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Abstract Clonal growth can increase not only floral dis-
play but also geitonogamy and may affect sexual
reproduction both positively and negatively. A clonal
woody species, Prunus ssiori, was partially self-incompat-
ible according to a pollination experiment. Its main
pollinators, bumble bees, were often observed to consecu-
tively visit inflorescences within a tree. Clone identification
revealed that its genets formed mutually exclusive patches.
These features suggest frequent geitonogamous pollination.
In a 6.24-ha plot, 212 trees belonged to 59 genets, and 42
genets consisted of a single tree, whereas the rest contained
two or more clonal trees. The largest genet had 65 trees and
occupied 0.4 of a hectare. Fruit set was measured in 127
inflorescences sampled from nine maternal trees at the
center of the plot. Paternal genets of 107 of their 300 seeds
were assigned in the plot using microsatellites. There were
no selfed seeds. Male reproductive success (the probability
that individual trees of each genet sired a seed) increased as
tree size increased, as the distance between the trees and
maternal trees decreased, when the genet did not contain the
maternal trees, and when the genet consisted of a single tree.
Female reproductive success (fruit set in individual inflo-
rescences of each maternal tree) increased as the within-tree
geitonogamy index, which reflected the frequency of pol-
lination within the maternal tree, decreased. These results
suggest that clonal growth reduces male reproductive suc-
cess, at least, in P. ssiori, because of pollen discounting.
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Introduction

Most clonal plants can also reproduce sexually and
regenerate through seedlings. In such clonal plants, a spa-
tial clonal structure resulting from the clonal growth
strategy affects the distribution of flowers in genets that
consist of genetically identical ramets originating from
individual seedlings. The clonal growth strategy has been
categorized into two extreme types along a continuum of
clonal growth forms (Lovett Doust 1981): in the phalanx
type, ramets are connected with short internodes and clo-
sely spaced, and genets form a clumped distribution of
discrete clonal patches; on the other hand, in the guerrilla
type, ramets are connected with long internodes and widely
dispersed, and genets form an intermingled pattern of
fragmented clonal patches. The abundance and distribution
of flowers within a genet and the spatial patterns of floral
patches of different genets can influence mate availability
and pollinator behavior (Charpentier 2001). Thus, the
clonal growth strategy has a potential impact on mating
patterns and may affect reproductive success both posi-
tively and negatively (Handel 1985).

A negative effect of clonal growth on reproductive
success is geitonogamy, i.e., self-pollination between
flowers within a genet (Eckert 2000). Geitonogamy may
result in pollen and ovule discounting and can reduce male
and female reproductive success, respectively, in both
self-compatible and self-incompatible plants (Waser and
Price 1991; Harder and Barrett 1995). In self-incompatible
plants, geitonogamy may lead to the wastage of pollen
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deposited on incompatible stigmas and stigma clogging by
incompatible pollen, resulting in reduced fertilization. In
self-compatible plants, geitonogamy can increase the sel-
fing rate and the risk of inbreeding depression. The phalanx
form of clonal growth is more likely than the guerrilla form
to suffer from geitonogamy (Charpentier 2001). On the
other hand, a positive effect of clonal growth on repro-
ductive success is floral display, which attracts pollinators
and increases mating opportunities (Klinkhamer et al.
1989). Pollinators may recognize floral display in various
spatial scales, which can correspond to spatial aggregations
of flowers within inflorescences, ramets, and genets. If
pollinators respond to floral abundance in a large spatial
scale, as in genets (Thompson 2001), clonal growth will
increase pollinator visits and reproductive success (Kato
and Hiura 1999). Therefore, clonal growth potentially has
both positive and negative effects on reproductive success
owing to floral display and geitonogamy, respectively.

After Charpentier (2001), some empirical studies
investigated the relationship between clonal growth and
reproductive success (Reusch 2001; Routley et al. 2004;
Wang et al. 2005; Wilson et al. 2005; Clark-Tapia et al.
2006; Trapnell and Hamrick 2006). These studies often
demonstrated that female reproductive success decreased
with clonal growth due to geitonogamy but rarely exam-
ined male reproductive success using molecular markers.
In a self-compatible species of marine eelgrass, clonal
dominance reduced the outcrossing rate (Reusch 2001). In
self-incompatible species, paternity of seeds has been
investigated. In a domestic apple species, the siring rate per
genet did not increase linearly with the number of clonal
trees, which supports the idea that male reproductive suc-
cess of individual trees decreases due to clonal growth
(Routley et al. 2004). In an epiphytic orchid species, both
male and female reproductive success decreased in genets
with too few flowering ramets, probably due to their small
floral display, and in genets with too many flowering ra-
mets, possibly due to geitonogamy (Trapnell and Hamrick
2006). These two studies, however, ignored some factors
affecting male reproductive success, such as the distance
from females to males and the size of male plants, which
have been considered in pollination models recently
(Smouse and Sork 2004).

