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REPRODUCTION AND DEVELOPMENT OF THE
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Information on reproduction and life history is important for the conservation of endangered plants. We investigated rates
of flowering, seed set, and germination in populations of the endangered perennial plant Sedum integrifolium ssp. leedyi.
Germination and flowering rates differed significantly among populations, but seed set rate did not. We assayed 26 plant
clusters (81 stems) from four of the five known populations for evidence of clonal reproduction using 28 randomly amplified
polymorphic DNA (RAPD) markers. Of the 81 stems, 75 had unique genotypes and three pairs had identical genotypes,
suggesting that clonal reproduction is infrequent. Flowering, seed set, and germination rates were correlated with our
estimates of ratios of effective to actual population sizes (Ne/N), but not with Ne. The single formally protected population
may be experiencing inbreeding depression. We grew plants from seed to maturity in a greenhouse, with a germination rate
of 77% and survival of 98% of the germinants at 6 mo, suggesting that this will be a viable means of ex situ propagation.
Plants flowered 4–6 mo after germination and produced mature fruits 1–2 mo later, suggesting that they have the potential
to sexually reproduce in their first or second season of growth.

Key words: clonal reproduction; conservation biology; Crassulaceae; development; effective population size; Sedum
integrifolium ssp. leedyi; seed germination; rare plant; reproductive biology.

A population’s reproductive strategy affects its effec-
tive population size, the distribution of genetic variation,
and the design of sampling and management strategies
for conservation (Lande and Barrowclough, 1987; Center
for Plant Conservation, 1991; Menges, 1991; Given,
1994; Weller, 1994). The existence of a wide variety of
asexual and sexual means of reproduction, with many
species employing a combination of both, complicates the
theory and practice of rare and endangered plant conser-
vation. Unfortunately, little is known about the reproduc-
tive biology of most rare plants (Karron, 1991), in part
because the extent of clones can be difficult to assess
(Harper, 1978; Menges, 1990; Barrett and Kohn, 1991).

Rare plants often occur in small isolated populations
that can be strongly affected by environmental stochas-
ticity (e.g., drought or disease) and may lose adaptive
potential through genetic drift and/or inbreeding depres-
sion (Fisher, 1930, Beardmore, 1983; Lande and Barrow-
clough, 1987; Shaffer, 1987). Species with historically
large outcrossing populations that have recently declined
in size may be especially prone to inbreeding depression,
while populations that have been small for a long time
should suffer less inbreeding depression because selec-
tion can purge deleterious recessive alleles from them
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(Schemske and Lande, 1985; Lande, 1988, Menges,
1991). Inbreeding depression can affect rates of flower
and fruit production, seed set, and germination (Menges,
1990; Barrett and Kohn, 1991; Widén, 1993). Estimates
of these fitness components and effective population size
are important in assessing a population’s genetic stability
and can be used to plan conservation strategies.

We estimated rates of flowering, seed set, germination,
and clonality and effective population sizes and docu-
mented development for Sedum integrifolium ssp. leedyi
(Rosendahl and Moore, 1947), a cliff-dwelling succulent
plant with only five known populations in two widely
disjunct regions. Four occur on north-facing limestone
bluffs in southeastern Minnesota, and the single viable
New York population occurs on a shale cliff at the edge
of Seneca Lake. It is federally listed as threatened be-
cause of its rarity, its apparent dependence on a cool
moist habitat, and the threats posed by agricultural and
recreational activities (U.S. Fish and Wildlife Service,
1993). It is perennial, with thick scaly rhizomes and an-
nual floral stems, and is usually functionally dioecious,
but occasionally has perfect flowers. It can reproduce
sexually by seeds or asexually by rhizomes (Clausen,
1975; U.S. Fish and Wildlife Service, 1993), but the rel-
ative importance of each reproductive method in natural
populations has not been known. Plants cultivated from
cuttings have had a low survival rate (Clausen, 1975),
and there are no previous reports of cultivation from seed,
a method that would permit less intrusive sampling for
germplasm conservation. The taxon’s draft recovery plan
recognizes the importance of these factors in endangered
plant conservation and calls for research into its life his-
tory and population genetic structure, for population
monitoring and for establishment of a genebank. Sedum
integrifolium includes three other described subspecies,
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TABLE 1. Numbers of plants sampled (Ns), number of male-only plants (M), number of female-only plants with filled seeds (Ff), number of female-
only plants without filled seeds (Fs), number of hermaphroditic plants with filled seeds (Hf), number of hermaphroditic plants without filled
seeds (Hs), number of nonflowering plants (S), estimated population size (N), percentage of flowering plants in 1997 (%Nfl), effective to actual
population size ratio (Ne/N), estimated effective population size (Ne), number of seeds assayed for germination (SP), number of seeds that
germinated (SG), and percentage germination (%G) for Sedum integrifolium populations. MN4 is an additional Minnesota population that was
not sampled in 1994 due to access restrictions. ND 5 no data.

