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Genetic and morphologic variation in Phyllodoce
empetriformis and Phyllodoce glandulifiora
(Ericaceae) in Mount Rainier National Park,
Washington

Regina M. Rochefort and David L. Peterson

Abstract: Genetic and morphological diversity &hyllodoce empetriformi¢Sw.) D. Don andPhyllodoce glanduliflora
(hook.) Cov. were surveyed in Mount Rainier National Park in the Cascade Mountains of Washington State. Paired
populations at high and low elevations were sampled at three study areas between 1720- and 2451-m elevation.
Allozyme analysis of four polymorphic loci indicates high levels of genetic diversity within populations

(P. empetriformis= 94.2% andP. glanduliflora= 93.4% of total diversity) and significant differences in allele frequen

cies among populations and study areas. Individual populations are composed of multiple clones with high ratios of lo
cal to widespread genotypes. The proportion of distinguishable clones ranges from 32 to 83% within individual
populations. Within individual populations, 18-67% of genotypes were restricted to one population. Patterns of
morphologic variation, estimated through measurements of leaf width, leaf length, stem extension, and plant height par
alleled those displayed by allozyme analysis. Significant differences were found in leaf width and stem length for

P. empetriformisand among greenhouse populations for leaf widhempetriformiy and leaf length R. glanduliflorg).
Species conservation strategies Riryllodoceshould concentrate on the maintenance of within-population levels of di-
versity, protection of adjacent populations, and protection of safe sites for recruitment of new populations.

Key words conservation, Ericaceae, genetic diversity, morphologic variaitryllodoce

Résumé: Les auteurs ont observé la diversité morphologique et génétique clitdryllwdoce empetriformigSw.)

D. Don et leP. glanduliflora (hook.) Cov., au parc national de Mount Rainier dans les Montagnes Cascades, de I'état

de Washington. lls ont prélevé des échantillons paralléles a haute et basse altitudes dans trois stations d'études situées
entre 1720 et 2451 m d'altitude. L'analyse allozymique de quatre loci polymorphiques indique de hauts degrés de di-
versité génétique a l'intérieur des populatiofs émpetriformis= 94,2 % etP. glanduliflora= 93,4 %), ainsi que des
différences significatives dans les fréquences des alléles, selon les populations et les stations d'étude. Les populations
individuelles sont composées de multiples clones avec de forts rapports entre génotypes locaux et étendus.-La propor
tion de clones discernables va de 32 a 83 %, pour une population individuelle. De 18 a 67 % des génotypes dans les
populations individuelles sont restreints a une population. Les patrons de variation morphologique, évalués a partir de
la largeur des feuilles, de la longueur des feuilles, de la longueur des tiges et de la hauteur des plantes sont paralléles
a ceux obtenus par analyse allozymique. On observe des différences significatives dans la largeur des feuilles et la lon
gueur des tiges chez B empetriformiset parmi des populations venant en serre quant a largeur des fefillempe

triformis) et la longueur des feuilleP( glanduliflorg). Les stratégies de conservation de I'espece poulrhiglodoce

devraient se concentrer sur le maintient de la diversité au niveau de la population, de la protection des popuations ad
jacentes, et de la protection de sites sOrs pour le recrutement de nouvelles populations.

Mots clés: conservation, Ericaceae, diversité génétique, variation morphologriydiodoce.

[Traduit par la Rédaction]

Introduction Ericaceae. All members of this genus are categorized as

subshrubs and are distributed in arctic—alpine habitats (Good
Heathers are common shrubs in high-elevation plant-com1926). Phyllodoce empetriformisand P. glanduliflora are
munities of the Pacific NorthwesPhyllodoce empetriformis endemic to western North America (Fig. 1). Studies of these
(Sw.) D. Don andPhyllodoce glanduliflorahook.) Cov. are  species have focused on plant community description,-habi
members of the eight-species gerisyllodocewithin the tat distribution (Kuramoto and Bliss 1970; Douglas 1972;
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Henderson 1974; Edwards 1980; Franklin and Dyrnesphysiologic characteristics over very short distances in re
1987; Ingersoll 1991; Ingersoll and Wilson 1993), and envi sponse to environmental differences (e.g., Antonovics 1968;
ronmental influences on reproduction and physiologyMcGraw and Antonovics 1983; Linhart and Grant 1996).
(Olmsted 1975; Edwards 1980; Ingersoll 199Rhyllodoce  Genetically based adaptive variation provides species with
empetriformisis distributed from approximately 1500- to the resources to persist through changing environmental
2000-m elevation, whil®. glanduliflorais commonly found conditions (Frankel 1983; Namkoong 1983; Schonewald-
above 1950 m (Watson 1977). Little information is availableCox 1983; McGraw 1995). Long-term species survival may
on the population dynamics or reproductive biology of therely on both among- and within-population diversity. Diver
species. However, as recreational demands on natural aresisy among populations, such as ecotypes in different-habi
escalate, the potential for damage to these populations algats, enables species to respond to changing environmental
increases. Development of protection guidelines may be neconditions through time (Mooney and Billings 1961,
essary for the long-term survival of these species and effecCallaghan 1974; McGraw 1995; Menges 1990). Diversity
tive guidelines require a better understanding of thewithin populations enables specific populations to persist
population dynamics. based on adaptive differences among individuals (McGraw

