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Introduction

Summary

e If pollinators or compatible mates are scarce, plants in small populations may be
pollen-limited and consequently produce fewer offspring. However, determining
the relative importance of the genetic vs ecological mechanisms limiting successful
pollination is challenging.

e We explored the relationships among population size, population connectivity,
pollinator visitation, allozyme diversity, mate availability (measured as percent com-
patible crosses among plants within a population), and pollen limitation in 12
populations (N = 39-885274) of the self-incompatible plant Hymenoxys herbacea
in Ontario, Canada.

e Unexpectedly, small populations had more insect flower visitors per capitulum
than large populations. Consistent with the effects of genetic drift, both allozyme
polymorphism and mate availability decreased with decreasing population size.
Pollen limitation was low and significant in only one population and could not be
predicted based on knowledge of population size, connectivity, compatible mate
availability, or pollinator visitation.

 Population size had detectable effects on both pollinator activity and mate avail-
ability. However, because the effect of population size was complementary on these
two potentially limiting mechanisms, this threatened plant was rarely pollen-limited.

Key words: clonal, genetic diversity, Hymenoxys herbacea, insect pollinators, mate
diversity, pollen limitation, population connectivity, population size.
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genetic mechanisms are likely diverse (Knight ez al, 2005).
However, our understanding of the relative importance of

Pollen limitation occurs when seed set is restricted by the
availability of compatible pollen and results in the fertilization
of fewer ovules than are available. It is traditionally measured
as the difference in fecundity between open-pollinated flowers
and those receiving a pollen supplement (Larson & Barrett,
2000). Surveys of the literature reveal that the majority of
angiosperm species studied exhibit pollen-limited fecundity,
but that the magnitude often varies spatially and temporally
within a single species (reviewed in Burd, 1994; Larson &
Barrett, 2000; Ashman ez @/, 2004). Given that pollen limitation
affects a diversity of taxa, its specific underlying ecological and

www.newphytologist.org

factors affecting pollen limitation (Ashman ez al, 2004;
Ghazoul, 2005) and the demographic consequences of pollen
limitation is incomplete (Bond, 1994). Specifically, most
pollen limitation studies reviewed by Ghazoul (2005) and
Ashman ez al. (2004) attempted to isolate single causal factors
and rarely weighed the magnitude of ecological and genetic
factors in a comprehensive manner (but see Waites & Agren,
2004), yielding a less integrated understanding of the causes
of pollen limitation.

Pollen limitation in self-incompatible plants may occur in
small populations as a result of at least two mechanisms, one
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ecological and one genetic. First, pollen may simply be trans-
ferred to flowers in insufficient quantities. In insect-pollinated
plants, this shortage may be caused by reduced pollinator
visitation, since small populations have smaller, more diffuse,
and therefore less attractive floral displays (Groom, 1998; Liu
& Koptur, 2003; Amarasekare, 2004) or lower plant densities
and hence higher within-plant movement of pollinators
(Mustajirvi et al., 2001; Iwaizumi & Sakai, 2004). All else
being equal, having fewer pollinators will result in fewer insect
visits per flower, less opportunity for pollen transfer among
plants, increased geitonogamy, and ultimately lower seed pro-
duction (Larson & Barrett, 2000). Second, pollen limitation
in small populations may arise as a result of the stochastic loss
of cross-compatible genotypes. In particular, the reproductive
success of self-incompatible plant species is contingent upon
the availability of compatible mating types. In small popula-
tions, genetic drift can cause mating types to become skewed
in frequency or lost altogether (Wright, 1969; Les ez al., 1991).
Consequently, adequate or even excessive amounts of pollen
may be transferred, but the corresponding dominance by one
or a few mating types renders most pollination ineffectual
(Agren, 1996; Waites & Agren, 2004).

These two mechanisms of pollen limitation, hereafter
referred to as pollinator limitation and mate limitation, are
rarely distinguished in empirical studies and are often correlated
because of the methodology used to measure pollen limita-
tion. For example, in populations in which self-incompatible
mating types are diverse and equally frequent (i.e. large popu-
lations), most pollen received by a plant will be compatible
and only a few pollen grains are required for maximal fertili-
zation of ovules. Under these circumstances a population may
be limited by the abundance of pollinators but not by the
availability of mates. On the other hand, populations with
skewed self-incompatible mating-type frequencies and low
mating-type diversity (i.e. small populations) will require
more visits from pollinators to ensure an equally high prob-
ability of encountering compatible mates. Small populations
will likely have both lower compatible mate availability and
lower pollinator visitation rates than large populations, which
are more visible and diverse. In a review by Ghazoul (2005),
12 out of 16 studies involving self-incompatible taxa showed
that small populations had lower fecundity than large popu-
lations. However, few studies have examined the magnitude
of pollen limitation, as opposed to resource limitation, in
relation to population size (Sih & Baltus, 1987; Agren, 1996;
Willi & Fischer, 2005). Further, most studies of pollen limi-
tation are examined in relation to plant density, which is a
more localized measure of population attractiveness to insects.
Fewer still have disentangled the underlying causes of pollen
limitation (but see Waites & Agren, 2004). Separating the
underlying causes of pollen limitation is important for pre-
dicting when pollen limitation will occur in plant populations.