Population Latitude Longitude Ns M Ff Fs Hf Hs S N %Nfl Ne/N Ne SP SG %G

MN1
MN2
MN3
MN4
NY1
ssp. leedyi total
Western ssp. total

44806.19N
43852.99N
43843.99N
43845.49N
42830.29N

92808.09W
92824.29W
92820.59W
92819.69W
76854.99W

36
42
39

ND
54

171
140

12
15
15
ND
17
59
47

5
10
10
ND
16
41
43

6
12

5
ND

7
30
19

0
2
1

ND
8

11
1

0
1
1

ND
4
6
1

14
2
7

ND
2

25
29

748
445
278
173

.6000

ND

45
72
87
ND
ND

ND

0.39
0.63
0.65
0.57
0.79

ND

291
280
181

97
.4750

ND

81
442

49
ND
548

1120
1494

33
325
38

ND
464
860

1306

41
74
78
ND
85
77
87

two of which, ssp. integrifolium and ssp. procerum, are
widespread at high elevations in western North America
and a third, ssp. neomexicanum, which is known only
from one site in New Mexico (Clausen, 1975). Since the
biology of rare plants is often better understood in com-
parison with that of their widespread congeners (Kruck-
eberg and Rabinowitz, 1985; Karron, 1989; Baskauf,
McCauley, and Eickmeier, 1994), we compared S. inte-
grifolium ssp. leedyi with the western subspecies.

MATERIALS AND METHODS

We evaluated reproduction and collected seeds in three of the four
known Minnesota S. integrifolium ssp. leedyi populations (MN1, MN2,
MN3), in New York’s single known S. integrifolium ssp. leedyi popu-
lation (NY1) (Table 1), and in 11 populations of the western subspecies
in Colorado and New Mexico. Plants separated by at least 1 m were
evaluated in the field in 1994 for the presence or absence of flowering
stalks, filled seeds, ripening follicles, and stamens and were scored as
female only (F), male only (M), hermaphroditic (H), or not flowering
(S). In the laboratory, female and hermaphroditic plants were scored for
the presence (Ff, Hf) or absence (Fs, Hs) of filled seeds.

Ratios of effective to actual population size (Ne/N), for use in eval-
uating effective population size, were estimated for each S. integrifolium
ssp. leedyi population as Ne/N 5 4/(1/Nm 1 1/Nf), where Nm 5 [M 1
0.5(Hf 1 Hs)]/Ns and Nf 5 (Ff 1 0.5Hf)/Ns, M is the number of male
only plants, Ff is the number of female only plants with filled seeds, Hf

is the number of hermaphroditic plants with filled seeds, Hs is the num-
ber of hermaphroditic plants without filled seeds, and Ns is the total
number of plants sampled. These estimates of Ne/N assume stable pop-
ulation sizes and M : Ff : Hf : Hs : Ns ratios over time, fertility in all males,
equal reproductive contributions by all fertile plants, and an absence of
clonal reproduction. We were not granted permission to enter the MN4
site, so we used average M, Ff, Hf, Hs, and Ns values over the other
Minnesota populations to estimate Ne/N for the MN4 population. In June
1997 we estimated the number of plants at MN4 from adjacent property
using field glasses, and at MN1, MN2, and MN3 using direct visual
counts of plants near the cliff bases and field glasses to count inacces-
sible plants. Clumped individuals were differentiated by flower color
and clump size and shape, and plants at MN1, MN2, and MN3 were
scored as flowering or nonflowering based on the presence or absence
of visible inflorescences. Effective population sizes were estimated as
Ne 5 N(Ne/N), using our population size estimates (N) for MN1-MN4
and the U.S. Fish and Wildlife Service (1993) estimate of N for NY1.

