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Distance between pollen donor and recipient
influences fruiting success in slickspot
peppergrass, Lepidium papilliferum

lan C. Robertson and Amy Colleen Ulappa

Abstract: Plant populations are often spatially structured owing to limited dispersal of pollen and seed. Mating be-
tween neighboring individuals in such populations often leads to reduced reproductive performance relative to matings
between distant individuals. This response, which may be a result of inbreeding depression or prezygotic mating barri-
ers, was investigated for slickspot peppergrass, Lepidium papilliferum L. (Brassicaceae), a rare insect-pollinated mustard
endemic to sagebrush—steppe habitat in southwestern Idaho. Through hand pollination experiments we found that indi-
vidual plants receiving pollen from distant sources (75-100 m and 6.5-20 km away) had significantly higher percent
fruit sets than those relying on pollen from neighboring plants (<1 m away). Self pollinated plants produced little or no
fruit. These results suggest that L. papilliferum relies primarily, if not exclusively, on outcrossed pollination, and that
its populations are spatially structured. Conservation efforts should therefore strive to protect sufficiently large areas of
suitable habitat to ensure maintenance of genetic diversity and preserve or enhance connectivity between populations.
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Résumé : A structure spatiale des populations végétales est souvent liée a une dispersion limitée du pollen et des grai-
nes. Dans de telles populations, le croisement entre individus contigus conduit souvent a des performances de repro-
duction réduites, comparativement a celles qui proviennent des croisements entre individus €loignés. Cette réaction
pourrait résulter d’une faiblesse de consanguinité ou de barrieres pré-zygotiques; les auteurs ont étudié cette question
chez la 1épidie papillée (Lepidium papilliferum L., Brassicaceae), une espece rare de moutarde, endémique aux habitats
de steppe a armoise du sud-ouest de 1’Idaho. Suite a des pollinisations manuelles, les auteurs ont trouvé que les plantes
individuelles recevant du pollen de sources distantes (éloignées de 75-100 m et 6,5-20 km), montrent un pourcentage

de mise a fruit significativement plus élevé, comparativement a celles qui dépendent du pollen des plantes voisines
(<1 m). Les plantes auto-fécondées produisent peu ou pas de fruits. Ces résultats suggerent que le L. papilliferum
s’appuie surtout, sinon exclusivement, sur la pollinisation extérieure, et que sa population est spatialement structurée.
Les efforts de conservation devraient chercher a protéger des aires suffisamment vastes d’habitat approprié pour garan-
tir le maintien de la diversité génétique, et assurer ou promouvoir la connectivité entre les populations.

Mots clés -

[Traduit par la Rédaction]

Introduction

Neighboring individuals in spatially structured plant popu-
lations often are more closely related to one another than to
distant individuals owing to limited pollen flow and seed
dispersal (Levin and Kerster 1974; Levin 1981; Waser and
Price 1989, 1994). As such, the potential for outcrossing
may have profound effects on a plant’s reproductive success.
Mating among close relatives, including selfing, may lead to
a reduction in fecundity caused by shared self-incompatibility
alleles of the parents or by an increase in homozygosity and
expression of recessive deleterious alleles (Charlesworth and
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Brassicaceae, auto-fécondation, fécondation croisée, structure spatiale des populations, espece rare.

Charlesworth 1987; Lande 1995; Waser and Williams 2001).
On the other hand, outcrossed pollination over large dis-
tances may cause reductions in fecundity owing to prezy-
gotic rejection of distant pollen or breakup of locally
adapted genotypes (Waser and Price 1989; Parker 1992;
Montalvo and Ellstrand 2001; Waser and Williams 2001).
Along the continuum from inbreeding to outbreeding, an
optimal degree of outbreeding, where individual fitness is
increased through avoidance of the deleterious effects of
recessive alleles or through heterozygote advantage, is ex-
pected (Waser and Price 1983; Waser 1993).
Understanding the relationship between outcrossing dis-
tance and reproductive performance is of particular impor-
tance for rare and endangered species because any decrease
in seed production can threaten the species’ long-term viabil-
ity (Ellstrand and Elam 1993; Byers 1998). Because rare
plants typically occur in small populations that are vulnera-
ble to local extinction due to a fixation of deleterious alleles
(genetic risk of extinction) and to demographic factors (eco-
logical risk of extinction), opportunities for outcrossing may

© 2004 NRC Canada



1706

be critical to ensure maintenance of genetic diversity within
populations (Lande 1995). Adequate levels of genetic diver-
sity and gene flow are generally viewed as essential because
they provide for the long-term viability of a species in the
face of environmental change (Ellstrand and Elam 1993;
Lande 1995; Haig 1998).

