps under present-day Ches-
apeake Bay. At sea levels 100—125 m lower than today’s
there could have been room for extensive cedar swamps.
On the other hand, North Carolina (Cape Hatteras) lies
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close to the edge of the continental shelf, and a 100-125
m drop in sea level might have drained and dissected the
present swampy areas in the eastern part of that state
without creating new swamps on the steeper continental
slope. Reconstructions of full-glacial climate have esti-
mated summer water temperatures along the Atlantic
coast to have been 8°C colder than now. This would have
made the ocean off Delaware Bay about as cool then as
that off the Maine coast today, where white-cedar reaches
the northern end of its present range (CLIMAP 1981).
An alternate, warmer refugium might have been the con-
tinental shelf from south of Cape Hatteras to offshore of
present-day South Carolina and Georgia.

Our results suggest that the genetic stock of C. thyoides
to be used for cedar swamp restoration on the New Jersey
coastal plain should come from a source such as Lebanon
State Forest, which is centrally located in the area and
has the highest heterozygosity of the six stands sampled.
For North Carolina, either Gates or Brunswick County
stock could be used for local planting. Because North
Carolina's original cedar swamp area was three to four
times as large as New Jersey’s (Fig. 1), more thorough
sampling should be done there (as well as the rest of the
southern range). More detailed recommendations await
results of provenance tests underway in both states.
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