The seeds for germination experiments were collected from mature
follicles of plants separated by at least 1 m at MN3 and NY1 in 1994
and at MN1, MN2, and the 11 western S. integrifolium populations in
1995. Seeds were removed from follicles in the laboratory and stored

at 48C over desiccant until germination treatment. We immersed 1120
seeds of S. integrifolium ssp. leedyi and 1494 seeds of the western
subspecies for 1 d in a 400 ppm gibberellic acid solution (GA3, Life
Technologies, Gaithersburg, Maryland) and placed them on sterilized
filter paper in a petri dish moistened with 1.25 mL 0.0014% (w/v)
Benlate fungicide (E.I. Du Pont de Nemours & Co., Wilmington, Del-
aware) in water. We sealed the dishes with Parafilm and kept them at
48C for 24 d and added fresh Benlate solution as needed to dishes with
fungal growth. Seeds were then sown in pairs in 164-cm3 ‘‘Super Cell
Cone-tainers’’ (Stuewe & Sons, Corvallis, Oregon) on a 5-mm layer of
fine vermiculite over a steamed sand/peat/compost/soil/vermiculite/per-
lite (12:12:2:6:1:1) mixture. Cone-tainers were maintained in a green-
house and were misted twice daily until seedlings were well rooted,
then once daily until the plant stems elongated, and finally as needed
for the mature plants. Germination data were taken at 7, 14, 23, and 28
d after sowing and survival data were taken at 28 d. If a Cone-tainer
had two surviving seedlings after 1 mo, one seedling was transplanted
to a new Cone-tainer. Survival data were taken again after 6 and 9 mo.
Fluorescent light supplemented ambient light with ;11 mol pho-
tons·m22·s21 in a 16 h light/8 h dark cycle from January through April,
when the fluorescent lights were removed. Average daily low and high
temperatures ranged from 118C and 218C in January to 178C and 338C
in July. The temperature extremes were 78C in January and 408C in
July. Seedlings were fertilized weekly with 400 ppm 20N : 20P : 20K
beginning at 1 mo from sowing and treated with Benlate as needed.
Aphids were removed from seedlings with jeweler’s tweezers and after
1 mo insect pests were controlled by introducing ladybugs (Hippodamia
convergens) into the greenhouse.

We monitored S. integrifolium ssp. leedyi stems for elongation every
3–4 d beginning 94 d after sowing and for flowering beginning at 124
d in 469 plants from 55 maternal families (32 from Minnesota and 23
from New York). For the same plants we counted the number of leaves
per plant at stem elongation and measured plant height at 6 mo. We
harvested plants from nine maternal families (five from Minnesota, four
from New York) at seven ;30-d intervals after sowing, gently washed
them to remove soil, dried them in a plant press, and measured their
root lengths. These plants are on deposit at the University of Minnesota
Herbarium.

Seed development data were collected from 15 plants that were cov-
ered with Delnet pollinator exclusion bags (Applied Extrusion Tech-
nologies, Middletown, Delaware) when their flower buds first appeared,
pollinated with refrigerated anthers at nectar production, and harvested
when their follicles were brown. Anthers used for pollination were col-
lected at pollen shed and stored at 40C over desiccant for up to 6 mo.
Four control plants were treated as described, but not pollinated.

For DNA marker analyses, we collected fully expanded leaves from
81 S. integrifolium ssp. leedyi stems in 26 clusters representing all four
populations. Clusters were at least 3 m apart and distances between
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Fig. 1. Root lengths for individuals from nine greenhouse-grown S.
integrifolium ssp. leedyi families harvested at seven ;30-d intervals
after sowing.

Fig. 2. Days from sowing until annual stem elongation in 469
greenhouse-grown S. integrifolium ssp. leedyi plants.

stems within clusters were categorized as 0.1–0.2 m (21 plants), 0.2–
0.4 m (16 plants), 0.4–0.6 m (11 plants), ,1 m (23 plants), and 1–6 m
(ten plants). Precise distance estimates were not obtained for the ,1 m
category, so some of these may fall into one of the first three categories.
Of the 81 plants 33 were vertically, 25 horizontally, and eight diagonally
displaced on the cliff from their nearest sampled neighbor. The spatial
orientation of 15 plants to their nearest neighbor was not recorded, and
plants in the 1–6 m category were all vertically displaced from their
nearest neighbor. Leaves were placed on moist tissue paper in the field,
stored on ice for up to 1 wk, and then maintained at 2208C until DNA
extraction.