Here we investigate how geographic distance between
pollen source and recipient influences fruit production in
slickspot peppergrass, Lepidium papilliferum L. (Bras-
sicaceae), a rare plant endemic to sagebrush—steppe habitat
in southwestern Idaho. Within sagebrush—steppe habitat the
plant is limited to microsites known as “slick spots”, which
are characterized by their high levels of clay and salt as well
as by subsurface water retention that is higher than that
of surrounding areas (Quinney 1998). Currently only 60-70
sites are known to contain L. papilliferum, many of which
support no more than several hundred individuals. A few
sites support several thousand individuals, at least in years
with favorable weather. Over the past century L. papil-
liferum has declined dramatically throughout its range
because of habitat degradation attributed to exotic species in-
vasions, wildfires, and anthropogenic disturbance (Moseley
1994). Twenty-one sites known from historical records dat-
ing back to 1892 are considered extirpated (Moseley 1994).

Lepidium papilliferum exhibits two distinct life history
patterns. In plants with an annual life cycle, germination,
flowering, and seed production occur within a single season.
Those plants having a biennial life cycle persist as rosettes
through the first year and flower and fruit the following year
(Moseley 1994). Biennials are generally larger than annuals
(approximately 15-30 cm in height versus 3—-15 cm) and
produce much more seed; however, probability of survival to
reproduction is often low for biennials because of overwinter
mortality (Moseley 1994). The biological basis for the two
life history patterns has not been determined, although
phenotypic plasticity in response to microclimate is a likely
explanation.

Recent studies suggest that L. papilliferum relies on out-
crossed pollination mediated by insects (Robertson and
Klemash 2003; Robertson 2004). The plant’s small, white
flowers, which occur on multiflowered inflorescences and
bloom from late April to mid June, attract insects from
several families of Hymenoptera (Apidae, Halictidae,
Sphecidae, Vespidae), Coleoptera (Dermestidae, Meloidae,
Melyridae), and Diptera (Bombyliidae, Syrphidae,
Tachinidae), among others (Robertson and Klemash 2003).
Once a flower has been pollinated, it develops a full-sized
fruit within 2 weeks. Maturation of seed within the fruit
takes several more weeks and concludes with the fruit
dehiscing and releasing its seeds in late June or early July.
Almost all mature fruits produce two seeds. Unpollinated
flowers remain in bloom for several weeks before they wilt
and die.

Although the genetic structure of L. papilliferum popula-
tions is not known, spatial structuring is likely because pop-
ulations are typically small and separated from one another
by at least several kilometers. Moreover, L. papilliferum
fruits and seeds lack any obvious structures for long-distance
dispersal (Moseley 1994). Given the plant’s apparent reli-
ance on outcrossed pollination (Robertson 2004), establish-
ing the relationship between outcross proximity (i.e.,
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distance between pollen source and recipient) and fruit
production is necessary to provide insight into the mating
system and population structure of L. papilliferum and may
be an important step toward explaining variability in repro-
ductive performance among populations. Through hand pol-
lination of individuals with pollen obtained at different
source distances, we examined whether outcross distance in-
fluences fruiting success in L. papilliferum. The results of
our study are discussed in terms of their possible implica-
tions for conservation.

Materials and methods

From early May to mid July 2003, we conducted our
study at three sites in southwestern Idaho containing
L. papilliferum. Two sites, Powerline (PL) and Artillery
(ART), were located 6.5 km apart within the Orchard
Training Area (OTA) of the Idaho Army National Guard.
The third site, Kuna Butte (KB), was located approximately
20 km southwest of the other sites. Intervening areas be-
tween our study sites included irrigated agriculture, grass-
land (primarily exotic species), and sagebrush—steppe habitat
lacking slick spots inhabited by L. papilliferum. All three
populations supported several hundred or more plants spread
over a minimum of 15 slick spots per site, although exact
counts of plants were not made.

