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VARIATION IN POLLEN LIMITATION
AMONG INDIVIDUALS OF

SABATIA ANGULARIS
(GENTIANACEAE)

Michele R. Dudash!-2

Pollen limitation is unambiguously demonstrated
when hand-supplementation of outcrossed pollen to
all flowers on an individual results in a significant in-
crease in seed and/or fruit set per plant compared to
naturally pollinated plants (e.g., Johnston 19914, and
references therein, Young and Young 1992, and ref-
erences therein). The degree of pollen limitation can
vary among years (e.g., Campbell 1987, Lubbers and
Lechowicz 1989), within a season (e.g., Hainsworth et
al. 1985, Zimmerman and Aide 1989), among sites
within a season (e.g., Campbell 1987, Johnston 1991a),
and among plants flowering synchronously within a
site (e.g., Snow 1986). Individual variation in pollen
limitation may have direct consequences on an indi-
vidual’s fitness. However, we know little about the
factors responsible for variation in pollen limitation
among individuals within a population.

Plant populations are often size structured, consist-
ing of many small individuals and relatively few large
ones (e.g., Harper 1977). If a taxon is semelparous,
adult size structuring can have direct effects on an in-
dividual’s reproductive fitness in terms of potential
female (seeds and fruits) and male (pollen production)
function (e.g., Dudash 1991). The interactions among
plant size, pollinator attraction, and pollen limitation
may influence an individual’s fitness. Flowering phe-
nology may vary as a function of plant size and dif-
ferentially influence reproductive output. Selection on
floral traits associated with pollinator attraction may
vary among individuals in different size classes. Larger
inflorescences often have greater probability of matur-
ing fruit (Ackerman and Montalvo 1983, Paton and
Turner 1985) and attracting visually cued pollinators
(Inoue 1985) than smaller ones. Additionally, signifi-
cantly greater pollen loads are found on stigmas of large
plants compared to small plants (Dudash 1991, but see
Weller 1980, Webb and Bawa 1983), differentially in-
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fluencing seed production per plant as a function of
plant size.

The primary objective of this study was to determine
if plant size affects the magnitude of pollen limitation
on fruit and seed production throughout the flowering
season of monocarpic Sabatia angularis. 1 have dem-
onstrated previously that plant size disproportionately
influenced male and female function in the size-struc-
tured population of S. angularis (Dudash 1991). Larger
plants in the population matured on average twice the
number of seed per fruit, produced significantly more
pollen per flower, and had significantly more pollen
grains deposited on their stigmas compared to smaller
plants. This study investigates the role of pollen lim-
itation in contributing to the observed differential seed
and fruit production among individuals.

Materials and Methods

Study plant and study site. Sabatia angularis L.
(Gentianaceae) is self-compatible, protandrous, and
obligately biennial. In contrast to many monocarpic
species (e.g., Werner 1975), S. angularis exhibits tre-
mendous variability in size at flowering. Adults range
from 3 to 80 cm in height and have 1-200 flowers per
individual. Flowering densities of Sabatia angularis
range from 1 to 100 individuals per square metre in
bands surrounding the margins of large permanent and
small temporary interdunal ponds at Miller Dunes,
Indiana (Dudash 1987). The primary visitors to S. an-
gularis are leaf-cutter bees (Megachilidae), sweat bees
(Halictidae), sand wasps (Sphecidae), and hover flies
(Syrphidae). Sabatia angularis produces a fragrance
but no nectar; the only reward for insect visitors is
pollen.

To determine whether the degree of pollen limitation
experienced by an individual was a function of plant
size, I chose to study the extremes of the size distri-
bution of my study population. Large plants were de-
fined as those individuals expected to produce >25
flowers (X + 1 s = 27.5 + 3.6 flowers), and small
plants were defined as those individuals that produced
<7 flowers (2.6 = 0.2 flowers) representing 10-15%
and 50% of the population, respectively (Dudash 1991).