Heather populations establish by seed on moist, well1995).
drained sites. Viable seed production appears to be high, but As recreational use of natural areas increases, the need for
seedling recruitment is infrequent even under favorable-enviscientifically based resource protection guidelines becomes
ronmental conditions (Edwards 1980; Ingersoll 1991). Floralincreasingly important. In this study, we quantified genetic
morphology, pollination surveys (Macior 1994), and the oc and morphological diversity ofP. empetriformis and
currence of a hybridPhyllodoce intermedia(Watson 1977) P. glanduliflorato better understand their sensitivity to envi
indicate that the species are outcrossing and bee-pollinatethnmental and human induced change. Genetic diversity was
but no studies have documented whether they are selexamined because it is important in long-term survival and
compatible. Ring counts of annual growth have documentethecause both species have long-lived individuals with infre
the life-span of individual stems to be up to 70 yearsquent reproduction, which makes demographic study diffi-
(Olmsted 1975; Edwards 1980), but no data on annual ratesult. This information can then be used to infer reproductive
of recruitment or mortality are available. Additionally, there and demographic patterns, develop strategies to protect un-
are no published studies on genetic diversity of these speciegtamaged populations, and to restore impacted populations.
and few on species within the Ericaceae (Floyd 1972Specific goals were toi) quantify the range of diversity in
Vander Kloet 1976; Bruederle et al. 1991; Strand and Wyathatural populations, ii) determine which environmental
1991; Denton 1997; Lim 1999). factors are associated with patterns of diversity, aingigter-

Over the past century, recreational use of alpine and sutpret these findings for National Park Service resource manag-
alpine areas in North America has grown, becoming an iners for use in species and habitat protection guidelines.
creasingly destructive influence on heather populations
(Cole 1996). Many high-elevation populations are located i .
wilderness areas where there are few maintained trails a;ylaterlals and methods
campsites. Off-trail use of these areas often results in a prog
liferation of informal campsites and social trails in vegetated™", ' "o & “National Park is located on the western slope of

areas. The prostrate, woody stems of heather plants are 38, cascade Range, 100 km southeast of the Seattle—Tacoma met
ily crushed or broken by trampling. Even if the stems are notgpolitan area (Washington state, U.S.A). It encompasses
immediately killed, crushed leaves have depressed phot®s 389 ha and extends from low-elevation, late-successional-conif
synthetic activity, and plants may die later in the growingerous forest (530-m elevation) through subalpine and alpine- com
season or after several seasons of repeated tramplimgunities to the summit of Mount Rainier (4400 m). Climate is
(Hylgaard and Liddle 1981; Cole 1993). Human use maytemperate maritime with cool, wet winters (-2.9 to 3.4°C) and
cause fragmentation within populations through mortality ofmild, dry summers (7.9 to 16°C). Most of the annual precipitation
individuals or among heather populations through extinctiorfa!!S as snow between October and May. Precipitation is generally
of entire populations. Fragmentation can alter demographi igher on the west side of the park and increases with elevation up

L : . 0 about 3000 m. Average annual precipitation ranges from 205 cm
processes and genetic diversity of plant populations and subl; ‘a5 " |cvation to 269 cm at 1676-m elevation.

sequently influence their long-term survival (Wilcox and Study areas were established in three locations within Mount
Murphy 1985; Derda and Wyatt 1990; Foré et al. 1992;gainier National Park: Paradise, Spray Park, and Panhandle Gap
Ledig 1992). (Fig. 1, Table 1) in the summers of 1992 and 1993. The sampling
Long-term survival of heather metapopulations involves ascheme was designed to cover the range of temperature and-precip
complex balance of persistence of some populations; peritation gradients within the park because environmental heteroge
odic establishment of new populations, and extinction ofeity often influences genetic patterns (Linhart and Grant 1996).
others through succession, displacement by trees, of cat&tudy areas were established on west (wet) and east (dry) sides of

strophic events such as landslides, avalanches, or volcanig® Park and sample populations selected across a range of eleva
tions. Two to four populations were sampled within each area.

e.rUp.t!ons (Rochefo_rt 1995.)' Although short-term populat"‘-mPaired populations at high and low elevations were subjectively
viability may t_)e prl_ma_rl_ly influenced by_demograph_lc Pro igentified and located within each study area to sample the range
cesses, genetic variability may be the critical factor in deter ot genetic diversity. Each study area included populations in both
mining long-term population or species survival (Mengessupalpine (forest-meadow mosaic) and alpine (treeless) areas. Sam
1990). Studies in a wide range of plant taxa have demonple populations were located at the highest and lowest elevational
strated significant variation in genetic, morphologic, andextent ofP. empetriformisand P. glanduliflora At Spray Park and

tudy areas and plant collection
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Fig. 1. Locations of study areas in Mount Rainier National Park (shaded areas indicate glaciers on Mount Rainier), with range of
Phyllodocespecies (as in Good 1926) indicated in the inset.