At each of the three sites, we selected 25 plants for study,
five plants from each of five slick spots. No effort was made
to distinguish between annuals and biennials. Instead, we
selected plants in similar condition that were approximately
7—-12 cm in height, which could have been either annuals or
small biennials given that growth was continuing. Prior to
the onset of flowering, we placed a cylindrical insect-proof
cage (constructed from 10-mm hardware cloth covered with
fine 0.25-mm? white mesh) over each plant, thereby ensur-
ing that flowers were not pollinated by visiting insects. A
previous study found no effect of the cages on plant devel-
opment or flowering (Robertson and Klemash 2003). Within
each slick spot, the caged plants were assigned randomly to
one of five groups: (1) control, (2) self pollination, (3) cross
pollination with plant <1 m away (nearest neighbor treat-
ment), (4) cross pollination with plant 75-100 m away (be-
tween slick spot treatment), and (5) cross pollination with
a plant from another study site (between population treat-
ment). The experimental layout is illustrated in Fig. 1. We
considered the three populations in our study, as well as the
five slick spots in each population, to be independent of one
another.

Experimental manipulations began once plants were in
full bloom, approximately 2-3 weeks after we installed the
cages. For the self-pollination treatment, we snipped a small
inflorescence of opened flowers from the plant and then
brushed it gently and thoroughly over all opened flowers on
the same plant. For the cross-pollination treatments, we used
a similar technique, except that the inflorescence used for
pollination came from a different plant (i.e., a plant <1 m
away, 75-100 m away, or from another site, depending on
treatment). As a sham operation for control plants and cross-
pollination plants, we snipped off a small inflorescence, just
like in the self pollination treatment. To increase the number
of flowers contacted during brush pollination, we repeated
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Fig. 1. Schematic representation of the experimental design.
Squares represent the study sites (PL, ART, KB), circles repre-
sent individual slick spots, and numbers within circles represent
the control and treatment groups within slick spots. Arrows show
direction of pollen movement in the “between populations™ treat-
ment. Spatial relationships of slick spots within sites and caged
plants within slick spots are not implied in the ﬁgure

20 km .

manipulations after 1 week. Once a plant ceased flowering,
we determined its percent fruit set by collecting two to four
inflorescences and counting the number of wilting flower
pedicels (i.e., unpollinated flowers) and seed-bearing fruits.
We included only the first 10 flowers on an inflorescence
in the analysis, because later-opening flowers might have
missed the experimental manipulation and thus caused us to
underestimate fruiting success.

6.5 km

20 km

Statistical analyses

We fit a linear mixed model (Milliken and Johnson 1992)
to the response, percent fruit set. The fixed effect was treat-
ment, and the random effects were population, slick spot
nested within population, and interactions with populations.
Because some plants died during the course of the study, the
data are not completely balanced with respect to treatments
and populations. Therefore, we used a Satterthwaite’s adjust-
ment to the degrees of freedom in the test for the treatment
effect. With a percentage outcome, it is important to ensure
that the basic assumptions of the model have been met;
therefore, we used Levene’s test (Milliken and Johnson
1992) to assess equality of residuals among treatments and
populations and the Wilks—Shapiro test (Zar 1999) to test for
normality of residuals. To test for specific treatment differ-
ences, we compared each pair of differences and used a
Tukey adjustment to control for the overall type-I error rate
of 0.05. We conducted all our analyses using SAS 8.2. The
mixed model was fit using Proc Mixed.

Results

Owing to the death of a few plants, sample sizes at the
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time of data collection ranged from 12 to 15 per group. This
level of mortality during the flowering period is not unusual
for L. papilliferum (Robertson, unpublished data) and was
not confined to a specific treatment or site in our study.
Consistent with the assumptions of the model, there was
normality of residuals and equality of residuals across treat-
ments (W = 0.981, P = 0.376; F,¢; = 1.99, P = 0.107, re-
spectively).