DNA was extracted by the chickpea method of Davis et al. (1995),
except that 1–3 frozen expanded leaves were ground in 0.4 mL CTAB
buffer at 608C, another 0.4 mL CTAB buffer was added to the slurry
before incubation with 0.1 mL chloroform/octanol (24:1 v/v), and two
ethanol precipitations were conducted, without a subsequent RNase A
treatment. DNA was diluted to 5 ng/mL in TE [10 mmol/L Tris-HCl
(pH 8.0), 1 mmol/L EDTA (pH 8.0)]. We used polymerase chain re-
actions (PCR) to generate 28 randomly amplified polymorphic DNA
(RAPD) markers (Williams et al., 1990), from five decamer DNA prim-
ers (OPF-01, 59-ACGGATCCTG-39; OPF-04, 59-GGTGATCAGG-39;
OPF-08, 59-GGGATATCGG-39; OPF-09, 59-CCAAGCTTCC-39; OPF-
14, 59-TGCTGCAGGT-39; Operon Technologies, Alameda, California).
Each 15-mL reaction contained 7.5 ng Sedum DNA, 15 mg nonacety-
lated bovine serum albumin (New England Biolabs, Beverly, Massa-
chusetts), 0.25 mmol/L of each dNTP, 0.2 mmol/L decamer DNA prim-
er, 2 mmol/L MgCl2, 1.5 mL of the 103 buffer provided with the Taq
polymerase, and 0.5 units of Taq polymerase (Life Technologies, Gaith-
ersburg, Maryland). The amplification thermal profile was that of Har-
rison et al. (1997). Amplified fragments were size fractionated in a 1.4%
(w/v) agarose gel in TAE buffer [0.04 mol/L tris-acetate, 0.001 mol/L
EDTA (pH 8.0)], stained with ethidium bromide, and photographed un-
der UV light. DNA from 12 randomly selected individuals was inde-
pendently extracted twice to test for potential RAPD marker differences
between extractions and each individual was assayed twice in random
order to test repeatability of the amplification and to avoid investigator
bias in scoring. Individuals with inconsistent RAPD profiles were am-
plified a third time to resolve differences, and in the few cases (0.9%)
where differences could not be resolved with a third amplification,
markers were scored as present if they were present in one of the am-
plifications.

RESULTS

Proportions of flowering to nonflowering plants and
single sex to hermaphroditic plants differed significantly

in 1994 (P , 0.001 and P 5 0.010, respectively) among
S. integrifolium ssp. leedyi populations in the field, with
significantly (P , 0.001) more nonflowering plants in the
MN1 population. The ratio of male to female plants did
not differ significantly among populations of S. integri-
folium ssp. leedyi (P 5 0.769; Table 1) nor between these
populations and the western subspecies (P 5 0.672), but
the western subspecies had significantly (P 5 0.004) few-
er hermaphrodites. The percentage of infructescences
containing filled seeds in the field did not differ signifi-
cantly (P 5 0.223) between S. integrifolium ssp. leedyi
(59%) and the western S. integrifolium subspecies (69%)
nor between the Minnesota (53%) and New York (69%)
populations (P 5 0.137; Table 1). In the 1997 field counts
the proportions of flowering to nonflowering plants dif-
fered significantly among MN1, MN2, and MN3 (P ,
0.001) with significantly more nonflowering plants at
MN1 (P , 0.001; Table 1). Estimated population sizes
ranged from 173 at MN4 to .6000 at NY1 and estimated
Ne/N ratios ranged from 0.392 at MN1 to 0.792 at NY1,
giving estimated effective population sizes ranging from
91 to .4750 individuals, respectively (Table 1).

Most seeds germinated within several days after sow-
ing and almost all had germinated within 2 wk, with ger-
mination rates of 66, 75, 76, and 77% for S. integrifolium
ssp. leedyi and 80, 86, 87, and 87% for the western sub-
species at 7, 14, 23, and 28 d, respectively. Germination
rates differed significantly (P , 0.001) among subspecies
and populations within S. integrifolium ssp. leedyi (Table
1). Of 569 S. integrifolium ssp. leedyi plants monitored,
558 (98%) and 498 (88%) were alive after 6 and 9 mo,
respectively. Mortality was associated with rhizome and
root decay and diseased tissues from three assayed plants
were infected with a Fusarium species.

