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POPULATION GENETICS OF NEVIUSIA CLIFTONII (SHASTA SNOW-WREATH):
PATTERNS OF DIVERSITY IN A RARE ENDEMIC

Jennifer DeWoody!4, Len Lindstrand II12, Valerie D. Hipkins!, and Julie Kierstead Nelson3

ABSTRACT.—Neviusia cliftonii (Rosaceae), the Shasta snow-wreath, is an endemic shrub found in the vicinity of
Shasta Lake, Shasta County, California. First described 20 years ago, the species is of conservation concern due to its
restricted range, a low number of known populations, and the potential impacts on or threats to many of these popula-
tions. To assess the genetic structure of N. cliftonii, 21 of the 23 known populations were sampled for isozyme analysis.
Genetic and multivariate analyses were used to assess levels of genet (genotypic) diversity, allelic variation, and popula-
tion differentiation. When assessed at 17 loci, a total of 48 multilocus genotypes were identified in the collection of 410
samples, indicating N. cliftonii is capable of significant vegetative reproduction. Five populations were composed of a
single genet each, with an average of 3.14 genets per population and a maximum of 15 genets in a single population.
Allelic diversity was low, with a maximum of 3 alleles observed at one locus. Populations were differentiated, with 85%
of the allele frequency variance distributed among populations. Multivariate analysis identified 3 clusters of genetically
similar populations: one cluster composed of 15 populations, a second cluster composed of 5 populations, and one popu-
lation being distinct. Individuals from the distinct population displayed unique alleles at 2 loci (AAT-1 and AAT-2). The
distribution of populations among clusters did not correspond to geographic (watershed) or substrate classifications,
indicating that additional, unmeasured factors may influence the genetic structure of this species.

RESUMEN.—Neviusia cliftonii (Rosaceae), “Shasta snow-wreath,” es un arbusto endémico que se encuentra en las
inmediaciones del Lago Shasta, en el condado de Shasta en California. Se describi6 por primera vez hace veinte afios y
se considera una especie de preocupacion por su conservacion debido a su distribucion restringida, la escasa cantidad
de poblaciones conocidas y los posibles impactos 0 amenazas a muchas de estas poblaciones. Para evaluar la estructura
genética de N. cliftonii, se muestrearon 21 de las 23 poblaciones conocidas para un andlisis de isoenzimas. Los andlisis
genéticos y multivariados se utilizaron para evaluar los niveles de diversidad de genets (genotipica), la variacién alélica y
la diferenciacion poblacional. Al evaluarse en 17 loci, se identificaron un total de 48 genotipos multilocus en la coleccién
de 410 muestras, lo que indica que N. cliftonii es capaz de una reproduccion vegetativa significativa. Cinco poblaciones
estuvieron compuestas de un solo genet cada una, con un promedio de 3.14 genets por poblacién y un maximo de 15
genets en una sola poblacion. La diversidad alélica fue baja, con un méximo de tres alelos observados en un locus. Las
poblaciones estuvieron diferenciadas, con 85% de la varianza en la frecuencia de alelos distribuida entre las poblaciones.
Los anélisis multivariados identificaron tres grupos de poblaciones genéticamente similares: un grupo compuesto de 15
poblaciones, un segundo grupo compuesto de cinco poblaciones y una poblacién marcadamente diferente. Los individ-
uos de la poblacién diferente mostraron alelos tnicos en dos loci (AAT-1 y AAT-2). La distribucién de las poblaciones
entre los grupos no correspondi6 a las clasificaciones geograficas (cuencas) o de sustrato, lo que indica que factores adi-
cionales y que no fueron medidos pueden influir en la estructura genética de esta especie.

Although the potential for genetic processes
to directly contribute to the decline of rare
species has been debated (Lande 1988, Gitzen-
danner and Soltis 2000), thorough literature
reviews have shown that species that are rare
or that occupy fragmented habitats tend to
display lower genetic variation or heterozy-
gosity than their common relatives (Cole 2003,
Spielman et al. 2004). Whether low genetic
variation is a cause or a consequence of rarity
likely varies between species. The most effec-
tive conservation plans should account for the

level of genetic variation and differentiation,
though the weight given to genetic criteria in
the plan should be determined on a case-by-
case basis (Taylor and Dizon 1999). Examining
the pattern of genetic diversity among popula-
tions can provide insight into the demographic
or ecological processes characteristic of the
species (DeWoody et al. 2004).

The reproductive strategy and the dispersal
mechanism of a plant species are 2 factors that
can have a significant effect on the level of ge-
netic differences observed among populations
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(Hamrick and Godt 1996). Molecular markers
may provide confirmation of clonal reproduc-
tion in populations, with individual plants (ra-
mets) arising from a single genetic individual
(genet) having the same molecular genotype.
Previous studies of plant species capable of
both sexual and clonal reproduction indicate
that vegetative spread is more likely in rare
and endangered species, as well as in older
populations within species (Silvertown 2008).
One possible consequence of vegetative repro-
duction is a greater potential for populations
to be genetically distinct, as vegetatively repro-
ducing species tend to have poor dispersal
capability (Ellstrand and Roose 1987, Silver-
town 2008). Plants that have mechanisms for
long-distance dispersal via either pollen or seed
typically display lower levels of genetic differ-
entiation between populations than those with
limited dispersal (Hamrick and Godt 1996).

In addition to elucidating demographic pro-
cesses, the level and distribution of genetic
variation in a species may reflect the extent of
that species” range. Lower levels of genetic
variation are typically observed in rare and
endemic species than in closely related taxa
having broader distributions (Cole 2003). This
loss of genetic variation may result from higher
levels of genetic drift in narrowly distributed
species, but levels of gene flow and genetic
differentiation (e.g., Fgr) do not differ between
rare and common congeners, indicating habi-
tat limitation alone is not sufficient to explain
these trends (Cole 2003). In this sense, rarity
should not be confused with small population
size, as species with limited ranges may exist
in large populations locally (Rabinowitz 1981,
Kaye et al. 1997). Genetic variation is also af-
fected by habitat fragmentation, which is asso-
ciated with reduced population size and in-
creased isolation, which in turn results in
decreased gene flow. Genetic diversity is typi-
cally lower in smaller or fragmented populations
and continues to decrease with time elapsed
since fragmentation occurred (Honnay and
Jacquemyn 2007, Aguilar et al. 2008).