Tests for a population effect and a population by treatment
interaction revealed essentially no variation in response
among the three populations, indicating similar response to
treatment in the three study sites (Table 1). Slick spots,
nested within populations, showed a nonsignificant effect on
percent fruit set (Table 1). However, there was a significant
effect of treatment on percent fruit set (Table 1): percent
fruit set increased as the distance between pollen donor and
recipient increased (Fig. 2). Plants in the control and self-
pollination treatment had low percent fruit sets and did not
differ significantly from one another. The increase in percent
fruit set between the selfing and nearest neighbor treatments
was not statistically significant. However, when the pollen
source was 75—-100 m away, the increase in percent fruit set
relative to self-pollinated plants was significant. Plants polli-
nated by their nearest neighbor had significantly lower per-
cent fruit set than those pollinated by plants from other
study sites. There was no statistical difference in percent
fruit set between plants cross pollinated by a source 75—
100 m away and those pollinated by plants from other study
sites.

A closer examination of outcrossing distance in the be-
tween populations treatment revealed that percent fruit set
was higher for the shorter outcrossing distance (61.7 + 9.6%
when pollen was moved 6.5 km versus 50.0 + 6.8% when
pollen was moved 20 km). However, this difference was not
statistically significant (7 test: + = 0.99, df = 13, P = 0.34).

Discussion

Our study confirms a separate finding by Robertson
(2004) that L. papilliferum relies primarily, if not exclu-
sively, on cross pollination for successful fruit production;
percent fruit set was higher in cross-pollinated plants than
in self-pollinated plants. The presence of some fruit in the
control and self-pollination treatment suggests either that
L. papilliferum is capable of limited amounts of self pollina-
tion, or that insects found their way into a few cages and
cross pollinated some of the flowers. We view the latter pos-
sibility as more likely for several reasons. First, small insects
known to carry L. papilliferum pollen have occasionally
been found within cages (personal observations over several
years of study), leading to the possibility of cross pollina-
tion. Second, a number of plants in the control and self pol-
lination treatment produced no fruit, which would seem
unlikely if selfing is possible for this species. Third, based
on the morphology of L. papilliferum flowers, as well as on
numerous direct observations of flowers during our study,
there is no indication that pollen laden anthers come in con-
tact with stigmas. While it is possible that mechanical shak-
ing or wind might have caused pollen to reach stigmas on
the same plant, we noted that the cages served as effective
barriers against wind. Finally, although the genus Lepidium
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Table 1. Mixed model analysis results.

Can. J. Bot. Vol. 82, 2004

Random effect Estimate SE Z value P value
Population 28.18 70.91 0.4 0.345
Slickspot (population) 108.93 72.71 1.5 0.067
Treatment x population 29.30 49.59 0.59 0.277
Residual 282.43 63.75 4.43 <0.001
Fixed effects Numerator df Denominator df F value P value
Treatment 4 7.72 12.68 0.002

Fig. 2. Mean percent fruit set (+ SE) as a function of control
and treatment. Different letters above bars represent statistically
significant differences between groups (Tukey test, P < 0.05).
Numbers at the base of bars indicate sample size. SP, self
pollination; NN, nearest neighbor pollination; BSS, between slick
spots pollination; BP, between populations pollination.
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does include a number of species that are self compatible,
these species, unlike L. papilliferum, typically have reduced
floral structures (J.L. Bowman, 2002, personal communica-
tion). Thus, although self pollination can not be ruled out
for L. papilliferum, its contribution to reproduction appears
limited at best.

Consistent with the hypothesis that L. papilliferum popu-
lations are spatially structured, plants receiving pollen from
distant sources had higher percent fruit sets than those
relying on pollen from neighboring plants. Because
L. papilliferum lacks any obvious mechanism for long-
distance fruit or seed dispersal, it seems likely that neighbor-
ing plants are more closely related to one another than they
are to more distant individuals. Thus, our results may indi-
cate inbreeding depression as a consequence of matings
between related neighbors in structured populations. Alter-
natively, a physiological mechanism that reduces selfing or
other forms of inbreeding (i.e., a partial self-incompatibility
system) may exist (Waser 1993). Before a case for inbreed-
ing depression can be made, it will be necessary to deter-
mine the genetic structure of L. papilliferum populations, as
well as to examine the fitness consequences of inbreeding
beyond measurements of percent fruit set, such as fruit size,
germination success, and offspring vigor. Nevertheless, the
pattern we have uncovered is a strong indication that nearby
mating (i.e., which likely involves mating with genetically

similar individuals) has deleterious consequences for repro-
ductive success in L. papilliferum.

