Journal of Plant Biology, june 2005, 48(2) : 159-169

A Five-Year Study of Mast Seeding in Pinus densiflora

Hyesoon Kang*
Department of Biology, College of Natural Sciences, Sungshin Women's University, Seoul 136-742, Korea

1 examined the annual pattern of seed production in three Korean populations of Pinus densiflora from 1998 to 2002.
During the fall season, data were collected on the numbers of cones per tagged tree, as well as seed counts, their
mass, and seed set following dehiscence. Dbh was measured for individual trees during each spring. Overall, 80.3%
of the trees produced seed cones in even-numbered years compared with 51.6% in odd-numbered years. Moreover,
trees that matured seed cones in even years produced 12 times more seeds per tree than those in odd years. Tree
diameters generally increased significantly during the summers after odd-numbered years, although the trees at one
site showed a consistent growth rate each year after 2000. Annual variations in individual seed mass, seed set, and
the proportion of damaged seed cones occurred largely within odd or even years. Based on these results, the follow-
ing conclusions were made: 1) seed-cone production of P. densiflora is somewhat synchronized, but is not an all-or-
nothing phenomenon, 2) P. densiflora tends to undergo mast seeding at two-year intervals, and 3) this alternate-year
excess in seed crop may have evolved to increase fitness, though the exact evolutionary mechanism is unclear.
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Many trees as well as herbs undergo mast seeding that change with temperature or rainfall. That is, mast
in tropical to boreal areas (Kelly and Sork, 2002). That seeding may be an evolved phenomenon. In fact, a
is, these plants produce a large seed crop in good trade-off relationship between tree-ring growth and
years but little or none in poor years, thereby affecting mast seed crop has been proposed as strong evidence
the feeding activity of seed predators and, conse- of selection for mast seeding because it indicates
quently, seed or seedling mortality. Several hypothe- resource-switching from vegetative to reproductive

ses have been proposed to account for this pattern of growth (Tappeiner, 1969; Koenig and Knops, 1998;
seed production (Sork, 1993; Kelly, 1994; reviewed Houle, 1999).

in Kelly and Sork, 2002). The most parsimonious Most recent studies have attempted to evaluate the
explanation is resource-matching, although this implies relative importance of selection for efficient pollination
only a proximate mechanism. According to this and predator satiation. With the pollination efficiency
hypothesis, plants produce massive seed crops once hypothesis, mast seeding is explained as an indirect
in a few years, only when resources are abundant. outcome of selection for efficient pollination or out-
Therefore, good crops are associated with optimal crossing (Norton and Kelly, 1988; Smith et al., 1990).
weather conditions in the current and/or immedi- For wind-pollinated species, male fitness increases dis-
ately preceding years (Lester, 1967; Sharp and Spra- proportionately over a range of male efforts (Lloyd,
gue, 1967; Caron and Powell, 1989; Sork and 1984; Schoen et al., 1986). Critical evidence for this
Brambie, 1993; Makinen, 1998). However, research- hypothesis is the increase in pollination and seed set
ers have found no such correlation when tested with following mast flowering, as has been reported in
species that occur over large geographic areas (Koenig Taxus canadensis (Allison, 1990), Picea mariana (Caron
and Knops, 2000). and Powell, 1989), four Carpinus species (Shibata et
On the other hand, the bimodal patterns of mast al., 1998), Fagus sylvatica (Nilsson and Wastljung,
seeding over an extended period of time (Norton and 1987), and Picea abies (Mencuccini et al., 1995). Fit-
Kelly, 1988) and the differential inter-masting periods ness-gain from mast flowering may be greater for
of related species that coexist in the same habitat plants that invest a large amount of resources in flow-
(Sork and Bramble, 1993) suggest that mast seeding ers before fertilization and for those that produce
may not occur simply to match levels of resources concordant numbers of male and female flowers
across years (Smith et al., 1990). That assumption is
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following pollination, but before fertilization.

Seed predators including vertebrates and insects eat
a large portion of pine seeds, acorns, or beechnuts
before and after seed dispersal (Smith, 1970; Bossema,
1979; Marchelli and Gallo, 1999). The predator satia-
tion hypothesis states that mast seeding may have
evolved by selection to avoid seed loss by satiating
seed predators (Janzen, 1971; Silvertown, 1980) or to
attract generalist dispersers (Bawa, 1980). The best
evidence for this is the increased probability of seed
survival from predation during mast years (Sork,
1993). For example, in beech, predation by moth lar-
vae in mast years is only about one-tenth of that in
non-mast years (Nilsson and Wastljung, 1987).

