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By influencing the proliferation of different genotypes, clonal
growth can affect the maintenance of genetic variability and
magnitude of genetic drift within plant populations. However,
estimates of effective population size rarely incorporate the
contribution of both asexual and sexual reproduction. We
estimated effective size (Ne) for two populations of the clonal,
self-incompatible plant, Hymenoxys herbacea, using a stage-
structured demographic model for organisms with asexual
and sexual recruitment and then examined the impact of
reproductive strategy using an elasticity analysis. Plant
rosettes monitored in two successive years had high survival
rates in both populations (mean 0.94). The mean number of
sexually derived recruits per initial ramet was 0.041 (SE

0.039), whereas the mean number of clonal recruits was 0.61
(SE 0.90). Effective size was 1642 and 5769 in the two
populations and the Ne/N ratio averaged 0.34, comparable to
values for other clonal species. Elasticity analysis indicated
that increases in both clonal and sexual recruitment cause an
increase in Ne while increasing the variance reduced Ne.
However, Ne was more sensitive to changes in the mean and
variance of asexual recruitment than sexual recruitment.
These results highlight the importance of considering
asexual modes of reproduction when examining the role of
genetic stochasticity in populations.
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Introduction

Plant reproductive systems have diverse genetic con-
sequences for populations, particularly as a result of
variation in the balance of asexual and sexual modes of
propagation. Asexual reproduction via clonal propaga-
tion is widespread in flowering plants as a result of
lateral expansion through corms, bulbils, bulbs, rhizomes
and stolons (Jackson et al, 1985; van Groenendael and de
Kroon, 1990). By influencing the representation of alleles
and genotypes in subsequent years, this mode of
reproduction may influence effective population size
(Ne) and genetic diversity in contradictory ways. By
enhancing the variance in genet size and reducing
opportunities for recombination, differential clonal re-
production may reduce effective population size and
consequently enhance the magnitude of drift (Orive,
1993; Milgroom, 1996). On the other hand, clonal
expansion may decrease the rate at which alleles are
lost, enhance heterozygosity and thereby increase effec-
tive population size (Balloux et al, 2003; Bengtsson, 2003).
This ambiguity is mirrored by empirical studies of
genetic diversity in partially asexual organisms (Ell-
strand and Roose, 1987; Gabrielsen and Brochmann,
1998). However, there are no empirical investigations of
the impact of clonality on Ne in natural populations
(although see Yonezawa, 1997).

Empirical studies of Ne in clonal organisms have been
limited by the lack of estimators that incorporate both
sexual and asexual reproductive modes. Commonly,
effective size is estimated prospectively as the census
number (N) of a population adjusted for the demo-
graphic characteristics that deviate from an ideal
population, such as nonrandom mating, uneven sex
ratios and fluctuations in population size over time
(Wright, 1969; Hall et al, 1996). This approach is based on
classical theory of effective population size (Wright, 1931
and summarized in Crow, 1954; Kimura and Crow, 1963)
pertaining to sexual, monoecious species with nonover-
lapping generations. More recently, age-specific, over-
lapping-generation models have been developed, but
these are not applicable when plant age is not known or
difficult to assess (Hill, 1972, 1979; Emigh and Pollak,
1979). These models have recently been extended to
stage-structured populations with mixed asexual and
sexual reproductive systems and overlapping genera-
tions (Orive, 1993; Yonezawa, 1997; Yonezawa et al, 2000);
however, they have rarely been applied to clonal plant
populations and have never been used to evaluate
the relative sensitivity of Ne to clonal versus sexual
reproduction.