Declines in reproductive success and the correlated increase
in pollen limitation may also result when previously inter-
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connected populations become isolated from each other (reviewed
in Ghazoul, 2005). Landscape fragmentation has become an
increasingly common phenomenon in recent history as humans
develop wild and semiwild areas and thereby create distinct
patch isolates. Large-scale habitat modification leading to
geographic isolation may limit the movement of pollinators
and reduce gene flow among populations (Jennersten, 1988;
Aizen & Feinsinger, 1994; Cunningham, 2000). The modifi-
cation of plant—pollinator interactions may have serious con-
sequences for plant reproduction and pollen limitation,
reducing the number of visits by insects (Jennersten, 1988),
the size of pollen loads (Cunningham, 2000) or pollen quality
(Severns, 2003). Of specific importance to self-incompatible
plants, pollinators may be less likely to move pollen with
diverse self-incompatible alleles among populations, thereby
restricting self-incompatible allele diversity and hence mate
availability within populations. Therefore, as populations
become increasingly isolated, with fewer opportunities for
pollinator migration and gene exchange, pollen limitation may
increase.

Pollen limitation and its associated causal factors are chal-
lenging to detect because, in part, pollen supplementation
does not generally drastically alter a plant’s reproductive suc-
cess. In a meta-analysis, Knight ez 2/ (2006) found that pollen
supplementation raised the median value of reproductive
success only slightly and researchers were rarely able to detect
extremely high pollen limitation. The large natural variation
in ecological and evolutionary processes affecting plant
reproduction may make it difficult to detect important limiting
factors of seed set (Knight ez al, 2006). Therefore, pollen
limitation will be most easily detected using either a meta-
analysis of accumulating evidence (Knight ez al, 2006) or
large-scale experimental studies of pollen supplementation and
ecological monitoring within and among populations. In this
study, we examined the relationship between population size
(N) and three aspects of pollination (pollinator visitation,
compatible mate availability, pollen limitation) in the self-
incompatible, perennial, herbaceous plant, Hymenoxys herbacea.
Specifically, we addressed the following questions:

e Is the rate of insect visitation to inflorescences related to
population size?

e Are small populations affected by genetic drift and does this
manifest itself as reduced availability of compatible mating types?
* Are populations pollen-limited? If so, is the magnitude of
pollen limitation correlated with population size or two
potential causal factors, pollinator visitation or compatible
mate availability?

Materials and Methods

Study system

Hymenoxys herbacea (E. L. Greene) Cusick (Asteraceae)
(Cusick, 1991) is endemic to the Great Lakes region of
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Canada and the USA. It is currently known from only 40
locations, 13 of which are located in the Bruce Peninsula
(Campbell ez al., 2001). Populations occur in open alvar and
cliff habitats, which are variable in size and isolated from each
other by forest habitat. Plants comprise one or more rosettes
(up to 10 cm in height), each with a cluster of fleshy, strap-
shaped leaves, and may reproduce sexually to produce seeds or
expand clonally through rhizomatous growth to produce
additional rosettes (De Mauro, 1993; Campbell & Husband,
2005). Each plant produces a single inflorescence (capitulum)
of yellow ray (female) and disc (hermaphrodite) florets, which
are insect-pollinated (De Mauro, 1993), in the spring (May
through June). We use the capitulum as the independent unit
of study; therefore, our estimates of pollen limitation are at
the whole-plant level (Knight ez 4/, 2006).

Mating in this species is governed by a sporophytic self-
incompatibility system, which is a genetic mechanism that
ensures successful fertilization only between genotypes
carrying different self-incompatibility alleles (de Nettancourt,
1977; De Mauro, 1993). Achenes are produced approx. 3 wk
after pollination and are dispersed primarily by gravity (De
Mauro, 1993).

Experimental approach

To investigate the ecological and genetic factors that influence
pollen limitation, and consequently seed production, we
performed four related experiments using 12 populations of
Hymenoxys herbacea of various sizes from the Bruce Peninsula,
Ontario, Canada. Specifically, we related population size and
interconnectivity of these populations with insect visitation
rates, neutral allele diversity, compatible mate availability, and
pollen limitation.