Sedum integrifolium ssp. leedyi roots grew rapidly in
the first 3–4 mo after sowing (Fig. 1) and then showed
little elongation as they reached the limit of their Cone-
tainers. Most annual stems produced a rosette averaging
15 leaves (SD 5 5.9) before they elongated, usually after
117 d (Fig. 2). Of the 569 plants monitored, 325 (57%)
flowered by 180 d (Fig. 3), and their average height at
that time was 173 mm (SD 5 45). Follicles turned brown
and contained filled seeds 33–55 d after pollination, and
there were no filled seeds in unpollinated follicles.
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Fig. 3. Days from sowing until flowering in 469 greenhouse-grown
S. integrifolium ssp. leedyi plants. Fig. 4. Percentage germination (diamonds), percentage seed set

(squares), and percentage flowering in 1994 (triangles) and 1997 (x) in
the field vs. estimated Ne/N ratios.

There was little clonal reproduction. Of the 81 stems
assayed, 75 had unique RAPD genotypes and three pairs
had identical genotypes. The identical stems in popula-
tion MN1 were separated by a 0.2-m distance of un-
known orientation and in MN3 by 0.2-m vertical, and
0.3-m horizontal distances.

DISCUSSION

Effective population size is an important parameter for
estimating the genetic stability of populations. Effective
populations of at least 500 are generally recommended to
avoid loss of genetic variation and evolutionary potential,
but this figure neglects demographic factors that may be
more important for the persistence of a population than
genetic factors and may be too low for some populations
(Lande and Barrowclough, 1987; Lande, 1988; Mace and
Lande, 1991). Populations MN2, MN3, and MN4 have
estimated actual and effective population sizes of much
less than 500, suggesting that they may be in current
danger of losing genetic variation. MN1 appears to be the
largest Minnesota population, but its Ne/N ratio (0.392)
is markedly lower than in other populations (Table 1).
This yields an estimated effective population size of 291
individuals, suggesting that MN1 may also be in danger
of losing genetic variation. Our estimated Ne/N ratios of
.0.57 for the MN2, MN3, and NY1 populations (Table
1) are higher than the typical Ne/N range of 0.2–0.5 re-
ported by Mace and Lande (1991), possibly in part be-
cause we assume equal reproductive contributions by all
male and all female fertile plants. The assumption that
clonal reproduction is unimportant may also contribute to
somewhat high Ne/N ratios, but if we were to include the
fact that three of the 81 stems we assayed with RAPD
markers were clonal replicates, the Ne/N ratios would
only be lowered by ,4%.

The overall S. integrifolium ssp. leedyi germination
rate (77%) is high in comparison to other rare plants
(Center for Plant Conservation, 1991), but is lower than
rates for the other three S. integrifolium subspecies (88%)
and for six other Sedum species (100%) (Denton, 1979).
Thus, reproduction by seed should not be a limiting factor
in the establishment and maintenance of conservation
genebanks, but the lower germination rate for S. integri-

folium ssp. leedyi may indicate adverse environmental ef-
fects or inbreeding depression in some of the taxon’s pop-
ulations, especially MN1 (Fig. 4). Theory suggests that
significant inbreeding depression will be observed gen-
erally when effective population size falls below 100 in-
dividuals (Frankel, Brown, and Burdon, 1995), and lower
germination rates have been reported for natural plant
populations with ,100 individuals than for larger popu-
lations (Menges, 1991; Widén, 1993). MN1, with the
lowest seed germination rate (Fig. 4), has an estimated
effective population size of nearly 300 individuals, but
limited gene dispersal and heterogeneous microenviron-
ments could form small neighborhoods of interbreeding
plants that would reduce the effective population size
even further and account for the lower germination rate.
Evidence for neighborhood sizes of less than 100 m has
been detected in field studies of Ipomopis aggregata and
Delphinium nelsonii (Waser and Price, 1985, 1989), sug-
gesting that S. integrifolium ssp. leedyi populations,
which are spread along a few hundred to more than 1000
m of cliff habitat, could be divided into several small
neighborhoods. Such division into neighborhoods may be
especially important in reducing mating possibilities in
the MN1 population. The estimated effective size of pop-
ulation MN4 is ,100, suggesting the potential for in-
breeding depression in MN4, but without direct access to
the population we have been unable to test its reproduc-
tive characteristics.