Neviusia cliftonii Shevock, Ertter & D.W.
Taylor (Rosaceae), the Shasta snow-wreath, was
described as the second member of the genus
from a collection made near Redding, Califor-
nia (Shevock et al. 1992). Before the description
of N. cliftonii, the only species in the genus
was Neviusia alabamensis A. Gray, which occurs
in the southern Appalachian Mountains and
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west into the Ozark Plateau (Freiley 1994).
While both species are deciduous shrubs having
flowers distinguished by showy stamens, N.
cliftonii occasionally has one or more reduced,
deciduous petals at the base of the flower, while
N. alabamensis always lacks petals (Shevock et
al. 1992). A genetic report of N. alabamensis
populations from Arkansas, the western edge of
the species range, described a single genetic
individual per population, indicating that repro-
duction in this genus may be primarily vegeta-
tive (Freiley 1994). Neviusia cliftonii is restricted
to watersheds near Shasta Lake, the largest
reservoir in California, created by construction
of Shasta Dam, which flooded portions of the
Sacramento, McCloud, and Pit rivers in 1945.
Populations are most often found in riparian
zones within montane hardwood-conifer forests
(Lindstrand and Nelson 2005). Local populations
range in size from <20 to >1000 individual
shrubs, indicating that though this species is
globally restricted, it can be locally common.
Both species of Neviusia are considered relict
species descended from a formerly widespread
genus, with fossil evidence from southern Brit-
ish Columbia supporting the ancient origin of
the genus (DeVore et al. 2004). The description
of this relict species in the Shasta Lake region
further supports the view that the unique bio-
diversity of the area results from the ancient
geology and lack of glacial or volcanic activity
in the area (Lindstrand and Nelson 2006).
Initial species accounts and taxonomic keys
described N. cliftonii as a limestone endemic,
since the initial populations found were asso-
ciated with limestone outcrops (Lindstrand and
Nelson 2006). Subsequent searches have located
populations on a variety of substrates derived
from metamorphic and igneous formations, such
that currently 57% of populations are not asso-
ciated with limestone formations (L. Lindstrand
ITI, personal observation). However, given the
initial description of the species as a limestone
endemic (Shevock et al. 1992), testing for gene-
tic differences between populations occurring on
limestone and nonlimestone soils is warranted
in order to best inform conservation efforts.
Most of the 23 known populations of Shasta
snow-wreath are located on National Forest
lands managed by the Shasta—Trinity National
Forest. Conservation of the species is a priority
for the agency, which manages snow-wreath
under its sensitive species program. Many of the
known populations face current or potential
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Fig. 1. Locations of 21 populations of Neviusia cliftonii, a shrub endemic to the Shasta Lake region of northern Cali-

fornia, sampled for isozyme analysis.

anthropogenic impacts. Over one-half of the
known populations reach their lower limit at
the edge of Shasta Lake, leading to the logical
conclusion that some populations were inun-
dated by the rising waters of Shasta Lake in
1945 (Lindstrand and Nelson 2006). Perhaps
before that event, Shasta snow-wreath popula-
tions were connected by the riparian zones of
the Sacramento, McCloud, and Pit rivers and
their tributaries. The addition of genetic data
from this and other studies may improve efforts
to design germplasm collection and reestab-
lishment plans.

This study of 21 populations assayed 17 iso-
zyme loci to address 3 questions. First, how
many genetic individuals compose each popu-
lation? Second, how is genetic diversity dis-
tributed within and among populations? Third,
do patterns of genetic diversity or genetic simi-
larity among populations correspond to geo-
graphic or ecological factors?

METHODS

Twenty-one populations of N. cliftonii were
sampled for genetic analysis during 2009, and

one population (Jones Valley) was sampled in
2010 (Fig. 1, Table 1). Two additional known
populations occur on private land and were
not sampled. Samples were collected in spring
or early summer before flowering commen-
ced. Leaf material from 20 individuals per popu-
lation (except 10 individuals from one popula-
tion that was too small to provide 20 samples)
was collected in the field and stored on wet
ice or refrigerated until delivery to the Na-
tional Forest Genetics Laboratory in Placerville,
California.

In order to assess whether genetic struc-
ture varied with ecological factors, a number
of characteristics were collated for each site.
The watershed of each population was used as
a geographic factor grouping populations within
river systems. In addition, the order-3 soil
map unit (USDA Forest Service 1983) and the
geologic bedrock type (USDA Forest Service
2004, verified in the field by sample collec-
tors) were considered as abiotic factors (Table
1). Finally, the categorical size of the popula-
tion was considered, with populations desig-
nated small (<100 plants), medium (100-1000
plants), or large (>1000 plants). Two populations
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TaBLE 1. Continued.

Longitude®

Geologic soil type Latitude?

Order 3 soil type

Watershed

Abbrev.

Population

20

122.24268°

40.91323°

Quartz diorite; albite - two pyroxene

105, Holland family—Holland

McCloud River

SEC

South of Ellery Creek

qd; mafic qd; diorite

family, deep complex,

40%—-60% slopes
222, Neuns family—Neuns

20

122.11186°

40.88052°

Limestone; thin-bedded to massive;

Squaw Creek

SQC

Squaw Creek

gray; fossiliferous

family, deep complex,

60%-80% slopes
204, Neuns family,
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20

122.06846°

40.80109°

Andesitic volcaniclastic & pyroclastic

Pit River

STC

Stein Creek

rocks; conglomerate; & undiff.

Greenstone; & undiff.