® Phyllodoce Study Areas

Q Phyllodoce empetriformis
[ Phyllodoce glanduliflora

Paradise, four populations of each species were sampled, two higlen 26 enzyme systems (Rochefort 1995). Only five loci for each
elevation and two low-elevation populations. At Panhandle Gapspecies exhibited consistent, scorable resolution. Five putative loci
four populations ofP. empetriformis(two high-elevation and two were resolved on three systems Rirglanduliflora Phosphoglucose
low-elevation) and two populations &f. glanduliflora (two high- isomerase (PGI) (two loci) and uridine diphosphoglucose pyrephos
elevation populations, no low-elevation populations) were -samphorylase (UGP) were resolved on a continuous morpholine citrate
pled. Sampled populations were separated by more than 100 msystem, pH 8.1 (system E in Conkle et al. 1982). Shikimate
One study plot was established within each population; each plotiehydrogenase (SKD) was run on morpholine citrate, pH 6.1 (sys
was 400 M (20 x 20 m) and subdivided into quarters. Fifty plants tem D in Conkle et al. 1982). Phosphoglucomutase (PGM) was re
(12-13 per quarter) were randomly selected within the plot fer ge solved on a discontinuous histidine citrate system, pH 7.0 (Werth
netic analysis. Stems with 1- and 2-year-old leaves were collected985). Five putative loci were resolved on two systems for

for electrophoretic analysis. P. empetriformis Phosphoglucose isomerase (PGI) (two loci) was
resolved on a continuous morpholine citrate system, pH 8.1 (system
Electrophoresis E in Conkle et al. 1982). Uridine diphosphoglucose pyrophos

Phyllodoceleaves and stems were placed in plastic bags an®horylase (UGP-1, UGP-2) and phosphoglucomutase (PGM) were
kept moist and cold in a refrigerator (4°C) until they were preparegScored on a discontinuous histidine-HCl, pH 6.5 (system 11 in Soltis
for electrophoresis. Leaf tissues were ground with a mortar an@t @l 1983). Only loci polymorphic at the 95% level were utilized
pestle under liquid nitrogen (Mitton et al. 1979), and the frozenfor genetic analysis; PGI-1 was monomorphic for both species and
leaf powder was mixed with a Tris-HCI grinding buffer PVP solu therefore was not analyzed.
tion (Soltis et al. 1983). The homogenate was immediately tfrans
ferred into microtiter trays and stored at —70°C). Morphological variation

Homogenates were thawed, applied to paper wicks, and inserted Morphological variation was surveyed on field populations and
into 12.5% starch gels. Plant material was initially tested for activitygreenhouse plants grown from cuttings of field plants. Four
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Table 1. Site designations, descriptions, and locations for 10 populatiof®hgfiodoce glanduliflora(PG) and 12 populations of
Phyllodoce empetriformi$PE) in Mount Rainier National Park.

Location UTM co-ordinated

Population number Site Elevation Elevation (m) Aspect North East
Phyllodoce empetriformis

PE1 Paradise Low 1743 SW 5182.6 596.4
PE2 Paradise Low 1720 SW 5182.6 596.9
PE3 Paradise High 2036 SW 5184.4 596.8
PE4 Paradise High 1950 S 5183.4 597.6
PE5 Panhandle Gap High 2018 S 5189.7 603.8
PEG6 Panhandle Gap High 2006 S 5189.6 603.4
PE7 Panhandle Gap Low 1573 N 5186.5 603.8
PE8 Panhandle Gap Low 1560 N 5186.6 603.8
PE9 Spray Park Low 1731 S 5196.8 588.6
PE10 Spray Park Low 1786 SW 5197.2 588.8
PE11 Spray Park High 2054 NW 5196.4 590.6
PE12 Spray Park High 2115 NW 5195.8 590.8
Phyllodoce glanduliflora

PG1 Paradise Low 2036 S 5184.0 596.8
PG2 Paradise Low 1950 S 5183.4 597.6
PG3 Paradise High 2427 S 5185.4 597.6
PG4 Paradise High 2451 S 5185.5 597.5
PG5 Panhandle Gap High 1970 NW 5190.3 603.4
PG6 Panhandle Gap High 2073 NW 5189.8 603.8
PG7 Spray Park Low 1920 N 5196.9 589.9
PG8 Spray Park Low 1970 N 5196.8 590.1
PG9 Spray Park High 2116 NW 5197.8 590.8
PG10 Spray Park High 2158 N 5195.6 590.8

2UTM, universal transverse mercator; all sites are in zone 10.