Hymenoxys herbacea (EL Greene) Cusick (Asteraceae)
(Cusick, 1991) is endemic to the Great Lakes region of
Canada and the USA and is currently known from only
40 locations (Campbell et al, 2001). Populations occur in
open alvar and cliff habitats, which are variable in size
and isolated from each other by forest habitat. The
resulting geographic structure may enhance genetic drift
and the loss of genetic diversity in this species. On the
other hand, loss of alleles may be tempered by the
presence of clonal growth via rhizomes. Understanding
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effective size and its determinants may have ecological
as well as evolutionary implications because this plant is
governed by a sporophytic self-incompatibility system
(De Mauro, 1993), which ensures that successful fertiliza-
tion occurs only between genotypes carrying different
self-incompatibility (SI) alleles (de Nettancourt, 1977).
Small effective population sizes may be sufficient to
cause the loss of SI alleles and thereby affect seed
production and ultimately population viability. In this
study, we estimated effective population size (Ne) in
two H. herbacea populations using a stage-structured
demographic model that incorporates the magnitude
and variance of clonal as well as sexual reproduction
(Yonezawa, 1997; Yonezawa et al, 2000). We asked the
following specific questions: (1) what is the value of Ne

and Ne/N ratio in natural populations of H. herbacea; (2)
which demographic attributes of H. herbacea have the
greatest impact on Ne; and (3) What is the relative impact
of clonal versus sexual recruitment on values of Ne?

Materials and methods

Study organism and field sites
H. herbacea plants comprise one or more rosettes (up to
10 cm in height), each with a cluster of fleshy, strapped-
shaped leaves. In any given year, plants may expand
clonally through rhizomatous growth to produce addi-
tional rosettes (De Mauro, 1989; De Mauro, 1993) or
reproduce sexually to produce seeds. Solitary inflore-
scences of yellow ray (female) and disc (hermaphrodite)
florets are produced in spring (May through June)
and are insect pollinated (De Mauro, 1993). Seeds
are produced approximately 3 weeks after pollination
(Campbell, 2001) and are dispersed primarily by gravity
(De Mauro, 1993). As there is no enforced seed dormancy
and seeds germinate immediately when the soil is warm
and moist (De Mauro, 1993), or not at all, the contribu-
tion of the seed bank to population growth is expected to
be minimal.

Effective size was estimated in two replicate popula-
tions (CPL and HL) from the Bruce Peninsula, Ontario,
Canada. These were chosen randomly from the existing
populations that are accessible and least vulnerable to
human impact.

Effective population size model
We estimated effective population size (Ne) and the
Ne/N ratio for each population using a stage-structured
model developed for populations with mixed sexual and
asexual reproduction and overlapping generations
(Yonezawa, 1997). Following Yonezawa (1997), Ne was
estimated as:

Ne ¼
1

L

2N

2ð1þ aÞð�uu� �uu2Þ þ ð1� �uuÞðSþ AdÞ
where N is the number of ramets (ie, rosettes) in the
population; a is the deviation from random outcrossing
and is derived as b/(2�b), where b is the population
selfing rate; %u is the total fraction of individuals surviving
to the next year (¼D1u.1þD2u.2þD3u.3), where Di

represents the proportion of individuals within the
population that belong to the demographic stages i¼ 1,
2, 3 and u.x is the probability of a plant in stage x
surviving 1 year. Variable %u2 is calculated as D1(u.1)2þ

D2(u.2)2þD3(u.3)2 and S as (1�a)þ (1þ a)(Vk/k), where k
and Vk are the average and variance of the number of
sexual recruits per ramet. Variable A is calculated as 2(1
þ a)(Vc/c)�S, where c and Vc are the average and
variance of the number of asexual recruits per ramet; d is
the proportion of new recruits that were asexually
derived; and L is the generation length, defined as the
mean age at which new plants produce offspring
(asexual or sexual) (Yonezawa, 1997). Below we describe
the methods used for estimating each of these demo-
graphic parameters.

Estimates of model parameters
Total number of ramets: Census population size (N)
was estimated by conducting a complete census of
rosettes within each of the two populations at the
beginning of May 2000. In addition, the number of
reproductive rosettes (Nr) was estimated in a complete
census during a single visit to both populations in the
first week of June 1999 and 2000.