60%-80% slopes
117, Holland family,

20

122.34406°

40.78586°

Sacramento River

WG

Waters Gulch

deep, 40%—60% slopes
120, Holland family, deep—

20

122.0818°

40.80294°

Shale; siltstone; metavolcanic;
w/ limestone; & undiff

Holland family complex,

40%—-60% slopes

Pit River

WsC

West of Stein Creek

aLatitude and longitude provided in dd.ddddd following NAD27.

were designated small (BRM and SC), 6 popu-
lations medium (BRE, BC, JV, KC, RC, and
SCC), and the remaining populations large.

Isozyme Analysis

Leaf tissue (about 40 mg per sample) was
submerged in extraction buffer (Cheliak and
Pitel 1984) and frozen at —80 °C until elec-
trophoresis. On the morning of the electropho-
retic run, samples were thawed, macerated,
and absorbed onto paper wicks 3 mm wide.

Starch gel (11% w/v) electrophoresis using
stain recipes adapted from Wendel and Wee-
den (1989) revealed 17 loci in 3 buffer systems
(Conkle et al. 1982). Four loci were resolved in
a lithium borate electrode buffer—tris citrate
gel buffer combination (system LB): aconitate
hydratase (ACO; EC 4.2.1.3), leucine amino-
peptidase (LAP; EC 3.4.11.1), phosphogluco-
mutase (PGM; EC 5.4.22), and malic enzyme
(ME; EC 1.1.1.40). Seven loci were resolved
in a sodium borate electrode buffer—tris citrate
gel buffer combination (system SB): phospho-
glucose isomerase (PGI1 and PGI2; EC 5.3.1.9),
aspartate aminotransferase (AAT1 and AAT2;
EC 2.6.1.1), uridine diphosphoglucose pyro-
phosphorylase (UGPP; EC 2.7.7.9), and triose-
phosphate isomerase (TPI1 and TPI2; EC
5.3.1.1). Six loci were resolved in a morpho-
line citrate electrode and gel buffer, pH 6.1
(system MC6): phosphogluconate dehydroge-
nase (6PGD1 and 6PGD2; EC 1.1.1.44), isocit-
rate dehydrogenase (IDH; EC 1.1.1.42), shiki-
mic acid dehydrogenase (SKD; EC 1.1.1.25),
and malate dehydrogenase (MDH1 and MDHS3;
EC 1.1.1.37).

Data Analysis

Genetic individuals (genets) represented by
more than one sample (ramet) were identified
using the Multilocus Matches function of Gen-
AlEx v6.0 (Peakall and Smouse 2006). In order
to minimize misclassification of samples as the
same genet, missing data were considered suf-
ficient to reject identity (see Results). The per-
cent polymorphic loci (P), mean alleles per
locus (A), observed heterozygosity (H,), and,
when multiple genets were identified in a
population, the fixation index (F) were esti-
mated for each locus using GenAlEx v6.0 (Pea-
kall and Smouse 2006).

To describe the relative genetic difference
between pairs of populations, Nei’s (1972) gene-
tic distance and genetic identity were estimated
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using GenAlEx v6.0 (Peakall and Smouse 2006).
In order to describe the overall differences or
similarities between populations, a multivari-
ate analysis was conducted. A principle coor-
dinates analysis (PCoA) was conducted in
GenAlEx v6.0 (Peakall and Smouse 2006)
based on the standardized covariance matrix
derived from Nei’s genetic distance, which is
built over 999 permutations. The PCoA plots
represent the maximized but uncorrelated
(orthogonal) differences between all individu-
als, providing a visual depiction of genetic
similarity in 2 dimensions.

Isolation by distance was assessed using
Mantel tests over the matrices of Nei's (1972)
genetic distance and the geographic distance
between populations. Significance was as-
sessed from 999 permutations of the data in
order to identify the distribution of the random
association between genetic and geographic
distance.

The putative phylogenetic relationship be-
tween populations was assessed with a popula-
tion phenogram built from the matrix of Nei's
(1972) genetic distance. The unrooted pheno-
gram was built using neighbor-joining meth-
ods and significant topologies (branches) de-
termined from 1000 bootstrap replications. The
consensus tree was built using the extended
majority rule methods as employed by Phylip
(Felsenstein 1989). Due to null data at 2 loci
(ACO and SKD) in some populations, these
loci were dropped from the consensus pheno-
gram. In order to compare the impact of re-
moving these data, the topology of both the
consensus tree (the statistically more robust
version) and the raw population phenogram
were inspected.

To assess differences in genet diversity
among populations of N. cliftonii, an analysis
of variance (ANOVA) was performed to assess
variation in the number of genets observed in
each population among watersheds, soil types,
and population size. Due to the fine scale of
the order-3 soil classification, several classes
had limited replication. In order to minimize
the effects of the low replication, the order-3
soil types were grouped into 3 family classes:
the Holland—Goulding—Marpa class, the Neuns
family class, and the limestone class. Boxplots
were used to visualize any patterns among the
number of genets and ecological grouping.
ANOVA and boxplot analyses were conducted
in the statistical program R v 2.10.0 (R Project

WESTERN NORTH AMERICAN NATURALIST

[Volume 72

for Statistical Computing). To describe the
genetic differentiation among populations
grouped by ecological variables, analysis of
molecular variance (AMOVA) was conducted
on allele frequencies. First, all populations
were analyzed without higher-order grouping.
Second, populations were grouped according
to watershed and soil type (Table 1) in 2 sepa-
rate analyses. Third, populations were classi-
fied according to the clusters identified by the
PCoA. The variance associated with popula-
tions within each group and among groups
was estimated using the AMOVA function in
GenAlEx v6.0 (Peakall and Smouse 2006).

REsuLTS

Low levels of genotypic diversity were re-
solved at the 17 isozyme loci assessed in N.
cliftonii. A total of 48 unique multilocus geno-
types were observed in the collection of 410
samples (Table 2, Appendix). A single genetic
individual was observed in 5 populations (Table
2), with a maximum of 15 genets observed at
one site (STC). An average of 3.14 (SE = 0.66)
genets were observed per population, with the
median and mode values of the distribution
equal to 2 genets per population.