Flowering phenology. A phenological study was per-
formed where I monitored total flower production of
74 small and 22 large randomly chosen plants in close
proximity to one another. The flowering data could not
be normalized, prompting the use of nonparametric
tests of significance. A Kolmogorov—-Smirnov two-
sample test was performed to determine if the distri-
bution of flowering over time (phenology) differed be-
tween small and large plants (Hollander and Wolfe
1973). A Wilcoxon rank two-sample test (SAS 1985)
was used to compare date of first flowering between
small and large plants.
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TaBLE 1. Comparison of the control (no treatment) and ex-
perimental (all flowers pollinated by hand-outcrossing) pol-
lination treatments in large and small plants of Sabatia
angularis, where n = the number of plants per treatment.
(a) Average fruit production per individual, (b) percentage
of flowers developing into fruits, and (c) mean seed number
per fruit per plant. Plant means + 1 s are presented.

Pollination treatment

Plant

size n Control Experimental P
a) No. fruits* per plant

Small 37 2.6 0.2 2.5 +0.2 NS

Large 11 28.0 + 3.8 26.7 =+ 3.4 NS
b) % fruit set}

Small 37 93.0 + 2.3 99.0 + 0.7 <.01

Large 11 92.0 + 3.6 98.0 = 0.6 <.05
¢) Seed set/fruit*

Small 37 405.6 £ 29.5 4318 + 252 NS

Large 11  610.7 = 57.0 810.3 =442 <.05

* Analyzed with two-way Model I ANOVA.
+ Analyzed with two-sample rank test.

Pollen limitation experiment. 1 examined pollen
limitation for the same small and large plants used in
the phenological study. The control plants were un-
manipulated and were allowed to undergo open-pol-
lination. All flowers on experimental plants were hand-
pollinated with pollen from single donors located >1
m away to minimize the likelihood of performing mat-
ings between closely related individuals and the sub-
sequent expression of inbreeding depression (Dudash
1990). Thirty-seven small plants and eleven large plants
were randomly assigned to each pollination treatment.
The fates of all flowers on each plant were monitored.
Wilcoxon rank two-sample tests (SAS 1985) were per-
formed separately for the small and large plants to
compare the percentage of flowers developing into fruits
(arcsine transformed) following the two pollination
treatments when the data could not be normalized after
being transformed.

The seeds from each fruit were counted and weighed
en masse for all fruits produced by the small plants (X
= 2.5 fruits per plant) and seven randomly chosen fruits
from each large plant (see Table 1 for the ANOVA
results and range in total fruit production). The fruits
chosen from the large plants represented the 1st d of
flowering and were sampled evenly throughout the du-
ration of flowering for each large plant. When more
than one flower opened on any given day, the fruit
sampled was randomly chosen. Total seed mass of each
fruit was divided by its seed number to estimate av-
erage seed mass. Two-way ANOVASs (SAS 1985) were
used to determine the effect of plant size and polli-
nation treatment on seed production and average seed
mass. I attempted an ANOVA (SAS 1985) to factor
out flowering date as a covariate of seed production,
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in addition to determining the effect of plant size and
pollination treatment. In order to prevent pseudorepli-
cation on a per plant basis I had to lump all the flow-
ering data from each individual and calculate an av-
erage or use date of first flower for each plant. Neither
approach was useful in interpreting my data. Addi-
tionally, because small and large plants flowered at
significantly different times in the season, sample sizes
on a given date were insufficient to examine the effects
of plant size and flowering date (as a main effect) on
fecundity in the ANOVAs. Thus, to examine the effects
of flowering date on the small and large treatment
groups, I performed a series of regressions (SAS 1985)
of flowering date on seed production per fruit.

Results

Flowering phenology. No significant difference in
flowering phenology was detected between the treat-
ment groups within a size class. Flowering phenology
differed significantly between small and large plants
(Kolmogorov-Smirnov two-sample test: D,,, = 3.07,
P < .0001). Peak flowering occurred an average of 6
d earlier in large plants than small plants in a 6-wk
flowering season. Average date of first flowering dif-
fered by 10 d for the small and large plants (Wilcoxon
rank two-sample test: s = 429.0, P < .0001).