Prunus ssiori Fr. Schm. (Rosaceae) is a woody clonal
species that can reproduce both sexually by hermaphrodite
flowers and asexually by sprouting from secondary roots
(Ogawa et al. 1999). Genets of this species formed mutually
exclusive patches that reached more than 50 m in diameter
(Nagamitsu et al. 2004), indicating clonal growth in the
typical phalanx form. In addition to the clonal growth form,
the number of trees in individual genets varies from a single
tree to more than 30 within a population in 2.3 ha (Na-
gamitsu et al. 2004). These features of clonal structure are
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suitable for examination of the effects of clonal growth on
reproductive success. In the genus Prunus, many micro-
satellite markers can be used to estimate paternity with
accuracy (Testolin et al. 2000; Dirlewanger et al. 2002). The
microsatellites enable the evaluation of male reproductive
success using paternity assignments.

Our objective in this study is to examine the effects of
clonal growth on both male and female reproductive suc-
cess. The reproductive success was measured in terms of
the male fertility of individual trees and fruit set in indi-
vidual inflorescences, which can be regarded as
reproductive efficiency per plant module. To accomplish
the objective, our study proceeded through four steps.

e First, a pollination experiment and pollinator observa-
tions were carried out to confirm the mating and
pollination systems, respectively.

e Second, genets were identified using microsatellites,
and the spatial distribution of clones was described in a
plot.

e Third, paternity assignments of seeds and measure-
ments of fruit set were conducted to estimate male and
female reproductive success, respectively.

e Finally, the effects of clonal growth on reproductive
success were examined using statistical models includ-
ing some factors in pollination process.

Materials and methods
Pollination experiment

In 2003, a pollination experiment was conducted in the
arboretum of the Forestry and Forest Products Research
Institute in Sapporo (43°0’'N, 141°24'E, 140 m altitude).
Twelve trees of four genets were planted in the arboretum.
Among these, four trees were selected from the different
genets. Bag, self, and outcross treatments and a control
were assigned to four inflorescences sampled from each
tree selected. In late May, the number of flower buds was
counted in each of the 64 inflorescences sampled, and then
these inflorescences were enclosed in fine-mesh nylon bags
to prevent any pollinator visits to their flowers. After the
flowers began to open, the bags were removed in the
control during the flowering period in early June. In the self
and outcross treatments, flowers were pollinated using a
soft brush with pollen obtained from the same tree and
from the three other trees, respectively, on 2—11 June. In
these treatments, the bags were removed immediately after
flowering finished. The number of mature fruits was
counted in each inflorescence in late July, and fruit set was
measured in terms of the ratio of the number of mature
fruits to the number of flower buds.
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Fruit set obtained from the pollination experiment was
analyzed using a linear logistic mixed model (Crawley
2005). The model included the fixed effects of the treat-
ments and control and the random effects of inflorescences.
The fixed-effect term in a linear predictor of the model was
a categorical variable of four levels of the treatments and
control. The random effect term was a random variable
following the normal distribution that represented the
individuality of each inflorescence. In order to examine
differences in fruit set among the treatments and control,
the best model was explored over all models under 15
possible groupings of the four levels using Akaike’s
information criteria (AIC) (Burnham and Anderson 2002),
defined as AIC = —2log(L) + 2K, where log(L) is the
maximized log likelihood and K is the number of param-
eters in the model. Fruit set was identical in the levels that
were grouped but different in the levels that were not
grouped. Because the model is a member of the generalized
linear mixed model (GLMM), the parameters were esti-
mated using the glmmML package in R (R Development
Core Team 2005). The package seeks the maximum like-
lihood estimates of the parameters for the fixed effects and
the standard deviation of the random effects.

Study plot and tree survey

A plot (240 x 260 m, 6.24 ha) was established in a cool-
temperate deciduous broad-leaved forest in the Tomakomai
Experimental Forest, Hokkaido University (42°43'N,
141°34'E, 90 m altitude). At the center of the plot, there is
a crane system with a 25-m tall tower, a 41-m long jib
covering a circular area of 0.53 ha, and a gondra hung from
the jib that enables access to the forest canopy. In the plot,
all P. ssiori trees more than 100 mm in diameter at breast
height (dbh) were mapped because they potentially pro-
duced flowers in the forest. Their dbh (mm) was measured
in May 2003.

Pollinator observation

Flower visitors were observed in a 5 x 5-m area of the
crown surface of P. ssiori trees using the crane system
between 7:00 and 14:00 on 16 June and between 8:00 and
13:00 on 17 June in 2003. The number of insect visits to
inflorescences was counted, and their taxonomic group was
recorded. In order to describe pollination distance by main
pollinators, the distance between their consecutive visits to
inflorescences was observed. When a pollinator visited an
inflorescence observed, its flight to the next visit to another
inflorescence was traced, and the distance of the flight was
recorded in terms of eight distance classes, 0-1, 1-2, 24,
4-6, 6-8, 8-10, 10-15, and >15 m. Whether the flight was
within a tree or between trees was also recorded.

Sampling and microsatellite genotyping

Shoots with fresh leaves or buds were collected from all the
trees mapped in the plot in 2003. Nine maternal trees
accessible from the crane system were selected at the
center of the plot. In June 2003, 1215 inflorescences were
sampled from each of the nine maternal trees, and the
number of flowers was counted in each of the 127 inflo-
rescences sampled. In August 2003, these inflorescences
were collected to count the number of mature fruits, and
fruit set was measured for each inflorescence. In P. ssiori, a
flower with two ovules becomes a mature fruit with a
single seed. A total of 300 seeds were sampled from the
mature fruits collected, namely, 40 seeds from each of six
maternal trees and 20 seeds from each of three maternal
trees.