Similarly low levels of allelic diversity were
observed in N. cliftonii. Eleven loci (64.7%)
were polymorphic, while 6 loci had only a sin-
gle isoform. Due to the low level of diversity
observed within populations, allelic diver-
sity was assessed over loci for the entire col-
lection (Table 3). A maximum of 3 alleles were
observed at a single locus (6PGD-2). When
multiple genets were observed in a population,
the fixation indices tended to be negative, in-
dicating low levels of homozygosity relative to
the Hardy—Weinberg equilibrium (Table 3). The
overall negative fixation index (F = —0.300)
indicates the allelic variants tend to occur in a
heterozygous state.

Consistent with the low level of allelic varia-
tion observed in the collection of N. cliftonii,
measures of genetic identity were relatively
high and genetic distance low between popu-
lations (Table 4). Multivariate analysis of the
genetic distances using PCoA revealed struc-
ture among populations. The first 2 principal
coordinate axes accounted for a total of 70% of
the variance among populations and grouped
the collections into 3 distinct clusters (Fig. 2).
In particular, the majority of populations
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TaBLE 2. Genotypic diversity observed in populations

of Neviusia cliftonii as estimated by isozyme analysis. TaBLE 2. Continued.
No. Genet No. No. Genet No.
Population? genets G/N label samples  Population? genets G/N label samples
BC 3 0.15 M 15 RC 2 0.1 C 1
N 4 F 19
00 1 SC 1 0.05 M 20
BRE 1 0.05 M 20 SCC 4 0.2 S 9
BRM 1 0.1 11 10 CC 1
BRW 1 0.05 A 20 1] 6
CC 2 0.1 KK 16 LL 4
LL 4 SEC 4 0.2 C 3
CEC 6 0.3 K 1 F 3
X 6 1 8
Y 4 ] 6
VA 5 SQC 2 0.1 AA 19
HH 1 00 1
NN 3 STC 15 0.75 G 2
COC 4 0.2 A 5 P 2
C 1 S 1
Q 4 U 3
R 10 \Y% 2
CcuUC 4 0.2 T 3 BB 1
MM 10 DD 1
RR 2 EE 1
SS 5 FF 1
EC 2 0.1 C 2 GG 1
F 18 KK 1
FC 3 0.15 1 1 PP 1
] 1 T 1
L 8 uu 1
v 1 0.05 1] 20 VvV 1
KC 2 0.1 M 10 WG 2 0.1 C 1
(0] 10 LL 19
LP 4 0.2 B 8 WSC 2 0.1 E 1
D 2 H 19
E]K 2 aPopulation abbreviations in Table 1.

TAaBLE 3. Genetic diversity observed at 17 isozyme loci assessed in 21 populations of Neviusia cliftonii.

Locus N Aa H H.¢ Fd549
6PGD-1 19.5 1 0.000 0.000 n/a®
6PGD-2 19.5 3 0.050 0.052 0.014
AAT-1 19.5 2 0.048 0.024 —1.000
AAT-2 19.5 2 0.000 0.009 1.000
ACO 3.8 2 0.143 0.071 —1.000
IDH 19.5 2 0.200 0.127 —0.385
LAP 19.5 2 0.019 0.020 0.048
MDH-1 19.5 1 0.000 0.000 n/a
MDH-3 19.5 1 0.000 0.000 n/a
ME7 19.5 1 0.000 0.000 n/a
PGI-1 19.5 1 0.000 0.000 n/a
PGI-2 19.5 2 0.319 0.216 —0.381
PGM 19.5 2 0.257 0.167 —0.343
SKD 15.2 2 0.000 0.000 n/a
TPI-1 19.5 2 0.236 0.135 —0.634
TPI-2 19.5 2 0.493 0.271 —0.798
UGPP 19.5 1 0.000 0.000 n/a
MEAN 18.3 14 0.100 0.064 —0.300

aAlleles per locus

bObserved heterozygosity

“Expected heterozygosity

dFixation index

en/a = not available due to monomorphic data
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TaBLE 4. Genetic difference and similarity was quantified for all pairs of populations using Nei’s (1972) genetic distance

BC BRE BRM BRW CC CEC COC CuC EC FC

BC 0.999 0.867 0.885 0.863 0.938 0.910 0.849 0.923 0.911
BRE 0.001 0.867 0.886 0.861 0.939 0.910 0.847 0.919 0.906
BRM 0.143 0.143 0.984 0.967 0.920 0.941 0.826 0.954 0.950
BRW 0.122 0.121 0.016 0.951 0.932 0.960 0.806 0.971 0.967
CC 0.147 0.150 0.034 0.050 0.926 0.951 0.852 0.924 0.953
CEC 0.064 0.063 0.084 0.070 0.076 0.948 0.865 0.941 0.955
COC 0.095 0.094 0.061 0.041 0.050 0.053 0.849 0.951 0.955
CuC 0.164 0.166 0.191 0.215 0.160 0.145 0.163 0.836 0.823
EC 0.080 0.085 0.047 0.029 0.079 0.061 0.050 0.179 0.977
FC 0.093 0.098 0.052 0.033 0.048 0.046 0.046 0.195 0.023

v 0.174 0.174 0.031 0.047 0.065 0.081 0.092 0.222 0.078 0.083
KC 0.034 0.033 0.176 0.154 0.184 0.096 0.127 0.199 0.118 0.132
LP 0.134 0.135 0.032 0.019 0.064 0.052 0.059 0.227 0.033 0.039
RC 0.081 0.087 0.049 0.031 0.081 0.062 0.051 0.181 0.000 0.023
SC 0.001 0.000 0.143 0.121 0.150 0.063 0.094 0.166 0.085 0.098
SCC 0.056 0.057 0.043 0.042 0.036 0.027 0.027 0.106 0.033 0.035
SEC 0.090 0.092 0.030 0.012 0.039 0.042 0.033 0.187 0.020 0.006
SQC 0.105 0.105 0.065 0.049 0.068 0.046 0.045 0.156 0.047 0.073
STC 0.065 0.066 0.061 0.055 0.059 0.046 0.036 0.114 0.036 0.056
WG 0.086 0.087 0.016 0.031 0.053 0.057 0.051 0.135 0.029 0.055
WSC 0.035 0.033 0.137 0.115 0.186 0.107 0.099 0.207 0.081 0.132

formed one cluster, 5 populations formed a
second cluster (BC, BRE, KC, SC, and WSC),
and one population was distinct along the sec-
ond axis (CUC). Examination of watershed,
order-3 soil type, and geologic type (following
Table 1) did not reveal any patterning to these
groups, indicating that either the genetic diver-
sity does not vary according to these factors or
isozyme variation is insufficient to resolve cor-
related differences between populations.