Estimating population size and connectivity

Population size (/V) was estimated in each population as the
total number of reproductive ramets during a single visit to
each population in the first week of June. If the population had
less than approx. 2000 inflorescences, all scapes were counted.
For populations > 2000 plants, /N'was estimated by counting
the scapes found within 1-m-wide belt transects, which
spanned the width of the habitat and were placed every 20 m.
From this survey, we estimated the number of floral scapes per
m? and then multiplied this by the total area of the population
for an estimate of the total number of scapes. The total area
of each population was measured from infrared aerial
photographs using the computer program Northern Eclipse
vs 5.0 (Empix Imaging, Inc., Mississauga, ON, Canada). This
measure best reflects the maximum number of potential mates
and the amount of pollen available for fertilization in any
single year. However, because H. herbacea clonally reproduces,
the number of compatible, genetically unique mates will be
lower. In fact, through a demographic analysis of effective
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population size in H. herbacea, we estimated that effective
population size was only one-third of the number of ramets
(NJN=0.34, Campbell & Husband, 2005). A preliminary
analysis showed that population size was correlated with habitat
area (r=0.58, P=0.025, d.f. = 11) but not with plant density
(r=0.15, P=0.65, d.f. = 11). Habitat area may be a better
reflection of the variation in the availability of soil in an
environment largely covered by limestone.

Since the magnitude of pollen limitation may also be influ-
enced by proximity to other populations (Ghazoul, 2005), we
measured population connectivity using a modified version of
Hanski’s (1994) incidence function model (IFM). This model
accounts for distances from the focal population to all possible
neighboring populations and the size of those neighboring
populations. Population connectivity or S, was calculated as:

— . b
S, = zj#exp( o) AS

(S, connectivity of patch % i, a scaling parameter for the
effect of distance to migration (1/ct is the average migration
distance); dl.], distance between patches 7 and j; Aj, area of
patch f b, scaling parameter of immigration as a function of
the area of patch ;). Population connectivity increases as S;
increases. Population connectivity of two populations’ ranges
between 0 and 1 and the maximum potential connectivity
value increases additively as additional populations are
considered. We used patch center-to-center distances for all
connectivity measures in this study. Since small native bees
generally move pollen of H. herbacea and seeds are gravity-
dispersed (De Mauro, 1993), we estimated that the average
migration distance could be as high as 500 m (Loveless &
Hamrick, 1984; Hamrick et al,, 1993). This likely overestimates
migration distance and therefore population connectivity. In
a review of several common measures of population connectivity,
Moilanen & Nieminen (2002) found that Hanski’s (1994)
approach had the best and most consistent performance for
both highly fragmented habitats and for small data sets,
whereas, for instance, the nearest neighbor measure failed
repeatedly to find any significant effect of connectivity.

Insect visitation

To account for local variation in plant density within
populations we randomly positioned four observation
quadrats (2 m X 2 m) in each population. Insect visits were
monitored in each quadrat for 30 min intervals between
10:30 and 15:00 h on any given day and for a minimum of
four 30 min periods haphazardly distributed throughout the
flowering season. We observed pollinator activity for 114 of
these 30 min intervals, a total of 57 h. During that time, 2013
insect visits were recorded.

A visit was recorded each time an insect landed on a capit-
ulum. The type of insect was noted and representative indi-
viduals were collected for identification to family (Borror
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Table 1 Models of insect visitation, allozyme diversity, mate availability, and pollen limitation, with Hymenoxys herbacea population size and
connectivity as predictors (for clarity o, € are listed when included in the models)

Dependent variable Model AAIC. w r?
Insect visitation o+ size+¢€ 0* 0.673 0.239
o, + size + connect + € 3.981 0.092 0.281
o + density + € 4278 0.079 0.027
o + size + density + € 4.280 0.079 0.296
o + connect + & 4.340 0.077 0.178
o + size + connect + density + € 9.852 0.005 0.342
% polymorphic loci Size + connect + € 0 0.673 0.920
Size + € 1.428 0.329 0.877
Connect + ¢ 17.533 <0.001 0.529
Mate availability Size + ¢ 0 0.721 0.893
Size + connect + € 1.904 0.278 0.908
Connect + ¢ 19.891 <0.001 0.440
Pollen limitation o+ mate + ¢ 0 0.721 0.011
o + connect + ¢ 0 0.721 0.041
o+ Size + € 0.051 0.703 0.033
o +insect + ¢ 0.202 0.652 0.021
o, + size + connect + size x connect + mate + € 3.094 0.154 0.760

All models considered are ordered from best to worst according to Akaike information criterion corrected for small sample size (AIC). AAIC

weight w, and r? are shown.
?ltalics indicate ‘good’ models (i.e. AAIC, < 2).

et al., 1981). Visitation frequency was low enough to allow all
visits to be recorded. From these data, we estimated the number
of visits per capitulum per observation period (= visitation
rate). We estimated the relationship between population size (V),
population connectivity (S), local plant density within qua-
drats, and total insect visitation rate using a multiple regression.
For this and the following analyses, /N'was log, ,-transformed,
S, was arcsine-square-root-transformed, and insect visitation
was natural log-transformed to normalize the data.