Total DNA was extracted from fresh leaves or buds of
the trees mapped using the FastDNA Kit (Q-BIOgene,
Irvine, CA, USA) and from embryos of the seeds sampled
using PrepMan Ultra (Applied Biosystems, Foster City,
CA, USA).

The genotypes of the trees and seeds were determined in
eight microsatellite loci developed in P. persica: UDP96-
008, UDP97-403, UDP98-408, UDP98-410, and UDP98-
412 (Testolin et al. 2000), and BPPCT001, BPPCT002, and
BPPCT014 (Dirlewanger et al. 2002). Polymerase chain
reactions (PCR) were carried out in 15 pL. of a mixture
containing 2.5 mM MgCl,, 0.5 units of AmpliTaq Gold
DNA polymerase in a GeneAmp PCR Gold buffer
(Applied Biosystems), 0.4 pM of each primer, 0.2 mM of
each dNTP, and approximately 10 ng of template DNA,
using a PTC-200 thermal cycler (Bio-Rad, Hercules, CA,
USA) programmed for 9 min at 95°C followed by 30
cycles of 30 s at 95°C, 30 s at an optimized annealing
temperature, and 45 s at 72°C. The length of the PCR
products was measured using an ABI PRISM 3100-Avant
genetic analyzer and Genescan analysis software (Applied
Biosystems).

Genet identification and paternity assignment

A genet was defined as a group of tree(s) with identical
genotypes in the eight microsatellite loci. Genetic param-
eters for the genet population in the plot were estimated
using F-STAT 2.9.1 (Goudet 1995).

Paternal genets of the 300 seeds genotyped were assigned
with the simple exclusion method using CERVUS 3.0
(Kalinowski et al. 2007). The maximum likelihood paternity
was also assigned with regard to genotyping error and un-
sampled fathers. The proportion of seeds for which paternal
genets were not assigned within the plot with the simple
exclusion method was regarded as the rate that fathers were
not sampled. Because the rate of genotyping error often
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ranged from 0.13% to 0.74% in microsatellites (Hoffman
and Amos 2005), a 0.5% genotyping error was assumed. The
maximum likelihood of paternity was obtained on the basis
of strict and relaxed A thresholds, which represented 95 and
80% confidence levels, respectively, by means of 10,000
randomization tests. The paternity of each seed was assigned
to the genet with the highest A scores that significantly
exceeded the A thresholds. The paternity determined with
the simple exclusion method was verified by the maximum
likelihood paternity and used in the following analysis of
male reproductive success.

Modeling of male reproductive success

A statistical model was constructed to evaluate the relative
ability of individual trees to sire a seed using the neigh-
borhood model (Burczyk et al. 2002) and a modified version
of it (Goto et al. 2006; Kitamoto et al. 2006). Although the
neighborhood models often include mating with unsampled
trees outside the plot, our model did not include it because
the properties of these trees were not observed. Our model
estimated the male fertility of individual trees from the
conditional probability that a paternal genet of each seed is
present in the plot. According to the definition of condi-
tional probability, it can be proved that an effect of the male
fertility of trees located outside the plot can be ignored if
this effect is identical for every tree in the plot. The
neighborhood models generally use the Mendelian segre-
gation probability of seed genotypes to calculate the
likelihood without assigning the paternity of the seeds, but
our model did not use it because their paternity had been
assigned already in the previous step of our analysis.

The paternity of seed i of a maternal tree is assigned to
genet j, which contains tree k, i.e., tree k is an element of
the set of all trees of genet j (k € N;) (Fig. 1). It is assumed
that pollen dispersed from tree k of genet j fertilized seed i
with probability proportional to a non-negative variable f;j
representing the male fertility of individual trees. The
probability o;; that genet j sires seed i is derived as the total
fertility over all trees in genet j normalized by the total
fertility over all trees of all genets in the plot:

o=y fik | D D fiws (1)

keN; Ny EN KEN;

where N is the set of all genets in the plot. Four factors are
assumed to determine male fertility f;;, as follows:

fi = Tfo exp(f Dix) exp(Bo1i) exp(B3G;), (2)

where {f, ..., B3} are parameters to be estimated (Fig. 1);
tree size T} is the dbh (mm) of tree k; distance D;; is the
horizontal distance (m) between the maternal tree of seed i
and tree k; genetic identity /;; is 1 if the maternal tree of
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Fig. 1 Variables in a modified neighborhood model of male repro-
ductive success. Tree k belongs to genet j. Tree k' and a maternal tree
of seed i belong to genet j'. Tree sizes Ty and Ty are the dbh (diameter
at breast height) of trees k and K/, respectively. The distances from the
maternal tree of seed i to trees k and k" are Dy, and D;y, respectively.
Clonal growth G; of genet j is 0 because genet j consists of a single
tree, and Gy of genet j’is 1 because genet j' contains two or more
trees. Siring probability ¢;; or g7 indicates the probability that genet j
or j/, respectively, sired seed i. Genetic identity [; between the
maternal tree of seed i and genet j is 0, because the maternal tree does
not belong to genet j, and /;; is 1, because the maternal tree belongs to
genet j

seed i belongs to genet j and 0 otherwise; and clonal growth
G; is 1 if genet j contains two or more trees and O if it
consists of a single tree.