Pollen limitation experiment. Significantly more
flowers developed into fruits in the pollen supplemen-
tation treatment than the control treatment for both
small and large plants (Wilcoxon rank two-sample test;
Table 1). Hand-outcrossed flowers of large plants pro-
duced significantly more seed per fruit compared to
the control group. In contrast, there was no significant
difference in seed production per fruit between the con-
trol and experimental pollination treatments for small
plants (Table 1). Overall, the ANOVA showed that
large plants produced significantly more seeds per fruit
than small plants, regardless of the pollination treat-
ment (F, 5, = 51.5, P < .0001). The variable effect of
pollen supplementation depending on plant size is in-
dicated by the significant interaction term in the ANO-
VA (F,o, = 4.5, P < .05). I detected no significant
effect of pollination treatment (F, o, = 0.1, P =.7) or
plant size (F, o, = 3.03, P = .1) on average seed mass.

Significant negative regressions of seed number per
fruit on flowering date were found for the control (small:
r?2 = 0.06, B [slope] = —8.8, P < .05; large: r> = 0.19,
B = —23.6, P < .0001) and experimental (small: r* =
0.15,B=—16.6, P <.001;large: r>*=0.41,B= —37.4,
P < .0001) pollination groups. A homogeneity of slopes
test revealed no significant difference between the two
pollination treatment groups within a size class (small:
F =138, P=.2;large: F = 3.13, P = .1). There were,
however, significant differences in the slopes of the
regressions between small and large plants (pollination
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treatment data pooled within a size class, F = 16.39,
P < .0001). Large plants’ seed production per fruit
decreased more rapidly as the flowering season pro-
gressed for both the control and experimental group
compared to small plants.

Discussion

The extent of pollen limitation differed between small
and large plants. While large plants were pollen limited
at both the fruit and seed level, small plants exhibited
pollen limitation only at the fruit level. Significantly
more pollen grains were deposited on stigmas of large
plants, but were still more pollen limited than small
plants (Dudash 1991, this study). Large plants also
have more ovules per pistil to fertilize than small plants
(M. R. Dudash, personal observation). Thus, pollen
limitation is more severe in large plants affecting both
fruit and seed set, especially early in the flowering sea-
son when pollinators are initially being attracted to the
early-flowering, large plants of S. angularis. Selection
on floral traits associated with pollinator attraction may
vary among individuals in different size classes.

The delayed flowering phenology of small plants
compared to large plants makes them more susceptible
to seasonal depletion of soil moisture and other re-
sources (Dudash 1987). Small and large basal rosettes
of S. angularis initiate inflorescences synchronously,
but subsequent growth and flowering is slower for small
individuals (M. R. Dudash, unpublished data). Large
plants also flower earlier than small ones in the desert
annual, Eriogonum abertianum (e.g., Fox 1989) and
in two short-lived perennial Lobelia species (Johnston
1991b). Therefore, resources other than pollen may be
limiting reproductive output (e.g., Zimmerman and
Aide 1989).

The effect of flowering date on seed production per
fruit was greater for the large plants than the small
plants. However, the large plants’ overall reproductive
success was still far greater than the small plants. From
mid-August, the potential seed production per fruit of
the late-flowering small plants was greater than that
for the earlier flowering large plants. The duration of
flowering was staggered over a longer period of time
in large plants, because large plants had on average 10
times the number of flowers as small plants (Dudash
1991). A correlation between plant size and flowering
duration has also been found in Linanthus androsaceus
(Schmitt 1983) and in two Lobelia species (Johnston
1991b).