For this and all following linear regression models, we used
an information-theoretic approach to model selection (Burn-
ham & Anderson, 2002). For each full and all subset models,
we calculated the Akaike information criterion, correcting for
small sample size:

AIC. = n(In[RSS/n]) + 2K +2K(K +1)/(n — K - 1)

(n, sample size (number of populations); RSS, residual sum of
squares; K, number of parameters (including o and €)). The
first term in the equation represents the fit to data, the second
term represents the penalty for including K parameters and
the third term represents the correction for small sample size.
We ranked models from best to worst based on the ascending
AIC, values. AAIC, was calculated as the difference between
each AIC . value and the smallest value (i.e. for the best model
AAIC,=0). We calculated the relative likelihood of each
model as exp[(=0.5)(AAIC.)]. Finally, we calculated the
information content or weight of each model, w, by dividing
each model’s relative likelihood by the sum of relative likelihoods
for all models tested. The ratio of weights represents relative
support (i.e. w,/w; represents support for model 7 vs 7). We
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report AAIC, and w;, as well as 7. All models considered are
listed in Table 1.

Allozyme diversity

To determine whether genetic drift is a significant force in H.
herbacea populations, we compared allozyme (putatively neutral
markers) diversity among populations. From each population,
a minimum of 15 seeds from 15 randomly selected mothers
were collected and grown in the Botany Department’s glasshouse.
One leaf was harvested from each plant and ground in 45 ml
‘Decodon’ extraction buffer (Eckert & Barrett, 1994) after
freezing in liquid nitrogen. The homogenate was centrifuged
for 10 min at 4°C and the supernatant was applied to cellulose
acetate gels. An electric current (200 V) was run across the gel
for 45-60 min and a stain consisting of an enzymatic substrate
and a colorimetric dye was added to visualize each enzyme.

Individuals were screened for seven enzymes: 6-phos-
phogluconate dehydrogenase (6-PGD, EC 1.1.1.44), acid
phosphatase (0-ACP, EC 3.1.3.2), diaphorase — NADH
(DIA-NADH, EC 1.8.1.4) and isocitrate dehydrogenase
(IDH, EC 1.1.1.41) were resolved on morpholine citrate
(pH 6.5) buffer. Malate dehydrogenase (MDH, EC 1.1.1.37),
phosphoglucose isomerase (PGI, 5.3.1.9), and glucose-6-
phosphate dehydrogenase (G6PDH, EC 1.1.1.49) were resolved
on tris-citrate (pH 7.0) buffer systems (Hebert & Beaton,
1989; Manchenko, 1994). Only those loci that exhibited
consistent activity and had clearly interpretable banding
patterns were scored. In total, nine loci were scored.

Several population genetic metrics were estimated using
the POPGENE computer program v.1.31 (Yeh ez al, 1999). First
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we estimated population genetic diversity as: percentage
polymorphic loci per population (2), mean number of alleles per
locus (A), and Nei’s (1978) measure of expected heterozygosity
(Hy). To test for homogeneity of pattern among loci, we
conducted the overall Ewens—Watterson test for neutrality for
each locus (Manly, 1985). In the test of neutrality, the observed
homozygosity (obs. F) fell within the 95% confidence inter-
vals for expected homozygosity (exp. F). Therefore, for the
remainder of the study, we considered all loci selectively
neutral (results in Supplementary material, Table S1). We also
estimated Nefi’s unbiased measures of genetic distance (Nei,
1978) for each population combination. Average expected
heterozygosity (Nei, 1978), and fixation index values (Wright,
1978) were calculated for each population across the nine
allozyme loci. Spatial genetic structure was also investigated
by testing for isolation by distance (IBD). Geographic distances
between pairs of populations were calculated from patch
center-to-center distances. A Mantel test with 1000 random
permutations was performed between the matrix of pairwise
genetic differentiation between populations (Fop/(1 — Fop);
Rousset, 1997), and the matrix of the natural logarithm of
geographic distance. The analyses were performed with IBDWS
(isolation by distance, web service; Jensen ez al., 2005).

As described above, we used multiple regression analysis with
an AIC_ approach for model selection to examine the rela-
tionship between population size, population connectivity,
and genetic diversity. If genetic drift affected neutral genetic
diversity, we expected genetic diversity to increase as population
size increased. If IBD affected genetic diversity, we would expect
genetic diversity within populations to increase with increas-
ing connectivity. The residuals associated with analyses including
all genetic diversity variables were normally distributed and
therefore genetic diversity variables were left untransformed.