Parameters {f, ..., f3} represent the effects of the four
factors on the male reproductive success of individual trees.
Parameter f, is the effect of tree size, which reflects the
floral display in the crown scale and geitonogamy within a
tree. Parameter f3; indicates the effect of distance on pollen
dispersal. Parameter f3, is the effect of genetic identity on
seed production, which depends on self-incompatibility,
selective abortion, and inbreeding depression during
embryo development. If P. ssiori shows complete avoid-
ance of selfing, f3, is negatively infinite, and if it is more
self-compatible, f3, increases. Parameter f3; is the effect of
clonal growth, which represents the floral display in the
genet scale and geitonogamy between trees within a genet.
If the male reproductive success of individual trees is larger
in genets with two or more clonal trees than in genets with a
single tree, fi3 is positive; otherwise, it is negative.

The likelihood equation was defined as a product of
siring probability ¢; over the set of all seeds whose
paternity was determined (i € O):

L(Bo, -- -, B3) :Haij(/307~o-vﬂ3)- (3)
ic0

The maximum likelihood estimates of parameters
{Po, ..., B3} were obtained by maximizing the likelihood
defined above. The likelihood maximization was performed
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using the Nelder—-Mead algorithm (Press 1992) implemented
in Perl language. The AIC was evaluated for the full-model
with the four parameters and for sub-models with 14
possible subsets of the parameters (Burnham and Anderson
2002). Finally, the model with the smallest AIC value was
selected as the best model to predict the siring probability of
genets and the male fertility of trees.

Modeling of female reproductive success

Another statistical model was constructed to evaluate fruit
set in individual inflorescences. It was assumed that the
reception of pollen from trees adjacent to the inflores-
cences, which is called pollination index hereafter, affected
fruit set. The pollination index was calculated from the size
of the adjacent trees and the distance to them, which were
likely to affect the production and dispersal of pollen,
respectively. Because the pollination process had been
evaluated in the previous analysis of male reproductive
success, the estimates of parameters obtained from the best
model for male reproductive success were used to calculate
the pollination index. The pollination index was divided
into three components: the within-tree geitonogamy index
(pollination within a maternal tree), the among-tree geito-
nogamy index (pollination from other clonal trees), and the
xenogamy index (pollination from non-clonal trees in the
plot). The weighted sum of these pollination indices was
assumed to be a linear predictor of fruit set n; in inflores-
cence i with logit link function as follows:

T

log =70 + 11 Pi +120i + 13R;, 4)

1-— ;
where {7¢, ..., Y3} are parameters to be estimated; P; is the
within-tree geitonogamy index; (; is the among-tree
geitonogamy index; and R; is the xenogamy index for
inflorescence i. These pollination indices are defined as:

Pi=107 "1 Y LT,

jEN ke,

Qi =107 "1 (1 = L) T) exp(B, Din), (5)
JEN  ken;

Ri=107" Z (1—1Iy) Z T} exp(B, D),
jeN ken;

where genetic identities /;; and I;; are 1 if the maternal tree
of inflorescence i belongs to genet j and if inflorescence i
belongs to tree k, and O otherwise; the pollination indices
for inflorescence i are derived from tree size T; (mm) of
tree k of genet j (k € N;) and distance D;; (m) between the
maternal tree of inflorescence i and tree k and the estimated
parameters {fo, f1}.

Parameters {7y, ..., y3} represent the effects of the three
pollination indices on female reproductive success in

individual inflorescences. Parameter 7, is the effect of the
maternal tree size, which reflects not only geitonogamy
within a maternal tree but also floral display in the crown
scale. Parameter y, is the effect of clonal growth, which
represents geitonogamy between clonal trees within a genet
and floral display of clonal trees around the maternal tree.
Parameter y; is the effect of the reception of pollen from
non-clonal trees in the plot, which represents the local mate
availability for outcross pollination.

The model included the fixed effects of an intercept y,
and the three factors with parameters {y,, ..., 3} and the
random effects of individual inflorescences (Crawley
2005). The functional form of the model is equivalent to
that of the GLMM of the binomial family with a logit link
function. Thus, the parameters for the fixed effects and the
standard deviation of the random effects were estimated
using the glmmML package. The AIC was evaluated for
the full-model with the four parameters and for sub-models
with seven possible subsets of the parameters (Burnham
and Anderson 2002). Finally, a model that minimized the
AIC value was selected as the best model to predict fruit set
in individual inflorescences.