morphologic characters were measured on 25 plants in each of thgir-group method, arithmetic average) and Nei’'s genetic identity.
field populations: leaf width, leaf length, plant height, and meanThe relationship between genetic distance and geographic distance
annual stem growth (i.e., growth as measured between bud scarfetween populations was examined using the Mantel test (Manly
Plant height was measured at the tallest portion of the plant. An1991). Chi-square contingency analysis was used to test for signifi
nual stem growth, leaf width, and leaf length were measured with &ant differences in allele frequencies among populations and study
micrometer (vernier caliper); values for each character are the avareas (Snedecor and Irwin 1933; Workman and Niswander 1970).
erage of three measurements for each plant. Leaf width was mea In addition, becausE. glandulifloraandP. empetriformigpropa
sured at the widest portion of each leaf. Greenhouse plants wergate vegetatively, genetic diversity was examined by calculating
propagated only from cuttings of plants in the Paradise studypoputhe number of genotypes, proportion of clones distinguishable, and
lations. Cuttings were collected in the autumn of 1992; rooted cutthe number of local and widespread genotypes per population
tings were transplanted into 10-cm diameter pots in the spring ofEllstrand and Roose 1987). The number of genotypes was-calcu
1993 and arranged in a completely randomized design. Plants wetated by using only those individuals for which all four loci had
moved from the greenhouse to a shadehouse in June 1994, prior been scored. The proportion distinguishable was calculated-by di
bud break. Leaf width and length were measured in 1995 on leavegiding the number of genotypes by the sample size. Local and
formed in 1994. widespread genotypes were calculated within study areas and across
all populations. Local genotypes were defined as types found in only
) one population within the study area. Widespread genotypes were
Data analysis defined as types found in 75% of the populations within the study
Genetic data were analyzed using Biosys-1, version 1.7area or when looking at all populations, 75% of sampled pepula
(Swofford and Selander 1989), and Genestat (Lewis and Whitkugons.
1989). Genetic variability was characterized by calculating allele Morphologic characters of greenhouse plants (leaf width and
frequencies, observed heterozygosiby,,(direct count), expected length) were analyzed with a one-way analysis of variarnze (
heterozygosity K, Nei’s 1978 unbiased estimate), and Hamrick 0.05). If heteroscedasticity was encountered, Kruskal-Wallis pro
and Godt’'s (1990)H; (Nei and Chesser 1983). Calculating cedures were followed. When the null hypothesis was rejected, the
Wright's (1943, 1951)F-statistics, Nei's genetic identity (1978), Tukey HSD test was appliep (= 0.05). Plant height, leaf width,
and Nei's genetic distance (1978) examined diversity within andannual stem growth (length), and leaf length of field plants were
among populations. Hierarchichl statistics were used to estimate examined using a two-way analysis of variance. A completely ran
the contribution of the elevation clasBy), study areaK,g), pop domized design with three geographic areas as random blocks, two
ulations within study areas=f,), and populations within elevation elevation classes as fixed factors, and two populations as replicates
class Fpp) to species diversity within Mount Rainier National Park. within each block and elevation class was used. Differences be
Phenograms were produced to visualize similarities between populdween blocks and factors were analyzed athe0.05 significance
tions by conducting a cluster analysis using UPGMA (unweightedevel. Correlation analysigp(= 0.05) was used to examine the rela
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tionship of morphologic characteristics with elevation and aspect(Foz = 0.040) was much greater than among elevation
Relative percentages of among- and within-population varianceg|gsses Fer = 0.007) or among study areaB,f = 0.001).

were calculated for each character (Sokal and Rohlf 1981). Although most of the genetic diversity within these species
is within populations (93.4 and 94.2%, respectively), allele

Results frequencies among populations of each species were signifi
cantly different at all loci (Table 2).

Loci and alleles scored Genetic identity values foP. empetriformisrange from

Resolution of loci for both species was difficult. Although 0.871 to 1.00 and values fdP. glanduliflora range from
four grinding buffers were tested, many loci expressed activ0.900 to 1.00. Genetic distance was positively correlated
ity inconsistently and others displayed a double-banded phewith geographic distance for both, but there was consider
notype. Four loci were utilized to analyze genetic structureable scatter in the points and the relationship between ge
in P. glanduliflora PGI-2, PGM, SKD, and UGP. Four-al netic and geographic distance was especially weak for
leles were observed at PGI-2 and two at the remaining threB. empetriformis(P. glanduliflora r = 0.583,p < 0.001;
loci: SKD, UGP, and PGM. Both PGM and SKD exhibited a P. empetriformisr = 0.262,p = 0.023). Phenograms pro
double-banded phenotype as homozygotes and were 4luced from UPGMA cluster analysis provide a graphic-rep
banded as heterozygotes. Four loci were also used to0 deesentation of patterns among populations (Figs. 2 and 3).
scribe the genetic structure d?. empetriformis PGI-2, Two broad groups of populations are displayed for
UGP-1, UGP-2, and PGM. PGM, UGP-1, and UGP-2 exhib P. glanduliflora Paradise — Panhandle Gap and Spray Park.
ited double-banded phenotypes. Three alleles were observétb clear patterns are evident in the phenogram for
at the UGP-1 and UGP-2 loci and four at PGI-2 and PGM. P. empetriformis