Mating-type diversity

As a proxy for compatible mate availability, we estimated the
probability that a random cross-pollination was cross-compatible.
Seed families were collected randomly from 25 plants per
population (except CCL (N=20) and CPS (N=15)). At
least one representative from each seed family was grown in a
glasshouse at the University of Guelph. Each plant served as
both a maternal and a paternal parent within the experiment.
Controlled cross-pollinations were conducted among pairs
of plants within a population. A total of 285 plants were
involved in the hand pollinations. Pollen from one randomly
chosen paternal plant was applied to five florets per
inflorescence such that all seeds produced on a given maternal
plant were full-sibs. In addition, all plants were self-pollinated
to confirm that H. herbacea was self-incompatible (average
self-pollinated seed set = 0.78%).

After anthesis, the five florets were scored as filled (i.e. with
mature seed) or unfilled (mature seed absent). Filled seeds
were identified as being round, hard and dark achenes,
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whereas unfilled achenes were flattened, soft and white. Ger-
mination tests showed that unfilled seeds were 100% nonvia-
ble (V=30 unfilled seeds from 30 different mothers; L. G.
Campbell, unpublished). From this we estimated mean seed
set for each cross and the percentage of crosses that were com-
patible (i.e. that had at least one filled seed). Since all plants
were confirmed as self-incompatible (i.e. had < one seed per
five pollinated florets; Hiscock, 2000), we estimated the effec-
tive mate availability per population as the percentage of com-
patible crosses from the random outcross treatment. This
measure reflects the probability of encountering a compatible
mate within the population while holding constant the
resources available to produce seed.

We compared the percentage of compatible crosses among
populations using a chi-squared test. We used multiple regres-
sion analysis with an AIC approach for model selection to
examine the relationship between population size, population
connectivity, and compatible mate availability. If genetic drift
affected functional genetic diversity (i.e. mate availability or
percentage of compatible crosses per population), we expected
compatible mate availability to increase as population size
increased. If population connectivity affected compatible
mate availability, we would expect compatible mate availabil-
ity to increase with increasing connectivity.

Pollen limitation

Twenty-five pairs of flowering rosettes were located within
each population. To each pair, we randomly assigned each
plant to one of two pollination treatments: open pollination
and open pollination plus a pollen supplement. For each
inflorescence, we marked a group of five receptive florets and
removed the adjacent florets so the pollinated florets could be
relocated. Open-pollinated inflorescences were naturally
pollinated. In the second inflorescence of each pair, five florets
were exposed to pollinators and also received bulk pollen from
five randomly chosen donor plants. In small populations,
pollen donor plants were sometimes used more than once
within a bulk treatment because of the limited number of
inflorescences available. Five weeks later, the florets were
collected and scored as either filled or unfilled. Again, we
estimated the proportion of seeds produced for supplemented
and unsupplemented inflorescences to describe the probability
of encountering compatible mates within the population
regardless of resources available to produce the seed.

Mean percentage seed set for both pollination treatments
was calculated for each population. A two-way ANOVA was
used to test for variation in seed set between pollination treat-
ments and among populations and for a pollination X population
interaction. To test for pollen limitation in each population,
orthogonal contrasts were used to compare mean seed set in
open-pollinated and pollen-supplemented inflorescences. If
plants naturally received sufficient compatible pollen, then
percentage seed set in open-pollinated flowers should have
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Table 2 Summary of 12 Hymenoxys herbacea populations from the Bruce Peninsula, Ontario, Canada, surveyed in 2000 for population size
(N = total number of inflorescences), population connectivity, and several genetic parameters including number of polymorphic loci, Nei's

expected heterozygosity and Wright's fixation index

Population Population size (N) Connectivity (S)? NP° HS* Fd

1 39 0.02 2 0.11 -0.29
2 69 0.275 3 0.14 0.27
3 247 0.08 3 0.16 0.26
4 260 0.346 2 0.09 -0.15
5 522 0.519 3 0.16 0.17
6 574 0 3 0.15 0.13
7 592 0.497 4 0.12 0.09
8 783 0.356 2 0.08 -0.12
9 1562 0.232 2 0.1 0.13
10 52 813 0 4 0.16 0.46
11 482 739 0.003 3 0.11 0.21
12 885 274 0.008 3 0.17 0.16

s, = Z#i exp(—ocd,./.)A;?, where S; is the connectivity of patch i, o.is a scaling parameter for the effect of distance to migration (1/a.is the average
migration distance), dj; is the distance between patches i and j, A; is the area of patch j, and b is a scaling parameter of immigration as a function

of the area of patch j. Population connectivity increases as S; increases.

bNumber of polymorphic markers of the nine allozyme loci sampled.