The seed set and 1994 and 1997 flowering rates in our
field observations show a pattern similar to the seed ger-
mination rates, giving further evidence of environmental
effects or inbreeding depression in MN1 (Fig. 4). The
western subspecies show a lower flowering rate in 1994
than the MN2, MN3, and NY1 populations, probably due
to a severe drought in central and western Colorado when
the flowering data were collected (U.S. National Oceanic
and Atmospheric Administration, 1994a). The small
number of inflorescences available from the Minnesota
populations contributes to the low statistical power of our
x2 tests for seed set differences and may be the reason
for the low statistical significance of differences between
the Minnesota and New York populations for seed set.
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The high frequency of nonflowering plants and the low
seed germination and seed set rates at MN1 suggest either
an unfavorable environment for flowering, seed set, and
seed development, or that this population is suffering the
effects of inbreeding depression and may have recently
experienced a population decline. If the effect is environ-
mental, it is probably local and persistent because weath-
er conditions in the region were normal during data and
seed collection in 1994, 1995, and 1997 (U.S. National
Oceanic and Atmospheric Administration, 1994b, 1995;
Olfelt, personal observation), the other Minnesota popu-
lations seem less affected, and the data are consistent
over several years. Potential inbreeding depression or ad-
verse environmental conditions at MN1 are of special
concern because it is the only formally protected S. in-
tegrifolium ssp. leedyi population.

Plants flowered in 135–180 d under greenhouse con-
ditions, showing that they have the potential to flower in
one growing season. However, in the field they would
probably not flower until their second growing season,
since the average last and first frosts near the Minnesota
populations are 10–15 May and 25–30 September, re-
spectively (Freshwater Foundation, 1996). Plants flow-
ering later than 135 d after germination would bloom
sometime in September, but since June is the typical
flowering time for S. integrifolium ssp. leedyi (Clausen,
1975; Olfelt, personal observation), flowers produced in
September would be unlikely to donate or receive pollen
and, if fertilized, would probably not form seeds before
the first frost.

Between the 6th and 9th mo, greenhouse temperatures
were elevated, air circulation was reduced between plants
because their foliage began to overlap, and soil in the
Cone-tainers often did not dry out between watering.
These factors probably account for the reduced 6–9 mo
survival rate and root rot that we observed. Better tem-
perature control, air circulation, and treatment for Fusar-
ium infection should increase the survival rate.

Sedum integrifolium ssp. leedyi rhizomes can fragment
as plants grow large (Clausen, 1975; U.S. Fish and Wild-
life Service, 1993; Olfelt, personal observation), sug-
gesting that clonal reproduction from a large plant by
falling or horizontally dividing propagules might be im-
portant. However, we observed very few plants in the
talus slopes below the cliffs, where one would expect
falling plant fragments to land. In addition, the vast ma-
jority of the sampled stems had unique genotypes, even
those separated by 0.1–0.2 m, indicating that clonal re-
production is rare. For census and genebank sampling
purposes, one can consider a direct count of the number
of plants (cluster of stems obviously originating from the
same rhizome) to be a good estimate of the number of
genetically distinct individuals.

Reproductive and developmental data are important in
plant conservation both for in situ and ex situ manage-
ment. Genebank managers and researchers need such data
to successfully collect, conserve, and study rare and en-
dangered plants. The data we present here suggest that
efforts to formally protect populations other than MN1
should be an important part of conserving S. integrifol-
ium ssp. leedyi and that the MN1 population should be
monitored for further evidence of inbreeding depression
or adverse environmental effects. The germination, sur-

vival, and developmental data suggest that establishing
and maintaining ex situ populations from seeds should
not be difficult. The data we collected are useful in the
conservation of endangered plant species because they
facilitate the effective sampling of genetic variation, the
estimation of the genetic stability of populations, the de-
velopment and maintenance of genebanks, and establish-
ment of population monitoring programs (U.S. Fish and
Wildlife Service, 1993).
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