In this study, seeding patterns were evaluated from
Pinus densiflora in mixed stands with oak, two species
that codominate the forests of Korea. Previous stud-
ies on seeding or seed predators of P densiflora were
conducted only for a single or, at most, a couple of
years (e.g., Hong and Rim, 1997; Kang, 1999; Park,
2002). However, a relatively long time period is
required if one is to identify cyclic patterns. Further-
more, the synchronicity among P densiflora trees
within populations has not been quantitatively exam-
ined, not to mention the mechanisms for mast seed-
ing. Here, the relationship between dbh growth and
size of seed crop was also tested over several years to
confirm that mast seeding is an evolved phenome-
non. The following questions were examined: 1) to
what extent do the trees within populations synchro-
nize seed production; 2) what is the pattern of seed
crops over five years; 3) is there a trade-off relation-
ship between dbh growth and seed crop; and 4) do
seed set and seed predation rates change across
years?

MATERIALS AND METHODS

Study Sites

In Spring 1998, P densiflora trees were randomly
tagged at three sites: 1) Mt. Kwanak (KA, N = 35) (37°
26'N, 126° 58'B); 2) Hongneung (HN, N = 31) (37°
35'N, 127° 03’E); and 3) Yeoju (YJ, N = 41) (37°
17'N, 127° 45'E). The first two populations in Seoul,
were 17 km apart, while the third, in Kyunggi-do, was
about 70 km from both KA and HN. In 1999, two
trees were added to each site, although the other two
died at KA in 2002. All of these sites were mixed for-
ests of R densiflora, P rigida, Robinia pseudoacacia,
and various Quercus species.
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Data Sets

Using binoculars, | counted the number of matured
seed cones on each tagged tree just before they
dehisced each fall, from mid- to late September,
1998 to 2002. Up to ten cones were then collected
from different sides of each tree, and were kept in
envelopes at room temperature until their seeds were
released about two months later. Afterward, | noted
the condition of the cones as being dehisced, unde-
hisced, damaged by seed predators, or having stunted
growth. Seed numbers and their mass per cone were
also recorded. Full seeds within a cone were counted
and weighed after being separated by gentle pressing
from the aborted seeds. Stunted cones, which com-
prised only 0.9% of those sampled, showed no evi-
dence of filled seeds. Because | assumed that seed
numbers did not differ among dehisced, undehisced,
and damaged cones, the total seed number per tree
was obtained by multiplying the mean seed number
per cone by the number of cones on a given tree.
Mean individual seed mass for each tree was obtained
by dividing total mass by total seed number. The seed
set was calculated as the ratio of full seed number to
potential seed number (i.e., the number of fertile
scales multiplied by two) in each cone. Means of
these ratios were multiplied by 100 to estimate seed
set per tree. The number of fertile scales of cones was
counted only for a portion of the trees in 1998 (11, 5,
and 5 trees at KA, YJ, and HN, respectively), but was
later tallied for all trees from which cones were sam-
pled. The dbh of each tree was measured at the time
of tagging in the spring, from 1998 untit 2001 (Y] and
HN) or 2002 (KA).

Data Analyses

The pattern of synchrony in seed cone production
across sites at each year was examined with two-way
categorical analyses (presence vs. absence of seed
cones x site). Then the pattern of synchrony across
the years and sites was simultaneously tested using
log-linear analyses of three categorical variables of
seed cone presence vs. absence x year x site. To
account for correlations among years within trees,
only trees observed for five consecutive years were
included in these data. In this analysis, only two sites,
KA and Y], were considered because Site HN con-
tained one empty cell, i.e., absence of trees without
seed cones in 2000. The association between year
and seed cone condition was evaluated using a two-
way contingency table analysis on data pooled over
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all sites because expected cell counts of damaged and
stunted seed cones were low in most combination
cells of year x seed cone condition.