Survival rates and transition probabilities: Five plots
(30 cm� 30 cm) were randomly positioned throughout
both populations. Each of 150 rosettes within the plots
were tagged and numbered in early June 1999 and then
classified into one of three demographic stages:

(1) Juvenile—less than 1’’ tall, 4–6 leaves, not flowering;
(2) Non-sexual adult—more than 1’’ tall, more than 6

leaves, not flowering;
(3) Reproductive adult—inflorescence present or evidence

of flowering within the current flowering season.

Seed and seedling stages were not monitored since
they would have either died or grown into the above
categories by the June census. In June 2000, we relocated
the marked rosettes and scored them again as present/
absent and, if present, according to one of the three stage-
classes. From this 2-year survey, we calculated: (1) the
proportion of plants in each stage-class (D1, D2, D3) each
year; (2) the proportion of plants initially in each stage-
class that survived 1 year (u � 1, u � 2, u � 3), and (3) the
probabilities of transition among stages (uij; i¼ stage 1, 2,
3 in 1999 and j¼ stage 1, 2, 3 in 2000). Parameters %u and
%u2 were then estimated as described above.

Recruitment rates: To estimate the number of sexual
and asexual recruits, five additional plots (30 cm� 30 cm)
were randomly positioned in each population in June
1999 and all rosettes within these plots were tagged and
numbered for a total of 150. In June 2000, we relocated
the tagged rosettes and also counted the number of new
rosettes within the plots. Any new rosette that was
physically connected to a tagged rosette was classified as
a product of vegetative growth and thus an asexual
recruit. Any new rosette that was not connected to a
tagged rosette was classified as a sexual recruit. From
this information, we calculated the mean (c) and variance
(Vc) of the number of asexual recruits per rosette and the
mean (k) and variance (Vk) of the number of sexual
recruits per rosette. The calculation of Vc was
straightforward as each asexual recruit was traceable to
a parent rosette. This was not the case for sexual recruits.
However, seeds of H. herbacea disperse by gravity (De
Mauro, 1993), and thus we assigned the closest flowering
rosette as the putative parent. Because the sexual recruits
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were sparse, no parent rosette was ever assigned more
than one recruit. The frequency of asexual recruitment
(d) was calculated as the number of asexual recruits
divided by the total number of new recruits in the plots.
Our measure of recruitment assumes that most viable
seeds produced by tagged plants remain within the
plots, or any that are lost to emigration are balanced by
immigration.

Generation length: Generation length (L) was calcu-
lated following Yonezawa et al (2000), as:

L ¼

X
500
x¼1

X
3
j¼1 xFjuj1xX

500
x¼1

X
3
j¼1 Fjuj1x

24

where uj1x is the probability that a newborn will be in
stage j at age x and where x spans 500 generations and Fj
represents the number of new recruits produced either
sexually or asexually per plant in stage j. Estimates of uj1x
and Fj were generated from the data on stage-specific
recruitment and survival described earlier. The estimate
is a ratio of age-specific vital rates summed across years
and approaches a stable value after 500 years (data not
shown).

Population selfing rate: The population selfing rate (b)
was inferred from the segregation of allozymes among
open-pollinated progeny using the mixed mating model
of Ritland and Jain (1981). The model estimates the
population outcrossing rate (t), which is the mean
proportion of offspring per mother plant that are
outcrossed. The estimation procedure uses information
from three polymorphic loci to generate a multilocus
estimate (tm) as well as a mean single-locus outcrossing
rate (ts). The multilocus estimates provide the best
measure of true selfing, while the single-locus estimates
will also reflect effects of spatial structure and mating
with relatives.

To estimate tm and ts, seed families were collected
outside the demographic plots from 25 randomly chosen
ramets in each population. From each maternal plant,
eight offspring were grown to the juvenile stage in the
Botany Department greenhouse, University of Guelph.
One young leaf per plant was harvested and ground in
45ml ‘Decodon’ extraction buffer (Eckert and Barrett,
1994) after freezing in liquid nitrogen. The homogenate
was centrifuged for 10min at 41C and the supernatant
was applied to a cellulose acetate gel.