Results
Mating system

In the pollination experiment, the model with different fruit
sets for all the treatments and the control had the smallest
AIC value (Table 1). Fruit set in the bag treatment was the
smallest (0.06), followed by that in the self treatment
(0.15). Fruit set in the outcross treatment was the highest

Table 1 Fruit set estimated from linear logistic mixed models for a
pollination experiment in Prunus ssiori

Order Grouping AIC Treatment Control
Bag  Self  Outcross ©
(b) (s) (0)

(naive prob.)  (690) 0.08 0.17 0.51 0.33

1 (b)(s)(c)(0) 2079 0.06 0.15 0.57 0.31

2 (b + s)(c)0) 2125 0.10 0.10 0.57 0.31

3 (b)(s + c)(0) 214.0 0.06 022 0.57 0.22

4 (b)(s)(o +¢) 2158 0.06 0.14 044 0.44

5 (b +s)o+c) 2196 0.10 0.10 044 0.44

The “grouping” column indicates the grouping of four levels of
treatments and control; for example, “(b + s)(c)(0)” indicates that
the fruit sets in the bag and self treatments are identical but the others
are different. The “(naive prob.)” row enumerates the naive proba-
bility of fruit set that is defined as the proportion of the number of
fruits in the number of flowers in each level of treatments and control.
Rows are sorted in the order of smaller AIC values from the first to
fifth best models in all 15 possible groupings
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Table 2 Number of insect visits to inflorescences observed in a
5 X 5-m crown area of Prunus ssiori trees

Insect order Observation date Total
16 June 2003 17 June 2003
Hymenoptera 463 179 642
Bumble bees® 439 176 615
Other bees” 8 1 9
Wasps® 16 2 18
Diptera 75 23 98
Coleoptera 8 0 8
Lepidoptera 1 4 5
Total 547 206 753

? Group

(0.57). Fruit set in the control (0.31) was intermediate
between the self and outcross treatments. Because models
with the random effects had much smaller AIC values than
those without them, the individuality of each inflorescence
resulted in over-dispersion of the fruit set observed.

Pollinator behavior

Assemblages of flower visitors were similar between the
two observation dates (Table 2). Bumble bees (Bombus,
Apidae) were the most abundant (82%, n = 753), followed
by dipteran insects (13%), in particular, syrphid flies
(Syrphidae). Most bumble bees imbibed nectar and col-
lected pollen from several flowers while moving along
inflorescences.

The patterns of bumble bee flights between consecutive
visits to inflorescences were similar between the two
observation dates (Fig. 2). Most flights were within a tree
(89%, n = 607). Flights were the most frequent in the
shortest distance class (0—1 m, 54%), and the frequency of
flights gradually decreased as the distance increased. The
frequency of flights more than 15 m long was 9%.

Clonal and genetic structure

There were 212 trees with more than 100 mm dbh in the
6.24-ha plot (Fig. 3). The maximum and mean dbhs of the
trees were 517 and 175 mm, respectively. According to
microsatellite genotypes in the eight loci, the 212 trees
belonged to 59 genets. The probability that multilocus
genotypes were identical by chance was extremely small
(1.1 x 1077). Therefore, the possibility that different genets
had the same multilocus genotype could be ignored. Among
the 59 genets, 42 consisted of a single tree, whereas 17
contained two or more trees, in which the maximum and
mean numbers of clonal trees were 65 and 10, respectively
(Fig. 3). The genets with clonal trees had mutually exclu-
sive patches, and the largest one occupied 0.4 of a hectare.
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Fig. 2 Frequency distribution of flight distances of bumble bees
between consecutive visits to inflorescences of Prunus ssiori trees.
The numbers of flights within a tree and between trees are also shown

Nine maternal trees from which inflorescences were col-
lected belonged to two genets that consisted of 14 and 28
clonal trees.

In the 59 genets, 91 alleles were observed in the eight
loci, which ranged from 2 to 18 alleles over the loci. Nei’s
gene diversity Hg in individual loci was 0.717 on average
and ranged from 0.184 to 0.891. Wright’s fixation index
Fis in individual loci was —0.025 on average and ranged
from —0.105 to 0.034. The multilocus estimate of Fig was
not significantly different from zero (10,000 randomization
test, P = 0.088). There was no significant deviation from
Hardy—Weinberg equilibrium in any loci according to Fig
(P > 0.083). The estimated frequency of null alleles was
negative in all the loci, ranging from —0.065 to —0.009,
indicating that null alleles could be ignored.

Paternity assignment

The paternity exclusion probability was 0.995 over the
eight loci according to the genets in the plot. In the simple
exclusion method, the paternity of 300 seeds sampled from
the nine maternal trees was assigned to a single genet in the
plot for 107 (36%) seeds (Fig. 4) and to multiple genets in
the plot for 26 (9%) seeds, and the paternity of 167 (55%)
seeds was excluded from all genets in the plot. The max-
imum likelihood paternity of 76 and 159 seeds was
assigned to genets in the plot on the basis of strict (4.17)
and relaxed (0.81) A thresholds, respectively. In these



Popul Ecol (2009) 51:175-186 181
e
o Q ar e S o
< - e o o = e] <
[a\] S0 0 N
o
- a [+]
og 0
g g °
3 4 S
— o
£ 7 B
> g_ ; 8
8 = o L) E 8
- :
— o
o Q;
o
< 7 g @
N 1N 3
o s D) o ® ‘v @/
e T T T © O T T T T T T T T T T
0 40 80 120 160 200 240 0 40 80 120 160 200 240
0 0 O
x (m) 100 200 300 400 X (m) 100 200 300 400
dbh (mm) dbh (mm)

Fig. 3 Spatial distribution of Prunus ssiori trees in the study plot.
Circles show trees, and their sizes indicate the dbh (diameter at breast
height). Filled circles at the center of the plot show nine maternal
trees. Inflorescences of these maternal trees were collected to measure
fruit set and to assign paternal genets of their seeds. Contours
enclosing two or more trees indicate the ranges of genets with the
clonal trees. Trees that are not enclosed by the contours have no
clonal trees (i.e., genets with a single tree)

paternity assignments, there was no self-fertilization. The
simple exclusion method showed a consistent result with
the maximum likelihood assignments. The paternity of 76
seeds using the strict A threshold was identical to the subset
of the paternity of 107 seeds assigned to a single genet
using the simple exclusion, which was also identical to the
subset of the paternity of 159 seeds using the relaxed A
threshold. In the following analysis, the paternity of 107
seeds in the simple exclusion method was used (Fig. 4).