Tests of isolation by distance revealed an
atypical pattern of geographic differentiation
among populations of N. cliftonii. Mantel tests
revealed a small but significant negative corre-
lation between geographic and genetic dis-
tance between pairs of populations (R =
—0.134, P = 0.014). This pattern indicates that
gene flow does not decrease as a function of
geographic distance. While significant, this cor-
relation explained only a small portion of the
overall variance (RZ = 0.018).

The unrooted population phenogram built
from the raw data varied slightly in topology
from the consensus tree, indicating the loci
dropped from the consensus phenogram (ACO
and SKD) may provide distinguishing infor-
mation. The consensus topology lacked statis-
tical support, as only 2 branches were ob-
served in more than 50% of the bootstrap rep-
licates (Fig. 3). The consensus phenogram
(Fig. 3A) grouped 4 of the 5 populations from
the PCoA cluster 2, indicating the relationship

among these populations is likely robust. The
raw data phenogram (Fig. 3B) resolved similar
structure to the PCoA, as the populations form-
ing cluster 2 were monophyletic.

The number of genets per population did not
vary as a function of watershed or geologic soil
classification, but did vary by order-3 soil type
(Table 5). Visual inspection of the variation in
genet number by soil type reveals that the
greatest number of genets per population were
observed on the Neuns family soil (category
204), the limestone containing soil (category 250),
and soils classified in the Marpa-Goulding fami-
lies (categories 178, 179, 180) (Fig. 4). Although
these differences were significant (Fy; g =
6.99, P = 0.003), the analysis was driven by
the outlier category 204 (population STC). When
category 204 was omitted from the ANOVA,
the association was nonsignificant (Fjp ¢ =
0.82, P = 0.621). When the order-3 soil types
were grouped into family classes, no signifi-
cant relationship was found between soil family
and genet diversity (F} 19 = 2.70, P = 0.117).
In addition, the genet diversity did not vary
with population size class (small, medium or
large) (Fy 15 = 1.27, P = 0.305), although
smaller populations tended to contain fewer
genets than larger ones (Fig. 4).

Assessment of hierarchical AMOVA revealed
high levels of allele frequency variance among
populations of N. cliftonii, but low levels
among individuals and ecological groupings
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(below diagonal) and genetic identity (above diagonal).

GENETIC DIVERSITY IN SHASTA SNOW-WREATH

v KC LP RC SC SCC SEC SQC STC WG WSC
0.840 0.966 0.875 0.922 0.999 0.945 0.914 0.901 0.937 0.917 0.966
0.840 0.967 0.873 0.917 1.000 0.945 0.912 0.900 0.936 0.917 0.967
0.969 0.839 0.969 0.953 0.867 0.957 0.971 0.937 0.941 0.984 0.872
0.954 0.857 0.982 0.970 0.886 0.959 0.988 0.952 0.947 0.970 0.891
0.937 0.832 0.938 0.922 0.861 0.965 0.962 0.934 0.943 0.948 0.831
0.923 0.908 0.950 0.940 0.939 0.973 0.959 0.955 0.955 0.944 0.898
0.912 0.880 0.942 0.950 0.910 0.973 0.968 0.956 0.964 0.950 0.906
0.801 0.819 0.797 0.835 0.847 0.899 0.829 0.855 0.893 0.874 0.813
0.925 0.888 0.967 1.000 0.919 0.968 0.980 0.954 0.965 0.971 0.922
0.920 0.877 0.962 0.977 0.906 0.966 0.994 0.930 0.945 0.947 0.876
0.813 0.970 0.923 0.840 0.928 0.941 0.939 0.912 0.953 0.845
0.207 0.845 0.887 0.967 0.914 0.882 0.871 0.905 0.887 0.935
0.031 0.169 0.966 0.873 0.946 0.976 0.969 0.934 0.957 0.878
0.080 0.120 0.034 0.917 0.966 0.979 0.952 0.964 0.970 0.920
0.174 0.033 0.135 0.087 0.945 0.912 0.900 0.936 0.917 0.967
0.075 0.090 0.056 0.034 0.057 0.975 0.965 0.989 0.981 0.920
0.061 0.125 0.025 0.021 0.092 0.025 0.948 0.957 0.965 0.893
0.062 0.138 0.032 0.049 0.105 0.036 0.054 0.967 0.954 0.903
0.092 0.099 0.068 0.037 0.066 0.011 0.044 0.033 0.973 0.926
0.048 0.120 0.044 0.031 0.087 0.019 0.035 0.047 0.027 0.920
0.168 0.067 0.130 0.083 0.033 0.084 0.114 0.102 0.077 0.083
B ® 82 | + Cow l,«"'
S | 102| + McCloud CUC
® 105 | » Pit Cluster 3
117 | A Sacramento
® 120 | = Squaw
178
& e 179
—~ ; - 180
O\O 182
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. e 222
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N oot S
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o - s
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o STC',
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& o cocC N o 24 =
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Fig. 2. Principle coordinate analysis revealed genetic differences between populations of Neviusia cliftonii that do not
correspond to differences in order-3 soil type (symbol color) or watershed (symbol shape). Points represent population
means, labeled by abbreviations given in Table 1. The percentage of genetic variance among individuals explained by
each coordinate is provided on each axis.
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Fig. 3. Population phenograms of Neviusia cliftonii were poorly resolved. (A) The unrooted consensus phenogram
built from 15 loci using the extended majority rule. Numbers indicate bootstrap support for that node out of 1000 repli-
cates. (B) The unrooted phenogram built from the distance matrix based on 17 loci, with multiple populations lacking
data at 2 loci. Due to missing data, bootstrap analysis was not conducted on the full data set. Populations that grouped

into PCoA clusters 2 and 3 are indicated.