An electric current (200V) was run across the gel for
45–60min and a stain consisting of an enzymatic
substrate and a colorimetric dye was added to visualize
each of three polymorphic enzymes (a-ACP, MDH, PGI).
The enzyme acid phosphatase (a-ACP, EC 3.1.3.2.) was
resolved on morpholine citrate (pH 6.5) buffer, while
malate dehydrogenase (MDH, EC 1.1.1.37), and phos-
phoglucose isomerase (PGI, 5.3.1.9.) were resolved on
tris-citrate (pH 7.0) buffer systems (Hebert and Beaton,
1989; Manchenko, 1994). Each locus scored in this study
(Acp-1, Mdh-1, Pgi-1) consisted of two alleles each, and
these were designated ‘f’ (fast) or ‘s’ (slow) based on their
relative mobility.

Outcrossing rates were generated using the maximum-
likelihood estimation procedure of Ritland and Jain
(1981). Maternal genotypes were inferred from the
progeny arrays of genotypes according to the method

of Brown and Allard (1970). Maximum-likelihood esti-
mates were found using Newton–Raphson iteration,
with standard errors calculated as the SD of 1000
bootstrap values generated with the progeny array as
the unit of resampling. Although a number of different
initial tm values were used, tm¼ 0.5 for the HL popula-
tion and tm¼ 0.9 for the CPL population gave estimates
with the highest log-likelihood. The selfing rate was
calculated for each population as: b¼ 1�tm.

Elasticity Analysis
Elasticity values describe the proportional change in
population Ne resulting from a proportional change in
an individual model parameter (de Kroon et al, 2000).
For simple linear models, elasticities can be calculated
analytically (de Kroon et al, 2000). Because an analytical
solution is not readily available for the nonlinear model
of Ne used in this study, elasticity was estimated by the
average change in Ne as parameter x is increased and
decreased by a small percentage, following,

E ¼
Neðxþx0:01Þ �Neðx�x0:01Þ

Ne0:02

where Ne(xþ x0.01) is the value of Ne calculated after the
parameter x is increased (or decreased) by 1% (Heppell
et al, 2000). Elasticity values were calculated for 13
different parameters (N, u � 1, u � 2, u � 3, D1, D2, D3, c, Vc, k,
Vk, d, L, b). All composite variables (A, a, S, %u, %u2), derived
from combinations of the above variables, were not
included in this analysis.

Results

Demography and Ne estimates
The total number of ramets (N) in populations CPL and
HL for May 2000 was 6574 and 13 756 respectively and
the number of reproductive ramets (Nr), averaged over 2
years, was 118. 5 (SE 49.5) and 435 (SE 139) respectively.

Owing to vandalism, the number of marked plants in
the demographic plots was reduced from the initial 150
in 1999 to 148 in population CPL and 138 in population
HL in 2000. In 1999, the nonreproductive adult stage was
represented by the most rosettes (D2¼ 0.67 and 0.54 in
populations CPL and HL, respectively), followed by
reproductive adults (D3¼ 0.24/0.30) and juveniles
(D1¼ 0.09/0.16)(Figure 1). Over the 1999–2000 interval,
the mean proportion of rosettes surviving was 0.90 for
juveniles (u.1 for population CPL¼ 0.85 and population
HL¼ 0.95)(Figure 1), 0.95 for nonsexual adults (popula-
tion CPL, u.2¼ 0.91; population HL, u.2¼ 0.99), and 0.92
for adult plants (population CPL, u.3¼ 0.94; population
HL, u.3¼ 0.90). The survival rate (u) of all marked
rosettes was 0.93 in population CPL and 0.96 in
population HL. Across the two populations, from 1999
to 2000, an average of 53% of juvenile individuals
remained as juveniles, 32% became nonsexual adults
and four percent became adults (Figure 1, Table 1). Most
nonsexual plants (64%) remained nonsexual. Of all
stages, nonsexual individuals were the stage most likely
to become reproductive adults (20%). Reproductive
adults in 1999 most often reverted to the nonsexual
stage in the following year (71%) and rarely remained
adult (6.5%) (Figure 1). The generation length (L) was
11.3 for population CPL and 21.5 for population HL.
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Within the recruitment plots, 89 new plants were
found in population CPL and 84 in population HL, of
which 90% (80 plants) and 97% (82 plants) were derived
clonally, respectively. The mean number of sexually
derived recruits per initial ramet, k (variance, Vk), was
0.067 (0.063) in population CPL and 0.015 (0.014) in
population HL. The mean (c) number of clonal recruits
per ramet (variance, Vc) was 0.62 (0.86) for population
CPL and 0.61 (0.91) for population HL.