Large-scale genetic variability Variation within sites
Total genetic diversity estimatebl{) are high for both spe Allele frequencies ofP. empetriformispopulations differ
cies: 0.434, SE = 0.093, foP. empetriformisand 0.4009, significantly at three loci in the Paradise area, all loci in
SE = 0.0752, irP. glanduliflora In both species, most alleles Spray Park and at two loci in the Panhandle Gap study area.
are shared by all populations (Appendices A and B). InChi-square contingency analyses of heterogeneity indicate
P. empetriformisexceptions are the occurrence of allele 3 ofthat allele frequencies are significantly different among pop-
UGP-1 in only populations PE-1 and PE-8, allele 3 of UGP-2ulations ofP. glandulifloraat three of four loci in the Para-
in only PE-1 and PE-8, and allele 4 of PGM in populationdise study area, three loci in the Spray Park study area, and
PE-12. However, irP. glanduliflorg allele 4 at the PGI-2 lo- one locus in the Panhandle Gap study area (Table 3).
cus is unique to populations from Spray Park (PG7, PGS,
PG9, and PG10). In addition, population PG6 (Panhandl€lonal diversity
Gap) is fixed for allele 1 at the UGP locus. There were no Analysis of clonal diversity reveals that, in both species,
trends in allele frequencies that could be correlated with higlall sampled populations are composed of multiple clones
or low elevations in either species (see Appendices A and B).(Table 4). The proportion of distinguishable clones ranges
Observed heterozygosity ranges from 0.139 to 0.599 irfrom 0.32 to 0.83 inP. empetriformisand from 0.32 to 0.73
P. empetriformisand is less than the expected heterozygosityin P. glanduliflora In both species, local genotypes are an
in three of the four loci surveyed. Observed heterozygositymportant component of population diversity. Analysis of
ranges from 0.195 to 0.333 iR. glanduliflora and is less P. empetriformisdocumented 116 genotypes among a total
than the expected heterozygosity at all four loci (Table 2).of 419 individuals; 52 (45%) of these are local genotypes
Analyses of individual populations of each species also-indi(i.e., occurring in one population) and 4 (3%) are wide
cate a deficiency of heterozygotes. This pattern could-indispread. Within study populations, local genotypes range
cate inbreeding or may be an underestimate ofrom 39 to 67%, and widespread genotypes range from 6 to
heterozygosity owing to the Wahlund effect from repeated32% of all genotypes present. A total of 460 individuals of
sampling of individuals that have propagated vegetativelyP. glanduliflorawere scored for all four loci within the three

(Weber and Stettler 1981). study areas combined. Of the 98 genotypes observed, 47
(48%) are local and only 4 (4%) are widespread types. Local
Genetic variation among population genotypes ranged from 11 to 67% within populations and

Mean Fgr values indicate that genetic subdivision is pres widespread ranged from 28 to 44%.
ent in both species at relatively low levels. Variation among
populations is 6.6% forP. glanduliflora and 5.8% for Morphological variation
P. empetriformisPartitioning of variation by elevation class, = Comparison of morphologic characteristics among field
study area, populations within elevation class, or populationgpopulations reveals significant variation in stem length be
within study areas reveals that most of the variation wadween elevation classef € 26.688, df = 1,p = 0.035) and
among populations rather than among study areas or-elevaetween study areas for leaf width € 26.247, df = 2p =
tion classes. IrP. glanduliflora, higherF values were calcu  0.037) for P. empetriformis but no significant differences
lated among populations within areaBp{ = 0.035) and were found forP. glanduliflora (Figs. 4 and 5). However,
elevation classed~(¢ = 0.033) than among elevation classesleaf width of P. glanduliflorawas positively correlated with
(Fgr = 0.024) or among study areas,t = 0.027). The con  elevation p = 0.019,r = 0.720). Plant heightp(< 0.001,r =
trasts were greater foP. empetriformis variation among -0.848) and stem lengtip & 0.009,r = —0.713) were nega
populations within areas=(, = 0.047) and elevation classes tively correlated with elevation foP. empetriformis Addi-
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Table 2. Summary of genetic diversity and fixation indices at four polymorphic loci in 12 populations of
Phyllodoce empetriformiand 10 populations oPhyllodoce glanduliflorain Mount Rainier National Park.

Locus Chi-squar(df) H, He Fis Frr Fsr®
Phyllodoce empetriformis

PGI-2 101.611* (33) 0.599 0.649 0.033 0.074 0.043*
UGP-1 106.996* (22) 0.139 0.228 0.358 0.400 0.065*
UGP-2 75.817* (22) 0.347 0.343 —0.050 —-0.001 0.048*
PGM 122.689* (33) 0.305 0.517 0.325 0.380 0.082*
Mean 0.347 0.434 0.144 0.194 0.058
Phyllodoce glanduliflora

PGI-2 127.720* (27) 0.412 0.501 0.108 0.177 0.077*
UGP 72.717*% (9) 0.138 0.179 0.171 0.234 0.076*
PGM 51.968* (9) 0.191 0.427 0.524 0.549 0.053*
SKD 59.749* (9) 0.357 0.497 0.231 0.280 0.064*
Mean 0.274 0.401 0.266 0.314 0.066

#An asterisk (*) indicates significant differences in allele frequencies between all populationsmaktbed001 level.
°An asterisk (*) indicates thafs; values are significantly different from zero at tpe< 0.0001 level.

Fig. 2. Cluster analysis of 10 populations Bhyllodoce glandulifloran Mount Rainier National Park. Analysis and phenogram are
based on Nei's (1978) genetic identity.
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tionally, plant heightp = 0.039,r = —0.6), stem lengthp(=  tion variation forP. glanduliflora are annual stem growth,
0.031,r = —0.622), and leaf widthp(= 0.018,r = —0.666)  25.5%; plant height, 9.4%; leaf width, 15%, and leaf length,
were negatively correlated with aspect. Aspect was analyzed.3%. Plant height and leaf lengths are more variable in
using a 1 to 8numerical scale ranging from nbrt 1 clock P. empetriformisthan P. glanduliflorg but variation in an
wise to northwest = 8. As with genetic variation, mostnual stem growth and leaf width are similar.
among-population variation is substantially less than within- Patterns of variation for greenhouse plants are different
population variation. Estimates of among-population varia for each speciefhyllodoce empetriformiplants differ sig
tion for P. empetriformisare annual stem growth, 24.7%; nificantly among populations for leaf widtlp (= 0.019) but
leaf width, 17.9%, and leaf length, 40.3%. However, amongnot for leaf length | = 0.29) (Fig. 6). Relative amounts of
population variation was greater than within populationvari among-population variation are 10.8% for leaf width and
ation for plant height (62.8%). Estimates of among popula1.3% for leaf length.Phyllodoce glanduliflorapopulations
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Fig. 3. Cluster analysis of 12 populations Bhyllodoce empetriformign Mount Rainier National Park. Analysis and phenogram are
based on Nei's (1978) genetic identity.
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Table 3. Chi-square contingency analysis of heterogeneity among populatioRfydiodoce empetriformiand Phyllodoce
glanduliflora within each study area.