TaBLE 5. The number of genets per population varied
as a function of soil type but not with watershed or geo-
graphic soil type classifications.

Source of variance df MS F P

Watershed
Factor 4 3.13 0.29 0.879
Residuals 16 10.75

Order 3 soil type
Factor 11 15.02 6.99 0.003
Residuals 9 2.15

Order 3 family class?
Factor 1 23.0 2.70 0.117
Residuals 19 8.51

Geologic soil type
Factor 9 6.59 0.58 0.790
Residuals 11 11.39

Population size
Factor 2 11.41 1.27 0.305
Residuals 18 8.99

4The limestone class is dropped from this analysis, as only one order 3 soil class
contributed to the higher-order family class (no. 250).

(Fig. 5). Analysis of ungrouped populations
revealed that 85% of the variance occurred
among populations. When populations were

grouped into watersheds, 82% of the variance
was observed among populations within wa-
tersheds, while only 3% of the variance was
partitioned among watersheds. When popula-
tions were grouped according to order-3 soil
type, 75% of the variance was partitioned
among populations within soil type, while 10%
of the variance was attributed among soil
types. When populations were grouped by
geologic type, 85% of the variance was parti-
tioned among populations within geologic
type, and no variance was observed among
geologic soil types. These results indicate the
greatest genetic difference occurred between
populations, with moderate levels of differen-
tiation corresponding to order-3 soil type.
Given the low level of allelic variation
observed in this collection, these results indi-
cate that the rare alternate alleles are not
evenly distributed across populations. When
the AMOVA was repeated with populations
grouped into the PCoA clusters, 11% of the
variance was partitioned among individuals,
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Fig. 4. Variation in the number of genets per population
as a function of (A) the order-3 soil type and (B) popula-
tion size. Each box represents the range of values ob-
served at each category, with the black bar indicating the
median value. Categories represented by a single popula-
tion or number of genets are depicted by a single black bar.

29% among populations within clusters, and
60% among clusters, indicating the greatest ge-
netic differentiation occurred between these 3
groups.

DiscussioN

Low Overall Genetic Diversity
in this Endemic Species

This survey of isozyme variation in the rare
endemic Neviusia cliftonii revealed low levels
of allelic and genotypic diversity. The lack of
variation within many populations (only one or
2 genets identified in 57% of populations sam-
pled) is consistent with regular vegetative re-
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Among populations within category

Among individuals within category
Among categories

(A) Watersheds
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(C) Geologic soil type

(B) Order 3 soil class
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0%

Fig. 5. Analysis of molecular variance revealed genetic
variation to be greatest among populations when they
were classified by (A) watershed, (B) order-3 soil type, and
(C) geologic soil type. (D) When populations were
grouped according to the PCoA results, differentiation
was greatest among clusters.

production of this woody species. The genet
diversity is greater than that reported for the
sole congener, N. alabamensis, which con-
tained only one genotype per population at its
marginal range (Freiley 1994). The low levels
of allelic variation may be a consequence of
the narrow range occupied by N. cliftonii, or it
may be due to historic population bottlenecks.
For instance, the Shasta Lake area is known as
an ancient landscape, a glacial and volcanic
refuge, with high numbers of endemic species
(Lindstrand and Nelson 2006). The low allelic
variation may be a consequence of the narrow-
ing of the N. cliftonii range during the most
recent glacial maximum and subsequent cli-
mate variations (Lindstrand and Nelson 2006).
Alternatively, the low variation may reflect a
more recent bottleneck resulting from Shasta
Dam and Shasta Lake. The construction of the
dam likely increased fragmentation and de-
creased the size of some populations, which
together can change the genetic structure of
populations (Honnay and Jacquemyn 2007,
Aguilar et al. 2008). The low levels of geno-
typic variation within populations prevented
statistical analysis for genetic signatures of
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population bottlenecks (sensu Cornuet and
Luikart 1996).

Much effort has been spent comparing the
levels of genetic variation and differentiation
in rare species compared to common taxa. In a
major review of isozyme variation in plant
species, Hamrick and Godt (1996) compared
levels of genetic diversity and differentiation
among species grouped by life history traits.
For example, the size of a species’ range was
associated with differences in genetic varia-
tion and differentiation, with endemic species
displaying lower variation and slightly greater
differentiation than species with more wide-
spread occurrences.

Other authors have suggested that a more
robust approach comes from comparing levels
of genetic variation in a rare species to those
in congeners rather than unrelated taxa (Kar-
ron 1987, Gitzendanner and Soltis 2000). In
these cases, levels of variation were correlated
within genera, indicating that phylogenetic
history contributed to levels of diversity in
plant species (Gitzendanner and Soltis 2000).
However, even when such phylogenetic com-
parisons are conducted, rare species tend to
display lower levels of genetic variation than
widespread congeners (Gitzendanner and Sol-
tis 2000), particularly when the species are as-
sessed in the same lab, thus controlling for
technical variance (Karron 1987).

These metrics provide a context for inter-
pretation of the N. cliftonii data. While the
mating system and lifespan of N. cliftonii indi-
viduals have not been determined, the high
frequency of putative multiramet clones indi-
cates individuals are likely longer-lived peren-
nials. The level of polymorphism (64.7%) and
differentiation (85% among populations, analo-
gous to Fgr = 0.8) observed in N. cliftonii is
remarkably high compared with other long-
lived endemic species (Hamrick and Godt
1996). The mean heterozygosity observed in
N. cliftonii (H, = 0.064) was lower than that
reported in a meta-analysis (H,., = 0.105) (Ham-
rick and Godt 1996), likely a consequence of
the low levels of allelic variation. In this case,
the relatively low genetic variation and signifi-
cantly high levels of population differentiation
indicate gene flow is limited among popula-
tions. In addition, a negative fixation index
was observed over all populations of N. clif-
tonii. This deviation from Hardy—Weinberg
equilibrium may result from processes such as
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inbreeding depression or balancing selection
and will require demographic analyses to fully
explain.