Population structure and reduced fecundity through in-
breeding are of critical importance for rare species because
their populations tend to be small and opportunities for out-
crossing are often limited (Lande 1988; Ellstrand and Elam
1993; Byers 1998; Lande 1995). Studies have shown that the
scale of population structure and the extent of its influence
on reproduction varies between species. For example,
Gentiana pneumonanthe, a rare perennial, exhibits inbreed-
ing depression with selfing and hybrid vigor between popu-
lations, but shows no effect of donor distance within
populations (Oostermeijer et al. 1995). By contrast, seed set
in Hymenoxys herbacea, another rare species, increases over
outcrossing distances of 3—10 m but not at greater distances
(Moran-Palma and Snow 1997). In L. papilliferum, percent
fruit set increased with donor distance within populations,
suggesting a genetic structure among slick spots within these
populations. This result suggests that, in addition to limited
seed dispersal, pollen movement mediated by insects may be
concentrated within slick spots. Indeed, a leptokurtic pattern
of pollen movement is typical for insect-pollinated plants
(Levin and Kerster 1974; Godt and Hamrick 1993). Over the
past several years, our observations of insect movement on
L. papilliferum have revealed that insects often linger on in-
dividual plants or within slick spots. Some pollinators, such
as melyrid beetles, confine most of their movements within
individual plants and likely contribute little to pollination
and fruit production (Robertson 2003). Other insects (see
Robertson and Klemash (2003) for a list) move more freely
within and between slick spots (I.C. Robertson, personal ob-
servation), and thus may serve as important agents of gene
flow within and possibly between populations.

The extent to which insect pollinators carry pollen
between populations remains an open question for
L. papilliferum, as it does for most plant-pollinator systems
due to the difficulties associated with documenting long-
distance insect movement and pollen transfer (Godt and
Hamrick 1993; Proctor et al. 1996; but see Schulke and
Waser 2001). An alternative approach, which we are cur-
rently pursuing in an effort to quantify gene flow, is to use
molecular techniques to examine the amount and spatial dis-
tribution of genetic variability within and among populations
(Williams and Waser 1999). Such data will help clarify the
role of insects as dispersers of pollen within and among
L. papilliferum populations.

While our results indicate a reduction in fecundity with
inbreeding, we cannot make a similar inference concerning
outbreeding. Although percent fruit set was lower when out-
crossing distance was 20 km than when it was 6.5 km (50 +
6.8% vs. 61.7 = 9.6%), the difference was not statistically
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significant and our sample size was inadequate for a defini-
tive comparison. Outbreeding depression, which may result
from disruption of local adaptation, has been found in sev-
eral plant species (Price and Waser 1979; Waser et al. 2000;
Montalvo and Ellstrand 2001) but not in others (Sobrevila
1988; Byers 1998; Luijten et al. 2002). As Waser et al.
(2000) point out, the spatial scales over which outbreeding
depression may arise likely depend on the spatial and tem-
poral scale of gene flow and of change in selective regimes
in the environment. Establishing these parameters for
L. papilliferum, as well as conducting additional long-
distance outcrossing experiments with larger sample sizes,
may shed light on whether local adaptation has occurred
within populations or subsets of populations.

In summary, the variation in percent fruit set associated
with outcrossing distance indicates that L. papilliferum pop-
ulations are structured. Conservation of L. papilliferum
should therefore include protection and maintenance of suit-
able habitat for large populations because each population
likely consists of numerous subpopulations. Effective popu-
lation size may be increased by ensuring connectivity
between populations. Unfortunately, no information is cur-
rently available about how distance between populations in-
fluences insect-mediated pollen flow in L. papilliferum. A
population that becomes isolated risks losing genetic diver-
sity that is normally maintained via outcrossing. If genetic
analyses reveal that certain populations have become iso-
lated, the introduction of new genotypes from neighboring
populations should be considered, although caution in this
approach is warranted (for a discussion of the pros and cons
of genotype translocation, see Montalvo and Ellstrand
(2001); Luijten et al. (2002); Hufford and Mazer (2003)).
Ultimately, preserving suitable habitat for pollinating in-
sects, as well as ensuring the maintenance and enhancement
of connectivity between L. papilliferum populations, will be
essential for the plant’s long-term viability.
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