Although the same trees were observed over five
years, data were incomplete. For example, two trees
died during the study period, and some measure-
ments, such as cone crops, could not be obtained for
some trees with dense canopies, especially at Y} and
HN, in at least one year. Thus, for variables such as
cone crops, seed number per cone, and total crops
per tree, the results for annual patterns of variation
were first presented using data pooled over all trees at
each site. Afterward, the results of the repeated-mea-
sures ANOVAs were provided, using the data from
trees with complete information over five consecutive
years. In 2002, seed cones at HN were sampled only
from four trees due to their heights. Thus, repeated-
measures ANOVAs for total seed crops per tree were
applied twice using five-year data, including all three
sites as well as those excluding HN. Repeated-mea-
sures ANOVAs on dbh were conducted using four-
year data (for all three sites) or five-year data (for KA
only). The significance of each contrast in repeated-
measures ANOVAs was tested after a Bonferroni cor-
rection to maintain an overall alpha of 0.05 (von
Ende, 2001). Seed mass and seed set could not be
analyzed by repeated-measures ANOVAs because
many trees lacked data due to low cone production
in poor years. Thus, the potential factors affecting
seed mass and seed set were examined using a
nested ANOVA with year, site, and trees within sites
as the three main factors. Subsequently, differences in
yearly patterns for those seed variables were evalu-
ated separately for each site with a two-way ANOVA,
with year and tree identity as main factors.

All dependent variables, except individual seed
mass, were log-transformed to improve the normality
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of the data. Means were provided with 1 SD through-
out this study. All analyses were conducted with ver-
sion 8.1 of SAS (1999).

RESULTS

Synchrony of Seed Cone Production across Years

The overall proportion of P densiflora trees that
bore seed cones varied greatly from year to year, but
their annual patterns were quite consistent among the
three sites. When averaged over all populations,
80.4% (1998), 46.9% (1999), 88.2% (2000), 56.0%
(2001), and 72.1% (2002) of trees produced seed
cones (Table T). Overall, 1.6 times higher proportions
of trees produced seed cones-80.3% versus 51.6%-in
even-numbered years (1998, 2000 and 2002) than in
odd-numbered years (1999 and 2001). However, not
all trees bore seed cones even in those better years,
except at HN in 2002, while at least 25.6% of those
trees produced seed cones in poor years, e.g., Y} in
1999. The proportion of trees producing cones dif-
fered among the three sites in all years except for
2001 (Table 1). This was largely because those at Y]
were always less likely to have good cone crops
regardless of the year; in fact, even in the “good” year
of 2002, only 48.8% of the Y] trees produced cones.
However, when simultaneously tested, seed cone
presence vs. absence was significantly associated with
both year and site, but without a significant year x site
interaction (Table 2). A reduced model without the
interaction term confirmed the results of the saturated
model (Table 2). All parameters representing the inter-
vals of years were significant at alpha < 0.01. Based
on these results, | concluded that 1) P densiflora
tended to produce seed cones at two-year intervals,

Table 1. Frequency distribution of P densiflora trees bearing seed cones for five years (1 998 to 2002). Presence and absence
refer to trees bearing = 1 seed cones and those bearing no cones, respectively.

Year Kwanak Yeoju Hongneung X? P

1998 Presence 32 25 29 15.90 0.0004
Absence 3 16 2

1999 Presence 21 11 21 13.00 0.0015
Absence 16 32 12
Presence 35 29 33 15.32 0.0005

2000 Absence 2 11 0

2001 Presence 21 19 21 2.03 0.3629
Absence 15 21 12

2002 Presence 27 21 32 22.14 < 0.0001
Absence 8 22 1
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Table 2. Log-linear analyses of site x year x seed cone
presence vs. absence. Only trees of P densiflora at two sites
[KA (N =33) and Y} (N = 36)], which were consistently
observed over five years, were included in analyses.

Source df G P Total N
A. Saturated model 69
Intercept 1 103.34 <0.0001
Site 1 12.44 0.0004
Year 4 46.51 <0.0001
Site x Year 4 2.54 0.6375
Residual 0 . .
B. Reduced model 69
Intercept 1 112.50 <0.0001
Site 1 19.94 <0.0001
Year 4 46.01  <0.0001
Residual 4 2.54  0.6375

2) the synchrony of cone production among trees
within sites was not an all-or-nothing phenomenon,
and 3) the degree of synchrony differed among sites.