Multilocus outcrossing rates (population CPL:
tm7SE¼ 0.82370.137, population HL: tm7SE¼ 0.8937
0.100) were high and not significantly different from one
in either population (population CPL: t¼ 1.288, n¼ 152,
P40.1; population HL: t¼ 0.778, n¼ 149, P40.4). In
addition, the single-locus outcrossing rates (population
CPL: ts7SE¼ 0.81670.155, population HL: ts7SE¼
0.89870.115) were not significantly different from one
(population CPL: t¼ 1.18, n¼ 152, P40.2; population
HL: t¼ 0.884, n¼ 149, P40.2). The selfing rate (b) was
calculated to be 0.177 for population CPL and 0.107 for
population HL.

Using the demographic parameters above and the
model of Yonezawa (1997), the effective population size
for population CPL was 1642, while Ne for popula-
tion HL was 5769. The Ne/N ratio was 0.25 for popu-
lation CPL and 0.42 for population HL (population
mean¼ 0.34).

Elasticity analysis
Consistent across both populations, survival rate of
nonsexual adults (u.2) and the proportion of nonsexual
adults (D2) had the largest and second largest impacts on
Ne, respectively (Table 2). Both variables affected Ne

positively (ie an increase in the variable caused an
increase in Ne). Survival of reproductive adults (u.3) had
the third largest impact on Ne in both populations
(Table 2). With respect to reproductive parameters, Ne

was consistently more sensitive to the variance and mean
number of clonal recruits than sexual recruits in both
populations. For both reproductive modes, raising mean
recruitment increased effective size, whereas increasing
the variance reduced effective size.

Discussion

Our estimates of Ne are comparable to other demo-
graphic estimates in plants. Values were similar to the
only other estimate of Ne that incorporates asexual
and sexual reproduction in a stage-structured model
(Yonezawa et al, 2000). Specifically, the Ne of Fritillaria
camtschatcensis ranged from 3274 to 5329 in the two
populations examined, and the Ne/N ratio was 0.26. The
difference in mean Ne/N ratio between species may be
explained, in part, by the lower frequency of nonsexual
adults (3%) in F. camtschatcensis populations compared to

Figure 1 Life-cycle graph of two H. herbacea populations (CPL, HL) reflecting the changes in survival and recruitment over a 1-year interval.
Fi¼ the number of new recruits produced, either sexually or asexually, per plant in stage i; uij is the probability that a plant in stage j develops
to stage i in the next year; Di is the fraction of plants in the demographic stage i; 1�u.i is the probability that plants of stage i die in the next
year. Nomenclature follows that of Yonezawa (1997). Values associated with population CPL are in bold.