“Nei's (1978) expected heterozygosity calculated as a mean across nine allozyme loci per population.
dWright's (1978) fixation index (Fs) calculated across nine allozyme loci per population.

been equal to seed set in the pollen supplement treatment.
Plants were considered pollen-limited when seed set in pollen-
supplemented flowers significantly exceeded the open-
pollinated treatment. A pollen limitation index (PLI) was
calculated as:

— seed set

suppl Open)/seed set

(seed set suppl
which may range from —1 (no limitation) to 1 (complete). If
PLI < 0, supplemented florets had lower seed set than open-
pollinated florets and this suggests that supplemented florets
were exposed to a more limited diversity of pollen donors than
open-pollinated florets (Young & Young, 1992). Alternatively,
reduced seed production with increased pollen load may also
be the result of pollen removal or stigma damage by pollen
consumers (Young & Young, 1992). To test the prediction
that the magnitude of pollen limitation is related to
population size, population connectivity, mate availability,
and/or insect visitation rates, we used a linear multiple
regression model with an AIC approach to model selection
with PLI as the dependent variable and /V, S, mate availability,
and insect visitation as independent variables. Here we
expected that small, isolated, mate- and insect-depauperate
populations would exhibit high PLI, whereas the opposite
characteristics would describe populations exhibiting low PLL

Results

Population size and connectivity

Population size averaged 118 789.5 flowering plants (geometric
mean = 1753.7) and ranged from 39 (population 1) to 885 274
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flowering individuals (population 12) (Table 2). Population
connectivity averaged 0.19 and ranged from 0 (populations 6,
10) to 0.52 (population 5). Population size and connectivity
did not covary (Pearson’s r=—0.11, P=0.37, n=12).

Insect visitation

Eight families of insects were represented in the pollinator
survey, including Hymenoptera, Diptera, Lepidoptera, Neuroptera,
Homoptera, Hemiptera, Coleoptera, and Orthoptera. The
total number of insect visits per inflorescence per 30 min
averaged 0.66, and ranged from 0 to 5.53 visits per plant per
30 min observation period. Given that populations varied
in rates of insect visitation, we then evaluated whether
population size, local inflorescence density, and connectivity
could account for variability in insect visitation rates.

Population size was the single most important predictor of
insect visitation rate (Table 1). Insect visitation rate decreased
with increasing population size (B = —0.468, P< 0.05, Fig. 1).
This model received approx. seven times more support than
the next best model, which included population size and
connectivity (i.e. based on the ratio of w,/w.=0.673/0.092).
Further, models predicting insect visitation that included plant
density had even less support. Therefore, insect visitation was
apparently most influenced by population size.

Isozyme diversity

Every population was variable for at least one isozyme locus,
with an average of 1.33 alleles per locus. The percentage
of polymorphic loci ranged from 11.1 to 44.4%, with a
population mean of 30.8%. Nei’s (1978) expected heterozygosity
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Fig. 1 The relationship between population size (log-transformed)
and average insect visitation rate (number of visits by insects per
30 min period) for 12 populations of Hymenoxys herbacea. (Bee
visitation rates = —0.962 + 4.488 log,,(N)~", P = 0.005). Population
identification numbers are as in Table 2.

(H,) varied among populations from —0.29 (population 6) to
+0.46 (population 4), with no value > 0.5, and averaged 0.20
(SE =0.08). A Mantel test revealed that geographic distances
were not significantly correlated with genetic divergence
among populations (»=-0.0825, P= 0.68) so IBD was not an
appropriate explanation for the patterns of putatively neutral
genetic diversity across populations. Further, these populations
exhibited low rates of inbreeding (Fs=0.11), moderate
genetic differentiation (FS = 0.30), and a moderate amount of
gene flow among populations (N = 0.5755; Nei, 1978).

In our analysis of genetic diversity, both population size
and connectivity were important predictors of the percentage
of polymorphic loci (P, Fig. 2, Table 1). Allozyme diversity
increased significantly with increasing population size (3 = 0.079,
P<0.001) and connectivity (B =0.191, < 0.05, Fig. 3, Table 1).
Because the patterns are consistent across metrics of genetic
diversity, we present the graphical results associated with 4,
AP, and H),in Fig. S1. The pattern of genetic diversity across
populations is consistent with patterns expected with genetic
drift. Further, an index of connectivity was a better predictor
of patterns of allozyme variation than a simple IBD model.
This is apparently another example where true population
interconnectivity cannot be accurately predicted by simple
nearest neighbor distance (Moilanen & Nieminen, 2002).

Compatible mate availability

Opverall, the mean percentage of cross-pollinations that were
compatible, and therefore mate availability within populations,
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Fig. 2 Partial regression plots of genetic diversity (% polymorphism,
P) and standardized population size for 12 populations of Hymenoxys
herbacea. Connectivity was incorporated into the regression analyses
but was not shown here for simplicity of presentation. Population
identification numbers are as in Table 2; additional results are
available in Supplementary Material (Fig. S1).
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Fig. 3 The partial regression of compatible mate availability (see
‘Mating-type diversity' for methods of estimation) and standardized
population size for 12 populations of Hymenoxys herbacea.
Connectivity was incorporated into the regression analyses but was
not shown here for simplicity of presentation. Population
identification numbers are as in Table 2.