Annual Pattern of Seed Cone Crops

The crop of seed cones per tree fluctuated by 12.4-
fold over five years, with the annual pattern being
similar to the synchronicity of cone production. Over-
all, it was higher in even-numbered years, i.e., 1998,
2000 and 2002, than in 1999 and 2001 (Fig. TA).
Thus, ignoring tree identity and site, P densiflora trees
produced an average of 11.7 = 5.6 (N = 328) and
1.9 = 3.5 (N = 222) seed cones per tree in even and
odd vyears, respectively. However, those three even-
numbered years were not identical in terms of their
per-tree level of cone crops. For example, that mean
averaged over the three sites increased 2.4-fold in
2002 compared with crops in 2001, but was only
21.6% of the crop measured in 1998. The three sites
also differed in their five-year cone production (Fig.
TA). In particular, trees at Y] bore on average only
one-fifth as many cones as at KA and HN (X =
10.7 = 5.7,2.2 + 4.1, and 10.6 = 5.3, N = 180, 207,
and 163 at KA, YJ, and HN, respectively). However, it
should be noted that YJ produced relatively high and
low seed-cone crops in 2001 and 2002, respectively,
compared with the other sites.

When | included only trees with at least one seed
cone, cone crops per tree varied 12.9 times at KA (X
=220 = 3.6, range = 6.1-78.5, N = 136), 4.9 times
at Y} (X=9.2=3.2, range = 4.4-21.5, N = 105),
and 11.7 times at HN (X = 18.0 = 4.0, range = 5.0-
58.7, N = 136) across the five years. Therefore, the
trees with matured seed cones in even years pro-
duced 3.3 times more cones than those in odd years

J. Plant Biol. Vol. 48, No. 2, 2005

30, A. KA
BECeRNE
5 25+ —a— HN
=
E
3 20¢
g
O 15! ;&
2 :
o / \
& 10| , \ /435
s 33
s 4 403 36
05t : A3
s o Qus
430
00
30 ¢ B.
2y
A 29 ;
g L 3/5 \
g :
£ W\ AN
3 4
z 18} N / \
2 \ /
& NG ; s
D q2f
] 40% 29% \_—4
.4 7 -
06 F

'4@_ e ,27%

1998 1999 2000 2001 2002
Year

00

Figure 1. Log of seed cone number per tree (A) and log of
total seed number per tree (B) of P densiflora trees observed
for five years at three sites. Numbers next to symbols repre-
sent sample sizes.

(X =228 +3.7vs. 7.0 + 2.7 seed cones, N = 263 vs.
114). These results indicated that even vs. odd years
differed not only in terms of the proportion of trees
producing seed cones but also in the number of
matured cones on each tree.

In repeated-measures ANOVA, the effect of site x
year interaction was significant (Table 3). Despite these
interaction effects, seed-cone crops per tree, aver-
aged over sites, differed among years (Table 3). Subse-
quent ANOVAs for each contrast of year showed that
cone crops decreased significantly in 1999 and 2001
compared with 1998 and 2000, respectively (Table 4).
The change in crops due to site was significant for
contrasts 2001-2000 and 2002-2001 (Table 4). There-
fore, these results confirmed a different annual pat-
tern of seed-cone crops at YJ from at other sites from
2000 onward (Fig. 1A). Thus, cone crops of P densi-
flora trees peaked in even years at KA and HN, but
those trends were less obvious among trees at Y],
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Table 3. Repeated measures ANOVAs on seed cone numbers, total seed numbers, and dbh of P densiflora trees. Analysis for
dbh was conducted using four-year data from KA and YJ, while analyses for other characters were based on five-year data from
all three sites. In univariate tests for within-subject effects, probability levels were not adjusted because all Greenhouse-Geisser

epsilon values were very high, e.g., = 0.6723.

Seed cones Total seeds Dbh
Source
df F P df F P df F P

Between-subject

Site 2 16.86  <0.0001 2 6.10 0.0050 1 13.34 0.0004

Error 97 38 106
Within-subject

Year 4 87.81 <(.0001 4 13.67 <0.0001 3 9.59 <0.0001

Year x Site 8 5.67 <0.0001 8 1.91 0.0626 3 0.52 0.6687

Error (Year) 388 152 318

Table 4. ANOVAs for each of the contrasts of within-subject factor (year) for seed cone numbers, total seed numbers, and dbh
of P. densiflora trees. Analyses were conducted for four-year data (including only two sites for dbh) and for five-year data (includ-

ing all three sites for the other characters).