Male reproductive success

Among the five best models that predicted the siring
probability of genets and the male fertility of trees, the
signs of four parameters were consistent when the param-
eters were selected (Table 3). According to the four
parameters in the best model, the tree size had a positive
effect on the male fertility of individual trees (Table 3, tree
size fy), which increased in proportion to their dbh (mm) to
the power 0.85 (Fig. 5). The distance from maternal trees
had a negative effect (Table 3, distance f§;). For example,
the male fertility of trees at a 100 m distance from a

Fig. 4 Number of seeds sired by genets in the study plot. Paternal
genets of the seeds were assigned in the simple exclusion method.
Figures enclosed with contours indicate the number of seeds sired by
genets with two or more trees, and figures without enclosing contours
indicate those sired by genets with a single tree. Gray circles show
nine maternal trees, and their sizes indicate the dbh (diameter at breast
height) of the maternal trees. Their seeds were collected for paternity
assignment

maternal tree was 0.69 times as high as that of trees at
a 50 m distance from it. Male reproductive success
decreased substantially (by a factor of approximately 10~%)
when the maternal trees belonged to the same genet, i.e., in
the case of geitonogamy within a genet (Table 3, identity
f>). The male fertility of trees was lower in genets with two
or more trees than in those with a single tree (Table 3,
clonal growth f33), and the former was 0.44 times as high as
the latter (Fig. 5).

Female reproductive success

Fruit set in individual inflorescences was 0.071 on average
and ranged from 0.000 to 0.317 among the 127 inflores-
cences sampled from the nine maternal trees. According to
the parameters (5, = 0.85, f; = —0.0074) estimated from
the best model for male reproductive success, a model with
three parameters, i.e., an intercept and two geitonogamy
indices, was the best at predicting fruit set in individual
inflorescences (Table 4). The individuality of each inflo-
rescence resulted in variation in the intercept, the standard
deviation of which was 0.99-1.02.
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Table 3 Parameter estimates and AIC values in modified neighborhood models for male reproductive success

Order Model AIC Parameter estimate
Tree size (Bo) Distance (f3) Identity (f») Clonal growth (f3)
1 (Bos Bi1s B2s B3) 609.0 0.85 —0.0074 -16.8 —-0.81
2 B, B B3) 609.8 - —0.0071 —16.5 —0.69
3 (Bos P2, B3) 613.8 0.78 - —15.6 —0.58
4 (B2, B3) 614.1 - - -17.6 —0.50
5 B1, P2) 615.4 - —0.0048 —18.8 -
The “~” symbols indicate parameters excluded from the models. Rows are sorted in the order of smaller AIC values from the first to fifth best

models in 15 models with all possible parameter combinations

No. of seeds sired by genet (per tree)

++
o e etm etomidH + o o o
T 1 T T T
100 150 200 250 300

Mean dbh (mm) of trees of genet

Fig. 5 Effects of the mean dbh (diameter at breast height) of trees
that belong to a genet on the number of seeds sired by the genet per
tree. The number of seeds sired by individual genets was divided by
the number of trees of the genets to evaluate the male fertility of
individual trees. The numbers of seeds of nine maternal trees were
summed. Circles show paternal genets with a single tree, and crosses
show paternal genets with two or more trees. Curves indicate values
expected in a typical genet, which were estimated from the
parameters of the best model (Table 3). The typical genet j does
not contain the maternal trees of seed i (/; = 0) and the mean
distances between the maternal trees and tree k of genet j
(Djy, = 77.2-89.3 m). Solid and broken curves indicate genet j with
a single tree (G; = 0) and ten trees (the mean size of genets with
clonal trees; G; = 1), respectively. The expected number of seeds
sired by genet j was obtained from a product of siring probability o;;
and the number of seeds whose paternity was assigned in each
maternal tree (1-26)

In the best five models, reception of pollen within
maternal trees and from its clonal trees had negative effects
on fruit set when the parameters were selected (Table 4,
within-tree and among-tree geitonogamy indices y; and )5,
respectively). The within-tree geitonogamy index ranged
from 0.10 to 0.20. In the best model, fruit set in an inflo-
rescence with the smallest index was 2.53 times as high as
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that with the largest index (Fig. 6). The among-tree gei-
tonogamy index ranged from 1.04 to 2.35. The index varied
mainly between two maternal trees in one genet and seven
in the other genet (Fig. 7) because the number of clonal
trees in these two genets was different (14 and 29) (Fig. 3).
In the best model, fruit set in an inflorescence with the
smallest index was 1.85 times as high as that with the
largest index (Fig. 7). The xenogamy index, the reception
of pollen from trees of other genets, which ranged from
7.30 to 8.70, varied less than the former geitonogamy
indices. Probably because of its small variation, its effect
on fruit set was excluded from the best model, and the sign
of its parameter was inconsistent among the second, third,
and fourth best models (Table 4, xenogamy index y3).