Standardized mate availability
(proportion of compatible crosses within a population)

was 33.5% (SE = 0.04). Population values ranged from 17%
(population 8) to 58% (population 10) and differed significanty
among populations (x> =23.7, d.f. = 11, P=0.02).

In the regression analysis of mate availability, population
size alone was the best model evaluated (Table 1). Compatible

New Phytologist (2007) 174: 915-925



922 "Research

mate availability increased with increasing population size
(B=0.172, P<0.001). This model received approx. 2.6 times
more support than the next best model, which included
both population size and connectivity. In this model, which is
still considered ‘good’ (AAIC. > 2, Burnham & Anderson,
2002), compatible mate availability increased with increasing
population size (B=0.172, P<0.001, Fig.3) and with
increasing connectivity (8 = 0.203, P= 0.24). Thus, compat-
ible mate availability was apparently influenced by population
size and connectivity, with population size having a stronger
influence.

Pollen limitation

Percentage seed set for pollen-supplemented plants averaged
47.5% (SE = 0.02) and ranged from 35% (population 1) to
59% (population 12), whereas seed set for open-pollinated
plants averaged 47.4% (SE =0.03) and ranged from 18%
(population 2) to 65% (population 4). Averaged across all
populations, there was no significant difference between the
two pollination treatments (ANOVA, treatment effect: F =011,
P=0.75). At the population level, one of the 12 populations
had significantly greater seed set after pollen supplementation
(41%) than after open pollination (18%) (population 2,
orthogonal contrast: F=5.1, P=0.02). The PLI, averaged
across all 12 populations, was 0.02 (SE = 0.06) and ranged
from —0.30 to 0.54. Although not significant, open-pollinated
florets had greater seed set than pollen-supplemented florets in
four populations.

There were four ‘good” models (AAIC - < 2) explaining var-
iation among populations for the PLI, according to the infor-
mation theoretic approach; each included one of the predictor
variables (population size, connectivity, compatible mate
availability and insect visitation). However, each of these
models fitted the data extremely poorly (according to the )
and no model performed significantly better than random
chance (i.e. > 0.05). This may be a result of the low PLI of
most populations.

Discussion

Reductions in seed set may arise under several ecological and
genetic scenarios, including resource limitation (Zimmerman
& Pyke, 1988), genic sterility (Horner & Palmer, 1995), and
insufficient compatible pollen deposition on stigmas (Larson
& Barrett, 2000; Knight ez al., 2006). The focus of this study
was to test the role of pollination in the limitation of seed
production in a rare plant, Hymenoxys herbacea. In cases of
rare organisms, population size may be the dominant factor
limiting plant fecundity by altering ecological and genetic
processes that influence pollination. Seed production in small
populations can be limited by insufficient pollinator visitation,
a form of Allee effect (Groom, 1998; Ehlers ez al., 2002). If
the plant is self-incompatible, the degree of pollen limitation
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may also increase as a result of genetic drift, which causes the
loss of self-incompatible alleles and hence compatible mating
types (Waites & Agren, 2004). These forces may collectively
result in pollen limitation, although they are rarely considered
simultaneously, and their relative contributions in natural
populations are poorly understood. Our results revealed that
population size was negatively correlated with insect visitation
(Fig. 1) and positively correlated with compatible mate
availability (Fig. 3). Perhaps because of these counteracting
effects of population size, the PLI was negligible in most
populations and not significantly correlated to the predictor
variables measured in this study.

Rates of insect visitation increased with decreasing popula-
tion size and were not correlated with population connectiv-
ity, and, ultimately, insect visitation was not a predictor of the
PLI. This result was at odds with our expectation, that larger
populations would attract more pollinators owing to their
larger floral displays. In a recent review (Ghazoul, 2005), only
one of nine studies measuring the association between popu-
lation size and insect visitation rates in self-incompatible
plants found a negative relationship. In the bee-pollinated
orchid, Calypso bulbosa, pollen export increased with decreasing
population size (Alexandersson & Agren, 1996), suggesting
that the frequency of visits per flower had increased. One
explanation for such negative correlations is that pollinator
populations are small and therefore spread their pollination
services across more individuals or flowers in large plant
populations.

Populations of H. herbacea varied widely in genetic diver-
sity. The overall magnitude of diversity is similar to the means
for other perennial herbaceous plants (2= 39.3%) and out-
crossing, animal-pollinated species (P=35.9%) but slightly
higher than other endemic species (P=26.3%) (Hamrick,
1990; Hamrick & Godt, 1990). Furthermore, diversity was
positively related to population size, suggesting that stochastic
processes causing the loss of alleles are detectable within the
range of population sizes we used. Since allozymes are believed
to be selectively near neutral (but see Hanski & Saccheri,
20006), this effect should be readily observable with sufficient
sampling. Several studies report a significant positive relation-
ship between N and various measures of neutral diversity
(Ellstrand & Elam, 1993; Prober & Brown, 1994), particularly
in self-incompatible species (Severns, 2003; Willi & Fischer,
2005). The signature of genetic drift in H. herbacea suggests
stochasticity in small populations may affect compatible mate
availability and other genetic variants under selection.