Seed cones Total seeds Dbh
Source
df F P df F P df F P
Contrast variable: 1999-1998
Mean 1 163.2 <0.0001 1 19.71 <0.0001 1 4.31 0.0403
Site 2 2.92 0.0587 2 1.52 0.2324 1 0.15 0.7025
Error 97 38 106
Contrast variable: 2000-1999
Mean 1 132.60 <(.0001 1 34.44 <0.0001 1 0.34 0.5585
Site 2 2.45 0.0914 2 2.89 0.0677 1 0.06 0.8135
Error 97 38 106
Contrast variable: 2001-2000
Mean 1 165.26 <0.0001 1 38.87 <0.0001 1 45.14  <0.0001
Site 2 18.91 <0.0001 2 7.19  0.0023 1 6.65 0.0113
Error 97 38 106
Contrast variable: 2002-2001
Mean 1 37.06 <0.0001 1 5.86 0.0203
Site 10.35 <0.0001 2 2.02 0.1465
Error 97 38

Annual Pattern of Total Seed Crops

Total seed production per tree varied widely by site
over the five years: 50.5 times (KA), 16.7 times (Y)),
and 87.2 times (HN) (Fig. 1B). Most of this variation
occurred between even years and odd years (Fig. 1B).
Thus, P densiflora trees produced 12 times as much
seed in even-numbered years (X = 48.4 = 15.4 vs.
4.0 = 8.4, N =256 vs. 195). When | considered
only trees with at least one cone, an average of
185.1 £ 5.8 seeds were produced in even years and
36.7 = 5.5 seeds in odd years (N = 191 vs. 87).
Trees at KA and HN produced more seeds than those
at Y} across years (KA X =33.4 + 14.4, N = 170; Y]
X=44x77 N=168, HN X=64.2 = 16.6, N =
113).

A repeated-measures ANOVA showed that the

two-way interaction effect on total seed crops was
marginally insignificant (Table 3). The change in total
seed crops among years due to site was significant
only between 2000 and 2001 (Table 4), reflecting that
total seed crops per tree at KA and HN in 2001 were
only 2.6% and 2.7% of those in 2000, in contrast to
28.5% at Y] during this interval. However, the average
for all sites differed significantly among years, indicat-
ing that total seed crops were lower in odd years. Con-
sidering only KA and HN, only the year effect was
significant (site Fy 6 = 0.00, P = 0.9929; year F4104 =
11.68, P <0.0001; year x site Fyi00=0.15, P=
0.9614). Total seed crops per tree changed significantly
at every interval of years, both for data sets that
included all three sites as well as those that contained
only KA and HN, although contrast 2002-2001 became
insignificant after a Bonferroni correction (Table 4).
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The number of seeds within cones varied 1.4 times,
1.7 times, and 2.3 times, respectively, at KA, Y}, and
HN over five years. All three factors in a nested
ANOVA-year, site, and tree identity within sites-had
significant effects on the number of seeds per cone
(model Fgg, 169 = 8.50, P < 0.0001, total N = 269;
year Fy 10 = 4.29, P = 0.0025; tree identity within
sites F93, 169 = 7.16, P< 0.0001; site Fz, 102.77 — 8.71,
P = 0.0003). However, those numbers did not differ
between even and odd years at any site (KA Fy 119 =
111, P =.0.2936; Y] Fy 4 = 0.00, P = 0.9451; HN
Fi, 82 = 0.16, P = 0.6886), suggesting that yearly vari-
ations in seed numbers per cone were not correlated
with fluctuations in total seed crops. Finally, trees at
KA and HN produced cones with more seeds than
those at Y) KA X =7.2=20, N=121; Y] X=43 =
1.6, N =63, HNX =9.7 £ 1.8, N = 85).