Paradise Panhandle Gap Spray Park
Locus Chi-square df P Chi-square df P Chi-square df P
Phyllodoce empetriformis
PGI-2 38.80 9 <0.001 12.41 9 0.191 37.64 9 <0.001
UPG-1 38.45 6 <0.001 19.17 6 0.004 26.81 3 <0.001
UPG-2 12.50 6 0.052 22.60 6 0.001 23.95 3 <0.001
PGM 19.79 6 0.003 9.18 6 0.164 27.99 9 0.001
Total 109.54 27 <0.001 63.36 27 <0.001 116.39 24 <0.001
Phyllodoce glanduliflora
PGI-2 18.8 6 0.004 0.14 2 0.30 22.05 9 0.009
UPG 27.98 3 <0.001 10.54 1 0.001 21.61 3 <0.001
PGM 4.90 3 0.179 0.03 1 0.865 7.65 3 0.057
SKD 10.14 3 0.017 0.03 1 0.562 29.16 3 <0.001
Total 64.82 15 <0.001 11.05 5 0.050 80.47 18 <0.001

have significantly different leaf lengthg (< 0.001) but no  activities and potential climatic change. Knowledge of-pat
significant differences in leaf widthp(= 0.56). Among- terns of genetic variation within and among populations may

population variation is 22.0% for leaf length and 4.8% forbe useful in understanding present-day ecology of the spe
leaf width. cies, past patterns of population development (Loveless and

Hamrick 1988), and in developing both protection and resto

ration strategies for heather populations. Protection of

biodiversity at all levels—landscape, species, and genetic di
Conservation of genetic diversity in native plant commu versity—requires knowledge of “natural” levels of diversity

nities is a critical mandate for the management of parks andnd the forces that influence these levels.

protected areas. This is particularly true for subalpine and al The results of this study indicate thatempetriformisand

pine plant species that are sensitive to impacts from humaR. glanduliflorahave high levels of total genetic diversity as

Discussion
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Table 4. Clonal diversity within populations and study areas Rityllodoce empetriformis and Phyllodoce glanduliflora

Population Number of No. of local No. of widespread Proportion
Site Number genotypes Sample size genotypes (%) genotypes (%) distinguishable
P. empetriformis
Paradise PE1 28 42 16 (57) 6 (21) 0.67
PE2 32 43 18 (56) 7 (22) 0.74
PE3 24 32 12 (50) 7 (32) 0.75
PE4 27 51 11 (41) 7 (26) 0.53
Panhandle Gap PE5 18 29 11 (61) 4 (22) 0.64
PE6 25 34 11 (44) 6 (24) 0.74
PE7 23 43 9 (39) 5 (22) 0.53
PES 24 43 10 (42) 4 (16) 0.56
Spray Park PE9 11 28 6 (54) 3 (27) 0.39
PE10 15 18 10 (67) 1 (6) 0.83
PE11 15 25 6 (40) 3 (20) 0.60
PE12 16 31 9 (56) 4 (25) 0.52
All populations 116 419 52 (45) 4 (3) 0.32
P. glanduliflora
Paradise PG1 21 35 3 (14) 10 (48) 0.60
PG2 28 50 6 (21) 11 (39) 0.56
PG3 22 45 7 (32) 9 (41) 0.49
PG4 32 50 6 (18) 11 (34) 0.64
Panhandle Gap PG5 18 49 12 (67) 6 (33) 0.37
PG6 16 50 10 (62) 6 (38) 0.32
PG7 28 48 11 (39) 10 (36) 0.58
PGS 18 46 2 (11) 8 (44) 0.39
PG9 36 49 16 (44) 10 (28) 0.73
PG10 21 38 8 (38) 6 (28) 0.55
All populations 98 460 47 (48) 4 (4) 0.34