Discussion

Our pollination experiment in an arboretum demonstrated
that fruit set in the bag and self treatments was positive but
lower than that in the outcross treatment (Table 1). In
another study (Niwa 1999), the bag treatment resulted in a
positive fruit set (0.06). These findings indicate the potential
of autogamy and partial self-compatibility in P. ssiori. The
genus Prunus is well known to have gametophytic self-
incompatibility with the multi-allelic S locus, but there are
self-compatible phenotypes with non-functional § alleles
(Ushijima et al. 2004). Such self-compatible factors may be
responsible for the positive fruit set in the bag and self
treatments (Porcher and Lande 2005). Although contami-
nation by outcross pollen during the treatments could have
caused the positive fruit set, the contamination was unlikely
to result in fruit set as high as the ratios observed in the
pollination experiment (0.06 and 0.15). Our paternity
assignment in the plot, however, showed no selfed seeds.
This result suggests selective fertilization with outcross
pollen, selective abortion of selfed embryos, and inbreeding
depression during embryo development when both self and
outcross pollen are available (Lloyd 1992; Burd 1998;
Hufford and Hamrick 2003).
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Table 4 Parameter estimates and AIC values in linear logistic mixed models for female reproductive success

Order Model AIC Parameter estimate
Intercept (y¢) Within-tree Among-tree Xenogamy
geitonogamy index (y;) geitonogamy index () index (y3)
1 (o, 715 72) 340.9 —0.62 —9.64 —0.50 -
2 Vo, V1> 73) 342.4 —4.82 —13.23 - 0.48
3 o, V1» V2, V3) 342.8 0.13 -9.11 —0.57 —0.09
4 (o, 72, 73) 344.1 4.15 - —1.09 —0.65
5 (o, 1) 3445 —1.16 —12.66 - -
The “~” symbols indicate parameters excluded from the models. Rows are sorted in the order of smaller AIC values from the first to fifth best
models in eight models with all possible parameter combinations
.
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Fig. 6 Effects of within-tree geitonogamy index on fruit set in
individual inflorescences of nine maternal trees. Within-tree geito-
nogamy P; for inflorescence i was obtained from the size of maternal
trees with inflorescence i. A curve indicates the values expected from
the estimated parameters of the best model (Table 4) in typical
inflorescence i with the mean of the among-tree geitonogamy index

(Qi = 1.96)

The main diurnal pollinators of P. ssiori seemed to be
bumble bees in the plot, because of their abundance in the
daytime and behavior on its flowers (Table 2). Their flights
between consecutive visits to inflorescences were frequent
in short distances within a tree, and the frequency of flights
decreased with increasing distance (Fig. 2), which is
common in bumble bees (Nuortila et al. 2002). Thus,
bumble bees frequently transfer pollen within a tree, and
the frequency of pollen dispersal decreases as the distance
increases. Such pollen dispersal predicted from the flight
pattern is consistent with the negative effect of distance on
male fertility estimated from our model for male repro-
ductive success (Table 3). On the other hand, pollen
dispersal over long distances did occur in P. ssiori because

Among-tree geitonogamy index

Fig. 7 Effects of the among-tree geitonogamy index on fruit set in
individual inflorescences of nine maternal trees. The among-tree
geitonogamy Q; for inflorescence i was obtained from the size of
clonal trees and the distance to them from maternal trees with
inflorescence i. A curve indicates the values expected from the
estimated parameters of the best model (Table 4) in typical inflores-
cence i with the mean of the within-tree geitonogamy index
(P; = 0.15)

bumble bees potentially travel over several kilometers
(Cresswell et al. 2000) and carry pollen over to flowers
during a foraging trip (Cresswell et al. 1995). Consistently,
more than half of the seeds collected from maternal trees at
the center of the plot with 240 and 260 m sides were likely
to have paternal genets outside the plot. This result indi-
cates that most pollination distances were longer than
100 m. In P. mahaleb, which is also pollinated by bumble
bees, in an isolated habitat where almost all pollination
events could be observed, the average pollination distance
was 125 m (Garcia et al. 2005). This evidence is consistent
with the result in P. ssiori.

The somatic mutations during clonal growth suggested
to occur in another P. ssiori population (Nagamitsu et al.
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2004) were not observed in the plot. Wright’s fixation
index Fis of genets in the plot was not significantly dif-
ferent from zero. These findings suggest that all genets in
the plot originated from seedlings and had been randomly
mating with each other. Some genets had many clonal
trees, but most genets consisted of a single tree, which is
similar to the results of our previous study (Nagamitsu
et al. 2004). Because clonal propagation in P. ssiori was
observed only in trees more than 70 years old (Ogawa
1997), the presence of genets with a single tree suggests
that seedling recruitment has occurred recently.

The spatial distribution of clonal trees in the plot
showed mutually exclusive patches (Fig. 3), as observed in
our previous study (Nagamitsu et al. 2004). These findings
confirm the phalanx form of clonal growth in P. ssiori.
Phalanx clonal growth is likely to facilitate geitonogamy
within a genet (Charpentier 2001) whereas the patchy
aggregations of clonal trees seem to provide floral display
over the scale of tree crowns.