Annual Pattern of dbh Growth

The yearly pattern of increases in tree diameters
from 1998 to 2001 was similar across the three sites
(Fig. 2). Based on four-year data for all sites, dbh
growth was significantly affected by both year and site
without the year x site interaction (Table 3). This
change in dbh between years was significant for con-
trasts 1999-1998 and 2001-2000 (Table 4), although
the latter became insignificant after a Bonferroni cor-
rection. When | considered only the KA trees that
were observed for five years, they increased in dbh
for every interval except 2000-1999 (Fy, 33 = 6.70, P
= 0.0142 for contrast 1999-1998; F; ;3 = 1.82, P =
0.1866 for contrast 2000-1999; F; 33 = 72.55, P <

1 33
) 3 . %% 3%% %
= 4
E 41 AR
292
£ ,,fi
o #H *”“5% N
35 371
S
) —a— KA
1.0 o Y
—A— HN
0 0/'/
1998 1999 2000 2001 2002

Year

Figure 2. Log of dbh of P densiflora trees measured for four
(Y] afid HN) and five years (KA). Numbers next to symbols
represent sample sizes.
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0.0001 for contrast 2001-2000; F;3;=58.22, P
< 0.0001 for contrast 2002-2001). Thus, when all
three sites were tested together, P densiflora trees
tended to or did increase their dbh during even-num-
bered summers, while those at KA also increased in
dbh during Summer 2001.

Annual Pattern of Individual Seed Mass

Mean individual seed mass varied over five years,
but without the analogous peaks and troughs
recorded for seed-cone crops (Fig. 3A). Overall, the
trees at Y}, which had the lowest level of total seed
crops of all sites, produced slightly heavier seeds than
from trees at KA and HN (KA X = 9.04 & 2.32 mg, N
=119; Y X=11.85 %249 mg, N =63, HN X =
10.34 = 3.01 mg, N = 85). In a nested ANOVA with
year, site, and tree identity within sites as main fac-
tors, all factors exerted significant effects on seed mass
(Table 5). Subsequent two-way ANOVAs for each site
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Figure 3. Mean individual seed mass in mg (A) and seed set

(B) of P densiflora trees observed for five years at three sites.
Numbers next to symbols represent sample sizes.
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Table 5. ANOVA on individual seed mass (A) and seed set (B) of R densiflora trees observed over five years at three sites. Analy-
ses were conducted twice for the nested model with site, year, and tree identity within sites as main factors and for the reduced
mode! with year and tree identity as main factors. Total N refers to corrected total N.

Year Tree identity (Site) Site
Total N
df F P df F P Df F
A. Seed mass
Saturated model 4 32.62 <(.0001 93 3.49 <0.0001 2 15.38 <0.0001 268
Reduced model
KA 4 5.81 0.0004 35 4.90 <0.0001 120
YJ 4 8.22 0.0001 29 5.88 <0.0001 62
HN 4 41.65 <0.0001 29 3.17 0.0002 84
B. Seed set
Saturated model 4 4.46 0.0021 85 7.24 <0.0001 2 5.70 0.0046 216
Reduced model
KA 4 1.92 0.1164 34 17.25 <0.0001 105
Y]) 4 3.78 0.0190 22 4.89 0.0004 46
HN 4 4.32 0.0071 29 3.58 0.0004 63

also showed that mean seed mass differed among
years and trees within sites (Table 5). However, seed
mass did not differ between even- and odd-num-
bered years at any site (KA F; 117 = 0.17, P = 0.6830;
Y] Fi 9 =1.97, P=0.1653; HN Fy g3 = 1.24, P =
0.2681).

Annual Pattern of Seed Set

Mean seed set ranged from 4.9% to 7.4% over five
years, with only 5.9% of all ovules maturing into seeds
(Fig. 3B). Trees at HN had 1.4- and 1.8-times higher
probabilities of seed maturation than those at KA and
Y] (8.0%, 5.8%, and 3.2%, respectively). All three fac-
tors in a nested ANOVA, i.e., vear, site, and tree iden-
tity within sites, significantly affected seed set (Table
5). In subsequent analyses for each site, seed set dif-
fered among years only at Y] and HN (Table 5),
although seed set did not differ between even and
odd years (YJ F1/45 = 040, P = 05309, HN F1,62 =
0.02, P = 0.8915).

Annual Pattern of Seed Cone Condition

Most sampled seed cones dehisced (86.9%), while
the remaining ones were undehisced, damaged, or
stunted in their growth (9.4%, 2.8%, and 0.9%,
respectively) (Table 6). Although the association of
cone condition and year was highly significant, cone
conditions did not appear to vary with even or odd
years. For example, the two odd-numbered years,
1999 and 2001, were quite different in terms of their
proportions of damaged seed cones, i.e., 0.9% and
13.0%, respectively.