compared with other woody perennials (Hamrick and Godelevation classes (3.3%), among population within study
1990). Hamrick and Godt (1990) reported mddp values areas (3.5%)). Although these results suggest that among
of 0.298 (SE = 0.012) for long-lived woody perennials andpopulation differences may be the result of isolation by dis-
Hy = 0.272 (SE = 0.014) for plants with boreal-temperatetance or adaptive selection (in  particular  for
distributions. We found total genetic diversity estimates ofP. glanduliflorg), we cannot identify the primary influences
H; = 0.430 (SE = 0.0938) foP. empetriformisand Hy =  without further studies, such as reciprocal transplants.
0.4009 (SE = 0.0752) fdP. glanduliflora Although the va Clonal and genotype population structure provides a more
ues we calculated might be influenced by small sample sizgetailed understanding of within-population diversity. This
(i.e., 4 loci vs. 17 uses by Hamrick and Godt (1990)), theyanalysis shows that individual populations are multiclonal,
are similar to those found in other long-lived species in theand a large proportion of the individuals have local genotypes.
Ericaceae (Ng and Corlett 2080200). The proportion of distinguishable genotypes (genotypes di
Analysis of genetic structure demonstrates that 93.4% ofided by sample size) ranges from 0.32 to 0.75 for
P. glandulifiora and 94.2% ofP. empetriformistotal varia P. empetriformisand 0.32 to 0.73 foP. glanduliflora. Local
tion is found within populations. Most populations of eachgenotypes were a significant component of each species com
species share common alleles, but allele frequencies amomgsition (average values were 48% fer glanduliflora and
populations and study areas are significantly different. High45% for P. empetriformis Our calculations may underesti
within population diversity is characteristic of out-crossing mate these proportions because we only used four loci. We
species (heather species are bee-pollinated) and may also Weuld expect the number of genotypes and perhaps the num
the result of recruitment over long time periods and diverseer of local genotypes to increase as the number of loei sur
climatic conditions (Mulcahy 1975; Brubaker 1986). Furtherveyed increased. For example, using just two loci of each
partitioning of variation reinforced that variation among species, the percent local genotypes calculated for
populations (i.e., among all populations (5.8%), within-ele P. glanduliflorawould be 33 versus 48% with four loci and 9
vation classes (4%), or within study areas (4.7%)) contrib versus 45% foP. empetriformisThese values are comparable
uted more to total variation than did elevation classes (0.7%f0 those for populations founded by sexual propagules, but for
or study areas (0.1%) fdP. empetriformis However, eleva  Which additional periods of sexual recruitment into the estab
tion (2.4%) and study area (2.7%) did explain more of thelished populations were rare (Ellstrand and Roose 1987).
variation in P. glanduliflora but still to a lesser degree than  Patterns of allele frequencies and the sharing of uncom
among population variation (6.6%; among populations withinmon alleles (e.g., PGI-2, allele 4) among populations of
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Fig. 4. Means and standard errors for four morphologic characters for 12 field populatidPisyddédoce empetriformid_abels for low
elevation populations are in lowercase letters and dotted lines separate study areas.
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P. glanduliflorasuggest that gene flow occurs among popu-pled were often found in relatively even terrain or on ridges
lations within the study areas. The positive correlation of gethat are often snow free in the winter. The results of green
netic distance with geometric distance may be a result ohouse plant measurements indicate that observed variation in
reduced gene flow with distance. In addition, cluster analy leaf length P. glanduliflorg and leaf width P. empetriformiy
sis (UPGMA) indicates that populations within study areasmay include a genetic component, although a larger sample
are more similar to one another than to populations in othesize and testing of additional environmental conditions
study areas. This result is reasonable because each of thuld be necessary to confidently ascertain this fact.
study areas is essentially a ridge surrounded by glaciers on Data on the genetic diversity &thyllodocespecies can be
three sides and forests below (at lower elevation sites)ysed to develop both conservation strategies to enhanee sur
These barriers limit long-distance dispersal of pollen by beegival of pristine populations and restoration strategies to re
(Macior 1994). pair degraded populations. Protection of natural evolutionary
Patterns of morphologic variation parallel those displayedorocesses and minimization of human interference with
by genetic analysis. For most characters observed, variatiogvolving genetic diversity are mandates of the National Park
within populations was greater than among populations. On&ervice and a necessary component of a realistic protection
exception to this is plant height ¢f. empetriformiswhich  plan for these species (National Park Service 1988). For
displayed greater among than within population variationP. glandulifloraandP. empetriformisspecifically, protection
and significant negative correlation with elevation. This re must focus on population processes and habitat conditions
sult may reflect a phenotypic response to habitat rather thathat have resulted in extant patterns such as high within-
reflecting gene flow or selection patterns. The height ofpopulation levels of diversity and high proportions of local
heather plants appears to vary with their position on thegenotypes with populations. This means preservation of indi
landscape—taller plants are found in protected sites such agduals within populations, protection of adjacent popula
next to rocks or trees or in small depressions where they argons, and preservation of safe sites for establishment of new
sheltered from the wind. Shorter plants were found iR ex populations. Protection of individuals within populations and
posed areas or higher elevations (often ridges) where winddjacent populations will facilitate outcrossing and contin
often blows away snow cover. The alpine habitats ofued development of high levels of diversity within new pop
P. glanduliflorahave few trees and the populations we sam ulations. Loss of individual plants in heather populations,
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Fig. 5. Means and standard errors for four morphologic characters for 10 field populatidhisyidédoce glandulifloraLabels for low
elevation populations are in lowercase letters and dotted lines separate study areas.
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without establishment of new seedlings, may significantlyannual budget cycles. Each of our study areas was essentially
alter within-population diversity. If trampling and mortality of an ecosystem composed of an alpine ridge subtended by a
individuals are minimized, within-population levels of diver subalpine meadow. Gene flow appears to occur throughout
sity can be protected. Protection of entire plant populationshis ecosystem and less frequently between adjacent ecosys
will conserve genetic diversity within the populations andtems or ridges that are separated by glaciers and forests. Ef
maintain within-population demographic processes.- Al forts should be made to protect habitat conditions both
though both species have high within population diversitywithin ecosystems and to protect adjacent ecosystems. In the
levels, protection of adjacent populations is important notcase ofP. glanduliflorg loss of one ecosystem or ridge (the
just for demographic processes but because of the high lexspray park) would have resulted in the loss of a unique al
els of local genotypes. Diversity across the landscape (dele and lowered the general populations’ genetic diversity.