Mate diversity, measured as the proportion of compatible
crosses, ranged from 17 to 58% per population and averaged
33.5%. Given that most pollen dispersal will occur within
limited distances, this likely overestimates the diversity of
mates experienced by plants (Moran Palma & Snow, 1997).
Even with that upward bias, the value is lower than compati-
ble mate availability of other H. herbacea populations (De
Mauro, 1993), where 58% of within-population crosses were
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compatible. In addition, compatible mate availability was
strongly correlated with population size, a result consistent
with the prediction that, as N decreases, the loss of mating-
type diversity through genetic drift should also increase (Byers
& Meagher, 1992). While this pattern has been demonstrated
in heteromorphic self-incompatible plants (Husband & Bar-
rett, 1992; Eckert et al, 1996; Barrett & Husband, 1997;
Brys et al., 2004; Waites & Agren, 2004), to our knowledge,
the negative effect of population size on self-incompatible
allele diversity in homomorphic self-incompatible plants has
not been detected (but see Byers (1995) and Paschke ez 4/.
(2002) for attempts to detect these effects). This explains why
extremely small populations of H. herbacea, such as the
Illinois population described by De Mauro (1993), lose all
compatible mate availability and produce no seed. Descriptions
of variation in self-incompatible diversity among populations
are relatively scarce (but see Waites & Agren, 2004) and our
study provides valuable insight into mate limitation in
endemic species such as H. herbacea.

The PLI, measured as the proportional increase in seed set
after the addition of pollen, to open-pollinated florets was low
(0.08) compared with other angiosperm species (Larson &
Barrett, 2000: mean = 0.40; Knight ¢z 4/, 2006: mean = 0.21)
and compared with self-incompatible plants, specifically (Knight
et al., 2006: mean = 0.59). There is likely a publication bias
against low PLI values, a possible explanation of our relatively
low estimate (Knight ez 4/, 2006). However, the low PLI esti-
mates in our study are comparable to other PLI studies of H.
herbacea. In one large US population of H. herbacea (Marble-
head Quarry), pollen supplementation elevated seed set only
7% above open-pollinated values, a nonsignificant difference
(#test: tye_ 5, = 0.23, P> 0.5; De Mauro, 1993). In our study,
open-pollinated florets tended to have higher seed set than
pollen-supplemented florets; this may reflect heterogeneity in
pollination conditions among plants within a population,
perhaps through stochasticity in either insect visitation or
sampling of mating types. These results reinforce the importance
of high pollinator activity in small populations where compatible
mate availability may be limited and suggest there are salient
features of this species or its habitat associated with a low PLL

We expected population size to influence the PLI through
its effect on pollinator activity and stochastic loss of mating
types. However, the populations we examined exhibited little
variation in PLI and no detectable relationship with popula-
tion size. Apparently, even in small populations, plants receive
sufficient compatible pollen for maximum seed production
(set by resources). High insect visitation in small populations may
have compensated for the effects of lower self-incompatible
allele diversity. Excess pollination would ensure that each
plant receives some pollen from a compatible donor. This is
consistent with the results of a recent study by Waites & Agren
(2004), who found that although the amount of incompatible
pollen deposited on stigmas was high (73-98%), seed set
increased with increasing pollen transfer. Second, our smallest
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populations may not be small enough to be truly mate-limited.
Mate diversity within a population was significantly related to
population size. However, most populations are apparently not
so limited in compatible mate availability that reproduction is
reduced drastically. The population sizes of H. herbacea have,
in general, not reached a threshold value, below which it is
impossible to maintain self-incompatible allele diversity. Because
we did not observe complete seed set in pollen-supplemented
plants, resource limitation may be a more important factor,
currently, than pollen limitation for ensuring reproductive
success of H. perbaceain Canada (Zimmerman & Pyke, 1988).

Hymenoxys herbacea is a rare endemic of the Great Lakes
and has been a target of North American conservation initia-
tives. For many plant species, habitat loss and fragmentation
have led to greater population isolation and lowered pollina-
tion success within such isolates (Groom, 1998). Here, we
found that most of the Bruce Peninsula populations were not
pollen-limited. Under the current resources, populations
have adequate pollinator activity and compatible mate avail-
ability to ensure seed set. However, should the size of these
populations of H. herbacea become smaller, pollen limitation
could increase. Our results suggest that mate limitation is
more likely to limit fecundity in small populations of self-
incompatible plants than pollinators.
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