Table 6. Frequency distribution for condition of seed cones
collected from P densiflora trees over five years. Dehisced
= dehisced cones; Undehisced = undehisced cones; Dam-
aged = cones damaged by seed predators; Stunted = cones
stunted in growth.

Year  Dehisced Undehisced Damaged Stunted

1998 594 42 8 0
1999 192 31 2 0
2000 479 92 14 0
2001 170 1 28 17
2002 228 14 1 0

X2 =291.81, P < 0.0001

DISCUSSION

Pattern of Synchrony

In this study, a large proportion (overall 80.3%) of
the P densiflora trees produced seed cones in good
years, while at least some (overall 51.6%) produced
cones even in bad years. Therefore, strict bimodality
of seed cone production did not exist among the
trees at all sites. Although these three sites were not
exactly congruent over the five years, the general
trend was toward an annual fluctuation in cone pro-
duction that was more or less synchronous within
populations that were 17 km to 70 km apart, i.e.,
even-numbered years being good years and odd-
numbered years being poor years. This two-year
interval for mast seeding has also been noted for Pinus
resinosa (Cremer, 1992), but is relatively brief com-
pared with other pines, such as P banksiana, which
produce large amounts of seed every four to six years
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(Houle and Filion, 1993).

Masting is classified into three groups: strict, nor-
mal, or putative (Kelly, 1994). P densiflora is not a
strict-masting species because not all trees within a
population synchronize their seed cone production in
good years. This species also does not appear to
undergo putative masting, a phenomenon that is
entirely under environmental control, particularly by
weather conditions (Kelly, 1994). If P densiflora were
more likely to produce massive amounts of seed
solely in response to favorable weather, it is expected
that weather would be as variable as the pattern of
cone cropping across years. However, weather condi-
tions tend to fluctuate less than annual seed produc-
tion (Koenig and Knops, 2000). Therefore, R
densiflora, for which seed production is largely bimo-
dal (i.e., with at least some seed production in poor
years), is most likely a normal-masting species.

Annual Pattern of Seed Crops

In P densiflora, even-numbered years (1998, 2000
and 2002) were good seed-crop years. Peaks and
troughs in total seed production over the five years
were almost consistent across the three sites, which
were up to 70 km apart. Thus, the overall 12-fold
per-tree increase during good years was a function of
the number of trees producing seed cones and the
number of cones per tree per year. That the number
of seed per cone did not vary between good and
poor years is in contrast to results reported by Men-
cuccini et al. (1995).

Perhaps the most parsimonious explanation for
annual fluctuation in seed crops is that masting is a
physiological response to the availability of resources.
The role of weather conditions, which are assumed to
be primary factors that affect photosynthetic rates
and, ultimately, resource levels, has been recognized
in various conifers and oaks (Lester, 1967; Sork and
Bramble, 1993; Mencuccini et al., 1995), but not in
other tree species (Sarvas, 1962; Allison, 1990). In the
current study, variations in temperature and rainfall
were not examined quantitatively from 1998 to 2002
because those five years of observations were not suf-
ficient to allow for quantitative analysis of a possible
correlation with seed production. However, it is very
unlikely that weather conditions fluctuated to the
extent to which annual seed crops did between even
and odd years across the three sites. Koenig and
Knops (2000) have shown that annual seed crops
among species that cover a large geographic area are
more variable than weather parameters such as
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annual rainfall and mean summer temperature. Fur-
thermore, if mast seeding is a response to fluctua-
tions in resources, a high degree of synchrony and
bimodality of crops within populations cannot be
expected (Koenig et al., 1994). Neither climatic nor
edaphic conditions change the overall pattern of mast
seeding in Picea abies, though the magnitude of
annual variations is greater in favorable locations
(Mencuccini et al., 1995). Therefore, these previous
findings support that mast seeding of P densiflora is
likely an evolved phenomenon. Nevertheless, the
influence of weather cannot be neglected (Kelly and
Sork, 2002).