Table 1 Stage transitions and mortality over a 1-year interval (1999–2000) for populations CPL and HL of H. herbacea from the Bruce
Peninsula, Ontario, Canada

Stage in 2000 Stage in 1999 (CPL) Stage in 1999 (HL)

Juvenile Non-flowering adult Flowering adult Juvenile Non-flowering adult Flowering adult

Juvenile 5 (0.38) 12 (0.12) 4 (0.11) 15(0.68) 7 (0.09) 7 (0.17)
Nonsexual adult 5 (0.38) 57 (0.58) 26 (0.72) 6 (0.27) 53 (0.71) 29 (0.71)
Sexual adult 1 (0.08) 21 (0.21) 4 (0.11) 0 (0.00) 14 (0.19) 1 (0.02)
Dead 2 (0.15) 9 (0.09) 2 (0.06) 1 (0.05) 1 (0.00) 4 (0.10)

Each value represents the number (proportion) of rosettes at a given demographic stage in June 1999 classified as juvenile (4–6 leaves),
non-flowering adults (46 leaves) and flowering adult (reproductive) or absent in 2000.
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H. herbacea (61%). From our elasticity analysis, this
variable had a relatively large and positive impact on
Ne. Rates of recruitment through clonal reproduction are
also much higher in F. camtschatcensis (5.85 clonal
recruits/ramet in F. camtschatcensis versus 1.75 in H.
herbacea), although we would have expected this to
increase Ne/N in F. camtschatcensis. This incongruence
highlights the difficulty of identifying one critical
demographic factor, particularly when Ne is the result
of interactions among many demographic traits.

A recent review of the literature provides a broader
frame of reference for our Ne estimates (Frankham, 1995).
From 38 empirical estimates, the Ne/N ratio for demo-
graphic studies of plant species averaged 0.32 and
ranged from 0.008 to 0.68. Clearly, the Ne/N ratio of H.
herbacea (0.34) falls within this range and also within the
range predicted by several theoretical models (Nunney,
1991, 1993, 1996).

It is difficult to interpret the significance of clonality
for our Ne estimates. In his literature survey, Frankham
(1995) did not explore the demographic characters
associated with variation in Ne/N ratios. Although
effective size estimates for clonal plants do not always
incorporate measures of asexual reproduction, Ne/N
ratios from clonal organisms tend to be lower than those
published for nonclonal organisms (Orive, 1993; Olfelt
et al, 1998; Richman and Kohn, 1999). The generality of
this trend is unclear given the small number of studies
and the likely presence of confounding life history
characters associated with clonality such as perenniality
and outcrossing. Moreover, this trend is not consistent
with theoretical predictions that suggest clonality will
enhance effective size, when clonal reproduction is high
or that plants with mixed reproduction modes should be
nearly indistinguishable from strictly sexually reprodu-
cing plants (Balloux et al, 2003; Bengtsson, 2003).

Elasticity analyses provide the most informative in-
sights into the effects of clonality on Ne, while holding
other demographic characters constant. Our results

suggest that clonality has a greater impact on Ne than
sexual reproduction, perhaps because of the higher rate
of clonal recruitment in this species. More generally, the
results suggest that omitting measures of clonal recruit-
ment from demographic estimates of Ne may bias
estimates more than if sexual reproduction was not
included. Furthermore, clonality is affecting Ne in
different ways. On one hand, higher average clonal
recruitment increases Ne. The magnitude of this effect is
best illustrated by recalculating Ne for our populations
using Hill’s (1972, Equation 16) model, which accom-
modates perennial life histories but not asexual repro-
duction. Under this model, Ne was 298 and 2074, which
is less than 1/10 and 1/2 of population CPL and HL,
respectively. On the other hand, the variance in asexu-
ality among genets lowers Ne. The net effect will
therefore depend on the correlation between these two
attributes. Indeed, clonality may have little net effect in
some species, suggesting there may be no general
difference in Ne between clonal and nonclonal plants.

The Ne estimates from our study may be influenced by
other demographic factors not taken into consideration,
specifically (1) yearly variation in population size and (2)
the method of estimation of Ne (ie, demographic versus
genetic). Fluctuations in population size may result in
very small values of Ne/N and low Ne in animal
populations (Vucetich et al, 1997). This has also been
shown to be important in plant species such as the
tropical aquatic plant, Eichhornia paniculata. Husband
and Barrett (1992) found that temporal variation in
population size reduced Ne to 50% of N. Vucetich and
Waite (1998) illustrated that a minimum of 15 annual
counts may be needed to accurately estimate Ne. As our
estimate for H. herbacea is calculated from only 1 year’s
data, we may have overestimated long-term Ne.