Greater genetic variation was observed in
N. cliftonii than in its single congener species,
N. alabamensis (Freiley 1994). In the genetic
study of N. alabamensis, only a single genet
was identified per population, revealing high
levels of vegetative reproduction (Freiley 1994).
By any comparison, these species appear ge-
netically depauperate when assessed by iso-
zyme loci and may represent relict species
marginally adapted to their current refugia or
narrowly distributed species highly adapted to
a particular habitat.

Complex Pattern of Genetic Differentiation

As revealed by the AMOVA, genetic variation
is not evenly distributed among populations of
N. cliftonii. Overall genetic differentiation was
high, with 85% of the variance distributed
among populations. This level is remarkable
when compared to other species, though a few
values of Fgr or Ggr greater than 0.8 have
been reported in individual studies (Gitzen-
danner and Soltis 2000, Cole 2003). The dif-
ferentiation observed in N. cliftonii was even
greater than the level described in the congener
N. alabamensis (Fg1 = 0.569—Freiley 1994).

While the differentiation among populations
was high, the pattern did not correspond to a
priori categories of geographic location (water-
shed) or ecological factors (order-3 soil and
geologic types or population size). The lack of
concordance is apparent in the principle coor-
dinate analyses, which identified 3 clusters of
genetically similar populations, but revealed
no pattern to the membership within clusters.
Several factors may contribute to the observed
pattern. First, the population structure may
reflect historic processes related to the most
recent glacial maximum, such as a decline in
gene flow and sexual reproduction in popula-
tions as the climate changed. The lack of sta-
tistical support for the population phenogram
does not allow conclusions based on the phy-
logenetic relationship among populations, how-
ever. Second, if natural selection is sufficient
to create reproductive barriers between popu-
lations, even neutral markers such as isozymes
may display significant differentiation (Storz
2005, Nosil et al. 2008, Lee and Mitchell-Olds
2011). If this “isolation by adaptation” is occur-
ring in N. cliftonii, the associated adaptive trait
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or ecological factor has not been identified.
Third, stochastic differences in reproductive
strategy (vegetative growth) or allele frequen-
cies may have been a consequence of the
Shasta Dam project, but the low level of allelic
variation prohibits quantitative tests for popu-
lation bottlenecks. Ultimately, examination of
markers with higher levels of variation and
additional demographic and ecological factors
will be required to identify the evolutionary
relationship among populations.

The number of genets observed in a popu-
lation varied by order-3 soil type, with the sin-
gle population (STC) occurring on soil cate-
gory 204 (Neuns family, 60%-80% slopes) and
driving the significant variation. The STC
population is one of the largest of N. cliftonii,
so the genet diversity may reflect the larger
population size. Additionally, ecological factors
may favor sexual rather than clonal reproduc-
tion at this location, thus maintaining higher
levels of genotypic diversity. These estimates
of genet diversity are likely conservative. Varia-
tion in the isozyme markers used in the study
may be insufficient to fully resolve genetic
individuals. Isozyme markers display variation
at the protein level, not the DNA level, and
have a low mutation rate compared with other
marker systems (Ellstrand and Roose 1987).
Thus, a DNA-based marker system could pro-
vide additional resolution of genetic differ-
ences within and among populations.

Identification of Populations of Potential
Management Interest

Both the AMOVA and PCoA analyses iden-
tified 3 clusters of genetically similar popula-
tions (Figs. 2, 5). The significant differentiation
observed among clusters should be considered
in management and restoration activities. In
combination with ecological, demographic, or
phenotypic data, such genetic structure may
identify management units (MUs) or ecotypes
for conservation (Moritz 1994, Hedrick 2001).

More specifically, the genetic structure may
be used as guidelines for germplasm collec-
tion, conservation, and restoration efforts. In
order to represent the total genetic diversity
in this species, samples should be taken by
multiple populations in each of the 3 clusters
(or the only population in the case of cluster
3). Indeed, given the low number of genets
identified in this analysis (48 genotypes), it may
by feasible to sample each genetic individual
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for conservation efforts. Restoration or popula-
tion augmentation plans should maintain the
genetic distinction between the 3 clusters of
populations and restrict movement of plants
or seed between clusters.

The lack of correlation between genetic dif-
ferentiation and soil type indicates that man-
agement protocols based on differences of
substrate may not accurately reflect the gene-
tic structure of N. cliftonii. Investigations of
demographic factors in this species should be
a priority to identify processes maintaining the
species’ genetic structure and global rarity
(Lande 1988). The putative neutral nature of
the isozyme markers means that functional or
morphological differences cannot be interpreted
from these data.

One N. cliftonii population, CUC, appeared
genetically distinct and formed a unique clus-
ter (no. 3) in the PCoA analysis. This popula-
tion did not contain high levels of genotypic
diversity (G = 4 unique genets), but did con-
tain a unique allele at each of 2 isozyme loci,
AAT-1 and AAT-2, indicating that this popula-
tion is genetically distinct. The pattern of dif-
ferentiation between the large cluster 1 and
smaller cluster 2 in the PCoA analysis did not
reveal unique alleles, though unique alleles
were observed in 3 additional populations.
Population COC contained a unique allele at
moderate frequency at locus 6PGD-2, popula-
tion STC displayed an alternate allele at low
frequency at locus LAP, and population KC
was fixed for an alternate allele at locus SKD.
Unfortunately, several populations did not re-
solve locus SKD, and several individuals from
the KC samples were null at this locus, so it is
possible that this alternate allele may be pres-
ent at other sites. Due to these missing data,
SKD was one of the loci dropped in the analy-
sis of the consensus population phenogram,
and this rare allele may contribute to the dif-
ferences in topology between the raw data and
consensus trees (Fig. 3).