within a study area, management zone, or ecosystem} is in Knowledge of genetic diversity can also aid in restoring
fluenced by unique and local genotypes. However, the ranggegraded heather populations. Restoration of severely dam
of local genotypes per population was quite wide: 39-61% iraged areas can require the establishment of entire heather
P. empetriformisand 11-67% irP. glandulifiora Protection  populations. Extant populations in this study contain 11-36
of one or two populations might conserve common alleles bugenotypes, depending on their size. Restoration efforts
would not assure protection of local genotypes. should consider planting populations with offspring propa

Protection of safe sites across the landscape is necessagsited from many individuals or genotypes. This is extremely
because new populations generally establish on sites awaymportant because sexual recruitment into mature heather
from mature populations (Edwards 1980). Long-term protecpopulations is infrequent owing to the difference in habitats
tion of landscapes and habitats is recommended because neptimal for seedling recruitment and established populations
populations appear to establish infrequently, as is evidenceEdwards 1980). Successfully restored populations (and ge
by high diversity levels and field observations of limited netic diversity) are likely to persist for long time periods and
numbers of young plants. Protection by National Park manwill provide the genetic legacy for future generations of
agers must be based on time frames of decades rather thheather.
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Fig. 6. Means and standard errors for two morphologic characters for greenhouse populatRmdlofioce empetriformi¢PE) and
Phyllodpoce glandulifloraPG). Populations with the same letter do not differ significantly when compared using Tukey’s HSD test
(p < 0.05).
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Appendix A. Isozyme allele frequencies in 12 populationsRifyllodoce empetriformis

191

Population
lozyme Allele PE1 PE2 PE3 PE4 PES5 PE6 PE7 PES8 PE9 PE10 PE11 PE12
PGI-2 = 56 47 41 52 37 45 50 48 37 35 42 49
1 0.143 0.117  0.390 0.269 0.135 0.144  0.140 0.219 0.081 0.414  0.250 0.153
2 0.536 0.596 0.280 0.471 0.622 0.600 0.570 0.521 0.662 0.314  0.393 0.612
3 0.170 0.181 0.280 0.183 0.203 0.200 0.140 0.156 0.135 0.157  0.190 0.153
4 0.152 0.106  0.049 0.077 0.041 0.056 0.150 0.104  0.122 0.114  0.167 0.082
UGP-1 n= 55 47 49 52 32 42 47 47 31 48 42 48
1 0.064 0.319 0.102 0.077 0.172 0.214 0.064 0.138 0.065 0.031  0.048 0.229
2 0.927 0.681 0.898  0.923 0.828 0.786  0.936 0.819 0.935 0969 0.952 0.771
3 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.000
UGP-2 n= 54 46 48 51 37 43 50 47 31 49 42 50
1 0.750 0.848 0.719 0.873 0.662 0.884  0.770 0.723 0.952 0.827  0.798 0.640
2 0.241 0.152 0.281  0.118 0.338 0.116  0.230 0.234  0.048 0.173  0.202 0.360
3 0.009 0.000 0.000 0.010 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.000
PGM n= 48 44 52 52 36 43 50 48 34 35 25 32
1 0.552 0.364  0.413 0.615 0.722 0.581  0.620 0.698 0.265 0.271  0.480 0.500
2 0.417 0.614 0.538 0.385 0.264  0.419  0.380 0.302 0.735 0.700  0.440 0.484
3 0.031 0.023  0.048 0.000 0.014 0.000 0.000 0.000 0.000 0.029 0.080 0.000
4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016
Appendix B. Isozyme allele frequencies in 10 populationsRifyllodoce glanduliflora
Isozyme Allele Population
n= PGl @45} PG2(51) PG3(51) PG4 (51) PG5 (49) PG6 (49) PG7R50pG8 (49) PG9 (50) PG10 (50)
PGI-2 1 0.856 0.716 0.765 0.618 0.765 0.786 0.410 0.510 0.470 0.610
2 0.056 0.098 0.078 0.069 0.051 0.051 0.080 0.031 0.060 0.120
3 0.089 0.186 0.157 0.314 0.184 0.163 0.500 0.429 0.420 0.260
4 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.031 0.050 0.010
PGM 1 0.422 0.471 0.333 0.461 0.224 0.235 0.327 0.214 0.163 0.230
2 0.578 0.529 0.667 0.539 0.776 0.765 0.673 0.786 0.837 0.770
SKD 1 0.514 0.735 0.574 0.588 0.561 0.602 0.367 0.388 0.680 0.342
2 0.486 0.265 0.426 0.412 0.439 0.398 0.633 0.612 0.320 0.658
UGP 1 0.711 0.863 0.960 0.912 0.898 1.000 0.900 0.980 0.810 0.960
2 0.289 0.137 0.040 0.088 0.102 0.000 0.100 0.020 0.190 0.040

2Sample size for SKD = 35.

®Sample size for PGM and SKD = 49.

‘Sample size for SKD = 25.
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