Second, it is poorly understood how accurately
demographic estimates, based on population structure
and vital rates, of Ne predict genetic behaviour of
populations. While demographic methods are frequently
used and reasonably robust for a wide range of mating
systems and dispersal patterns (Heywood, 1986; Basset
et al, 2001), few comparisons of Ne involving both demo-
graphic and genetic approaches exist (but see Begon
et al, 1980; Husband and Barrett, 1992). Husband and
Barrett (1992) found that demographic estimates of effec-
tive population size were between 2 and 500 times larger
than genetic estimates. This again suggests that our Ne

values for H. herbacea are overestimates and serve as con-
servative estimates of loss of genetic diversity via drift.

Implications
How strong is genetic drift in H. herbacea? As a rule of
thumb, an effective size of at least 5000 individuals is
necessary to avoid loss of neutral variation and erosion
of evolutionary potential in quantitative characters under
a balance between mutation and random genetic drift
(Lande, 1995). Values less than 50 are required before
drift causes the loss of SI alleles, which are under
balancing selection (Byers and Meagher, 1992). For the
two populations we examined, Ne was greater than 50
and less than 6000. We also estimated effective size,
indirectly, for 11 additional populations in this species by
multiplying their total census sizes by the average Ne/N.
Based on all 13 populations, Ne averaged 5 357 467

Table 2 Elasticity (proportional sensitivity) of effective population
size estimates for two populations of H. herbacea, CPL and HL, from
the Bruce Peninsula, Ontario, Canada

Parameter Elasticity values Direction

CPL (� 10�3) HL (� 10�3)

N 0.400 0.400 +
u.1 0.187 1.392 +
u.2 1.341 5.119 +
u.3 0.634 2.353 +
D1 0.109 0.837 +
D2 0.784 3.032 +
D3 0.365 1.423 +
C 0.230 0.243 +
Vc 0.230 0.243 �
K 0.009 0.002 +
Vk 0.009 0.002 �
d 0.084 0.009 �
L 0.400 0.040 �
b 0.015 0.015

Values represent the mean proportional change in Ne as a result of a
proportional change (increase and decrease of 1%) in the magnitude
of each parameter in the estimation model (Heppell et al, 1999).
The direction Ne changes as a result of an increase of 1% is also
indicated.
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(SD¼ 4 353 949; geometric mean¼ 21 933.9) and ranged
from 57.4 to 56476699.8. Four of the 13 H. herbacea
populations had values lower than 5000 and six were
smaller than 6000, suggesting that some populations are
at risk of losing neutral genetic variation. Only two
populations were smaller than 50 indicating that drift
may not be strong enough to influence the diversity of
mating types within most populations. These crude
predictions need to be tested using population surveys of
neutral and ecological important diversity within natural
populations.

Our study of Ne may have practical significance for the
conservation and restoration of H. herbacea. The species is
globally rare in both Canada and USA. Our estimates of
effective size suggest that some populations may be
small enough to cause the loss of genetic diversity, which
in some cases may have ecological consequences.
Through the elasticity analyses, our research also
provides potential tools for management of these
populations. Specifically, the stages of the life cycle that
are most influential of effective size could be the focus of
additional research to determine the underlying genetic
and ecological factors limiting these stages (Schemske
et al, 1994). The critical stages can also form the basis of
more prescriptive management practices designed to
alter population dynamics and reduce loss of diversity
(Heppell et al, 2000). In H. herbacea, monitoring and
augmenting the survival of nonsexual and sexual adults
and clonal expansion may provide the most effective
strategy to maintain and even increase population
effective size in this species.
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