The occurrence of genets in multiple popu-
lations (e.g., genet M in cluster 2) may be of
particular conservation interest. Such a pat-
tern may be due to insufficient variation in the
isozyme markers to identify unique genets, or
it may provide insight into the biology of this
species. Hydrochory is an efficient dispersal
mechanism of seeds, detached stems, and
sprouts (DeWoody et al. 2004). Species associ-
ated with riparian areas may disperse large
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distances during flooding events (Kudoh and
Whigham 1997, Akimoto et al. 1998) or via
other mechanisms (Honnay et al. 2010). In
contrast to the typical unidirectional flow of
rivers, large flooding events may result in tem-
porary backwaters moving propagules in an
upstream direction (Kofoid 1903, DeWoody et
al. 2004). Given the clonal nature of N. clif-
tonii, the genetic structure may be better
explained by the historic flow patterns of the
Shasta Lake watershed system than by the
extant distribution of populations. The remark-
ably high differentiation among populations is
not consistent with the river providing fre-
quent gene flow between populations, indicat-
ing that these populations do not likely form a
“classical” metapopulation. Infrequent popula-
tion establishment may increase the differentia-
tion among populations, even if gene flow is
widespread during disturbance events.
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APPENDIX. A total of 48 multilocus genotypes were observed in 410 samples of Neviusia cliftonii.

WESTERN NORTH AMERICAN NATURALIST

[Volume 72

Genet label Genotypesb Count
A 11,11,11,11,0,11,11,11,11,11,11,22,11,0,11,12,11 25
B 11,11,11,11,12,11,11,11,11,11,11,11,11,11,11,11,11 8
C 11,11,11,11,0,11,11,11,11,11,11,12,11,11,11,11,11 8
D 11,11,11,11,12,11,11,11,11,11,11,12,11,11,11,11,11 2
E 11,11,11,11,0,12,11,11,11,11,11,11,11,11,11,12,11 1
F 11,11,11,11,0,12,11,11,11,11,11,12,11,11,11,11,11 40
G 11,12,11,11,0,11,11,11,11,11,11,12,11,11,11,11,11 2
H 11,12,11,11,0,11,11,11,11,11,11,22,11,0,11,11,11 19
1 11,11,11,11,0,11,11,11,11,11,11,11,11,11,11,12,11 9
] 11,11,11,11,0,12,11,11,11,11,11,11,11,11,11,12,11 17
K 11,11,11,11,12,11,11,11,11,11,11,11,11,11,11,12,11 1
L 11,11,11,11,0,12,11,11,11,11,11,12,11,11,11,12,11 8
M 11,11,11,11,0,11,11,11,11,11,11,22,11,0,11,12,11 65
N 11,11,11,11,0,12,11,11,11,11,11,22,11,0,11,12,11 4
O 11,11,11,11,0,11,11,11,11,11,11,22,11,22,11,12,11 10
P 11,11,11,11,0,11,11,11,11,11,11,12,11,11,12,11,11 2
Q 11,11,11,11,0,11,11,11,11,11,11,12,11,11,12,12,11 4
R 11,11,11,11,12,11,11,11,11,11,11,11,12,11,11,11,11 10
S 11,11,11,11,0,11,11,11,11,11,11,22,11,11,12,12,11 10
T 11,11,12,22,0,11,11,11,11,11,11,22,11,11,12,12,11 3
U 11,11,11,11,0,11,12,11,11,11,11,22,11,11,12,11,11 3
A% 11,11,11,11,0,11,12,11,11,11,11,22,11,11,12,12,11 2
w 11,11,11,11,12,12,11,11,11,11,11,11,11,11,11,11,11 8
X 11,11,11,11,12,11,11,11,11,11,11,12,11,11,11,12,11 6
Y 11,11,11,11,12,11,11,11,11,11,11,22,11,11,11,12,11 4
VA 11,11,11,11,12,11,11,11,11,11,11,12,11,11,11,22,11 5
AA 11,11,11,11,12,11,11,11,11,11,11,12,11,11,12,11,11 19
BB 11,11,11,11,12,11,11,11,11,11,11,11,11,11,11,11,11 1
CC 11,11,11,11,0,12,11,11,11,11,11,22,11,11,12,12,11 1
DD 11,11,11,11,0,11,12,11,11,11,11,22,11,11,11,11,11 1
EE 11,11,11,11,0,11,12,11,11,11,11,22,11,11,11,12,11 1
FF 11,11,11,11,0,11,22,11,11,11,11,22,11,11,12,12,11 1
GG 11,11,11,11,0,12,22,11,11,11,11,22,11,11,12,12,11 1
HH 11,11,11,11,0,11,11,11,11,11,11,22,11,0,11,12,11 1
11 11,11,11,11,0,11,11,11,11,11,11,11,12,11,11,11,11 10
1] 11,11,11,11,11,11,11,11,11,11,11,11,12,11,11,11,11 26
KK 11,11,11,11,0,11,11,11,11,11,11,11,12,11,12,12,11 19
LL 11,11,11,11,0,12,11,11,11,11,11,11,12,11,12,12,11 27
MM 11,11,12,22,0,11,11,11,11,11,11,22,12,11,12,12,11 10
NN 11,11,11,11,12,11,11,11,11,11,11,22,12,11,11,12,11 3
00 11,11,11,11,0,11,11,11,11,11,11,22,12,0,12,12,11 1
PP 11,11,11,11,0,11,12,11,11,11,11,12,12,11,12,11,11 1
QQ 11,11,11,11,12,11,11,11,11,11,11,12,12,11,12,11,11 1
RR 11,11,12,11,0,11,11,11,11,11,11,22,22,11,12,12,11 2
SS 11,11,12,22,0,11,11,11,11,11,11,22,22,11,12,12,11 5
T 11,11,11,11,0,11,11,11,11,11,11,12,22,11,11,12,11 1
UuU 11,11,11,11,0,11,11,11,11,11,11,12,22,11,12,11,11 1
\A% 11,11,11,11,0,11,11,11,11,11,11,11,22,11,12,12,11 1

aDiploid genotypes are given for each locus in the following order: 6PGD-1, 6PGD-2, AAT-1, AAT-2, ACO, IDH, LAR MDH-1, MDH-3, ME7, PGI-1, PGI-2,

PGM, SKD, TPI-1, TPI-2, UGPP.
b0 indicates missing data.