A monocarpic species should be under strong selec-
tive pressure for flowers to develop into fruits, regard-
less of seed number. Even if some flowers function
solely as males (no pollen limitation) there is still a
much greater chance of failure to contribute towards
the production of offspring than if one is also capable
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of seed production. For the majority of the 1983 flow-
ering season >80% of all flowers developed into fruits
on 450 randomly chosen individuals of S. angularis
(Dudash 1987). Seed production in the field ranged
from 9 to 1600 seeds per fruit, but very low seed set
was rare (Dudash 1987). The ability of S. angularis to
set a fruit containing very few seeds parallels obser-
vations on the perennial Oxalis magnifica (Guth and
Weller 1986), and differs from results in other perennial
species where a minimum pollen load is required to
promote fruit formation (e.g., Bertin 1982, Schemske
and Fenster 1983, Snow 1986). Because S. angularis
is a monocarp, any reduction in potential seed and/or
fruit production among individuals of different sizes
may directly promote fitness differences among those
individuals.

Acknowledgments: This paper is part of a dissertation
presented to the graduate school of the University of
Illinois at Chicago in partial fulfillment of the require-
ments for the Ph.D. degree. I thank S. Weller for his
time, advice, support, and insights throughout the du-
ration of this research. I thank D. Carr, C. Fenster, C.
Galen, N. Garwood, B. Grabowski, M. Johnston, D.
Mertz, T. Poulson, D. Schemske, E. Spiess, S. Weller,
and two anonymous reviewers for comments on earlier
versions of this manuscript. L. Quintela was an excel-
lent laboratory assistant. I thank R. Hiebert for grant-
ing me permission to work at Miller Dunes, which is
part of the Indiana Dunes National Lakeshore. This
research was supported by the Department of Biology
at the University of Illinois at Chicago, a Sigma Xi
Grant-in-Aid of Research award, and a National Sci-
ence Foundation Doctoral Dissertation Improvement
Grant BSR-8501207.

Literature Cited

Ackerman, J. D., and A. M. Montalvo. 1983. Limitations
to natural fruit production in Epidendrum ciliare, a tropical
orchid. American Journal of Botany 70:43.

Bertin, R. 1. 1982. Floral biology, hummingbird pollination,
and pollinator limitation of trumpet creeper. American
Journal of Botany 69:122-134.

Campbell, D. R. 1987. Interpopulation variation in fruit
production: the role of pollinator limitation in the Olympic
mountains. American Journal of Botany 74:269-273.

Dudash, M. R. 1987. The reproductive biology of Sabatia
angularis L. (Gentianaceae). Dissertation. University of I1-
linois, Chicago, Illinois, USA.

. 1990. Relative fitness of selfed and outcrossed prog-

eny in a self-compatible, protandrous species, Sabatia an-

gularis L. (Gentianaceae): a comparison in three environ-

ments. Evolution 44:1129-1139.

. 1991. Effects of plant size on female and male func-
tion in hermaphroditic Sabatia angularis (Gentianaceae).
Ecology 72:1004-1012.

Fox, G. A. 1989. Consequences of flowering time variation
in a desert annual: adaptation and history. Ecology 70:
1294-1306.

Guth, C. J.,and S. G. Weller. 1986. Pollination, fertilization




962

and ovule abortion in Oxalis magnifica. American Journal
of Botany 73:246-253.

Hainsworth, F. R., L. L. Wolf, and T. Mercier. 1985. Pollen
limitation in a monocarpic species, Ipomopsis aggregata.
Journal of Ecology 73:263-270.

Harper, J. L. 1977. Population biology of plants. Academic
Press, London, England.

Hollander, M., and D. A. Wolfe. 1973. Nonparametric sta-
tistical methods. John Wiley & Sons, New York, New York,
USA.

Inoue, K. 1985. Reproductive biology of two Platantherans
(Orchidaceae). Japanese Journal of Ecology 35:77-83.

Johnston, M. O. 19914. Pollen limitation of female repro-
duction in Lobelia cardinalis and L. siphilitica. Ecology 72:
1500-1503.

. 1991b. Natural selection on floral traits in two spe-
cies of Lobelia with different pollinators. Evolution 45:1468—
1479.