Our models fitted to the paternity of seeds showed that
the male fertility of individual trees was lower in genets
with clonal trees than in genets with a single tree (Table 3;
Fig. 5). This result indicates a siring advantage of trees in
genets without clonal growth. This evidence suggests that
pollen discounting due to geitonogamous pollination
between clonal trees reduces male reproductive success,
which has been demonstrated in a few clonal plants
(Routley et al. 2004; Trapnell and Hamrick 2006). In
addition to the negative effect of genet size (clonal
growth), there was a positive effect of tree size (ramet
growth) on male fertility (Table 3; Fig. 5). These con-
trasting effects of plant growth between genets and ramets
were not examined in the previous studies.

Floral aggregations in clonal patches may make pollin-
ators frequently forage within the patches, waste pollen on
self-pollination, and rarely bring pollen out of the patches.
Such pollinator behavior is consistent with the foraging
behavior of main pollinators, i.e., bumble bees. They can
adjust turning rates and flight distances according to the
floral density so that they quickly leave patches with few
flowers and stay long in patches with many flowers
(Cresswell 1997). Large patches of clonal trees seem to
provide enough rewards to fill the crops of foragers. Thus,
bumble bees may forage on a single genet during each
foraging trip. Consistently, radar-tracked bumble bees
often exhibited strong site fidelity and frequently traveled
to a single destination for each trip (Osborne et al. 1999).

In contrast to geitonogamy, floral display is expected to
attract pollinators and positively affect reproductive suc-
cess (Charpentier 2001). The positive effect of tree size on
the male fertility of individual trees suggests that floral
display in the scale of tree crowns affects male reproduc-
tive success. Bumble bees can respond to floral display in
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various spatial scales, such as inflorescences, tree crowns,
and aggregations of flowering trees (Kato and Hiura 1999).
Although it is difficult to explain the reason that the scale
of tree crowns is effective in attracting bumble bees, the
emergence of the crowns of large trees beyond the forest
canopy may be responsible for the attraction. Such tall
crowns of flowering trees are conspicuous, and bumble
bees may use them as landmarks to help their foraging
flights over long distances (Plowright and Galen 1985). In a
lily species, higher flowers in larger racemes attracted more
pollinators than lower flowers (Ishii 2004). Thus, more
pollen was removed from the larger racemes, leading to an
increase in male reproductive success as the size of floral
display increased (Ishii 2004). In contrast to the floral
display of individual tree crowns, the floral aggregations of
clonal trees in P. ssiori may not be effective at attracting its
pollinators.

Fruit set in individual inflorescences decreased as both
the within-tree and among-tree geitonogamy indices
increased in our models (Table 4; Figs. 6, 7). This result
indicates the negative effects of both tree enlargement and
clonal growth on female reproductive success, which has
been shown in several clonal plants (Eriksson and Bremer
1993; Eckert 2000; Wolf et al. 2000; Wang et al. 2005;
Clark-Tapia et al. 2006). Unfortunately, the full range of
genet size variation in the plot was not investigated because
the maternal trees were sampled from only two genets with
clonal trees. The among-tree geitonogamy index differed
more between these two genets than within each of them.
In this case, this index was confounded by factors that
varied between the two genets, such as differences in the
genetic properties of self-incompatibility, resource avail-
ability for fruit production, and maternal conditions
affecting fruit development. These confounding factors
could affect fruit set instead of the among-tree geitonoga-
my index. Therefore, the effect of tree enlargement on fruit
set was clear although the effect of clonal growth on
maternal success was not evident.

Limitation of outcross pollen seems to be responsible for
reduced fruit set in large maternal trees. The availability of
outcross pollen can be indicated by the xenogamy index in
our models. However, the effect of the xenogamy index on
fruit set was not clear (Table 4) because the maternal trees
that clumped at the center of the plot had similar avail-
ability of outcross pollen. On the other hand, our
pollination experiment showed pollen limitation in the
arboretum because of the lower fruit set in the control than
in the outcross treatment (Table 1). The natural fruit set in
the plot (0.07) was lower than that in the arboretum (0.31),
where trees of different genets were densely planted. These
results suggest that pollen limitation occurs in the plot. In
addition to pollen limitation, interference by self pollen
received from geitonogamous pollination is also likely to
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reduce the female fertility of large maternal trees (Barrett
2002). Clogged stigma surface, inhibited growth of pollen
tubes, and disturbed fertilization by self pollen are plausi-
ble mechanisms for the interference (Waser and Price
1991).

In conclusion, a negative effect of geitonogamy among
clonal trees on at least male reproductive success of indi-
vidual trees was demonstrated for P. ssiori. The positive
effect of floral display on male fertility was found only on
the scale of individual trees. Thus, clonal growth may
reduce reproductive efficiency per plant module, although
reproductive output per genet can increase because of
multiplication of the plant modules. In habitats where
clonal multiplication is favorable and seedling recruitment
is limited spatially and temporally, lifetime reproductive
success can increase by means of clonal expansion and
genet longevity despite the reduction in the marginal gain
of reproductive success. It remains a task for future studies
to evaluate the adaptive significance of clonal growth in
P. ssiori.
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