Lubbers, A. E., and M. J. Lechowicz. 1989. Effects of leaf
removal on reproduction vs. belowground storage in Tril-
lium grandiflorum. Ecology 70:85-96.

Paton, D. C., and V. Turner. 1985. Pollination of Banksia
ericifolia: birds, mammals and insects as pollen vectors.
Australian Journal of Botany 33:271-286.

SAS. 1985. SAS user’s guide: statistics. Version 5. SAS In-
stitute, Cary, North Carolina, USA.

Schemske, D. W., and C. Fenster. 1983. Pollen-grain inter-
actions in a neotropical Costus: effects of clump size and
competitors. Pages 405410 in D. L. Mulcahy and E. Ot-

NOTES AND COMMENTS

Ecology, Vol. 74, No. 3

taviano, editors. Pollen biology: basic and applied aspects;
implications for plant breeding. Elsevier, New York, New
York, USA.

Schmitt,J. 1983. Individual flowering phenology, plant size,
and reproductive success in Linanthus androsaceus, a Cal-
ifornia annual. Oecologia (Berlin) 59:135-140.

Snow, A. 1986. Pollination dynamics in Epilobium canum
(Onagraceae): consequences for gametophytic selection.
American Journal of Botany 73:139-151.

Webb, C. J., and K. S. Bawa. 1983. Pollen dispersal by
hummingbirds: a comparative study of two lowland trop-
ical plants. Evolution 37:1258-1270.

Weller, S. G. 1980. Pollen flow and fecundity in populations
of Lithospermum caroliniense. American Journal of Botany
67:1334-1341.

Werner, P. A. 1975. Predictions of fate from rosette size in
teasel (Dipsacus fullonum L.). Oecologia (Berlin) 20:197-
201.

Young, H.J.,and T. P. Young. 1992. Alternative outcomes
of natural and experimental high pollen loads. Ecology 73:
639-647.

Zimmerman, J. K., and T. M. Aide. 1989. Patterns of fruit
production in a neotropical orchid: pollinator vs. resource
limitation. American Journal of Botany 76:67-73.

Manuscript received 10 September 1991
accepted 30 May 1992;
final version received 17 August 1992.

Ecology, 74(3), 1993, pp. 962-964
© 1993 by the Ecological Society of America

INFERRING EXTINCTION FROM
SIGHTING DATA

Andrew R. Solow!

The existence of certain rare species of animal is
known only through occasional chance sightings. If the
species is endangered, then it is possible to infer its
extinction from the time of the most recent sighting.
For example, the conclusion by LeBoeuf et al. (1986)
that the Caribbean monk seal is extinct was based in
part on the fact that it has not been sighted since 1952.
The purpose of this note is to describe two simple
methods for statistical inference about extinction from
a record of sightings.

The methods described in this note assume that,
prior to extinction, sightings follow a stationary Pois-
son process. The first method is based on classical sta-

' Woods Hole Oceanographic Institution, Woods Hole,
Massachusetts 02543 USA.

tistical inference, while the second method takes a
Bayesian approach. Classical methods of inference in
Poisson process are discussed in Cox and Lewis (1966).
The Bayesian approach is similar to that developed by
Raftery and Akman (1986), which contains additional
references.

Methods

Suppose that during the period of observation (0, 7)
sightings occur at ordered times t = (¢, t5, . .., 1,).
These sightings are assumed to represent a realization
of a Poisson process with rate function:

m 0<s=T;,
ms) = s>T, - eY)
The pre-extinction sighting rate m and the time of
extinction 7, are unknown. The Poisson process and
its properties are discussed in most elementary texts
on stochastic processes (e.g., Taylor and Karlin 1984).

Interest centers on testing the null hypothesis that
extinction has not occurred (i.e., Hy: T, = T (or equiv-
alently, T, > T)) against the alternative hypothesis that
it has (i.e., H,: T < T). Let T, be the random variable
of which ¢, is a realization. A natural statistic for testing
H, against H, is the time of the most recent sighting