Evolutionary Mechanism for Mast Seeding

Because tree diameters were measured in late April
to early May, their increase from Spring 1998 to
Spring 1999 indicated that dbh growth occurred
largely between the spring and late summer of 1998.
A similar increase in diameter between 2000 and
2001 reflected plant growth during 2000. Thus, by
extending the pattern of seed crops during even and
odd years, | expect that poor seed crops in 1997 may
have led to increased dbh growth from the following
Spring to late Summer 1998. If so, these results sug-
gest that mast seeding in a certain year may have
depleted the resources needed by P densiflora trees
for any significant dbh increase in the next growing
season. Conversely, when reproductive costs were
low in one year, trees may have been able to increase
their dbh the next growing season after a poor seed-
production year. However, it must also be men-
tioned that the trees at KA increased in their dbh dur-
ing 2001, even after experiencing a good seed year in
2000. Whether this pattern reflected differences in
size/age structure or genetic composition among trees
at all three sites remains to be tested. The negative
effects of reproduction on either subsequent seed
production (e.g., Norton and Kelly, 1988; Sork and
Bramble, 1993; Koenig and Knops, 2000) or dbh
growth (Eis et al., 1965; Koenig and Knops, 1998) are
believed to demonstrate an adaptive feature of
resource allocation. The potential exists for a nega-
tive correlation between reproduction and diameter
growth in P densiflora. However, having only five
years of data does not permit one to completely eval-
uate such a trade-off relationship. Therefore, one
must assume that the two-year interval for mast seed-
ing from P, densiflora is an evolved phenomenon until
longer-term data can be accumulated.

Massive flowering increases seed set or seed crops
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in many wind-pollinated species (e.g., Sarvas, 1955;
Nilsson and Widstljung, 1987; Allison, 1990; Sork and
Bramble, 1993; Mencuccini et al., 1995; Shibata et
al., 1998). Although seed set was low in the pine
trees, it varied across the years and, contrary to what
was expected, it also greatly fluctuated within even or
odd vyears. Furthermore, unlike in the sizes of their
seed crops, the three sites were not similar in their
annual patterns of seed set. Thus, P densiflora does
not seem to have higher fertilization rates in mast
years, behavior that is similar to that reported for
three species of oaks in temperate regions (Sork, 1993).
However, these current results may not be sufficient to
negate the possibility of increased fertilization through
mast flowering because the developmental stages of
seed cones were not followed here. The abortion of
seeds or seed cones in conifer species has been attrib-
uted to dry summer weather (Lee, 1979) as well as
low fertilization rates (Sarvas, 1962; Owens et al.,
1981). In P densiflora, about 90% of the ovules are
aborted early, perhaps due to the lack of fertilization
(Kang, 1999). The occurrence of stunted seed cones
in the current study also implies that the expenditure
of resources to seed cones occurred before fertiliza-
tion. These data strongly suggest that there is room for
P densiflora being subjected to selection to improve
pollination efficiency. However, to critically test this
pollination efficiency hypothesis in relation to mast
seeding in that species, one must make direct mea-
surements of fertilization rates in both good and poor
crop years (e.g., Smith et al., 1990; Sork, 1993).

Not only seed set but also seed mass and germina-
tion ability may increase in mast years. Wardle (1984)
and Marchelli and Gallo (1999) have suggested that
greater seed mass in mast years implies that the off-
spring in those years possess a better genetic compo-
sition. However, similarly to seed set, there was no
indication that seed mass increased in mast years,
thereby disproving a possible trade-off relationship
between those two parameters. For example, both
seed set and mass tended to decrease in 2001, then
increase in 2002. Neither was responsive to the size
of the seed crops from mast versus non-mast years.
This phenomenon might be possible if most of the
resources for the seed crops are derived from the
cone itself and the adjacent branches. Alternatively,
yearly variations in seed mass, which are quite inde-
pendent of the fluctuations in seed crops, may sug-
gest a statistical limitation caused by small sample size
for seed set and mass. However, nested analyses did
not consider correlations among years within individ-
ual trees. Therefore, repeated-measures analyses

should be conducted that allow for variances among
years and sites to be removed from the error term.

Pine seeds, which have the highest quality among
all tree species, are a food source favored by many
rodents and birds (Grodzifski and Sawicka-Kapusta,
1970; Smith, 1970). This preference by predators is
responsible for the almost complete depletion of such
seeds in years of crop failure, as well as the highest
predation rate by squirrels on pines, which produce
their cones out of synchrony with other trees within
populations (Smith, 1970). Squirrels and rats feed
heavily, in certain years even devouring up to 100%
of the P densiflora seeds in Japan (Rim and Shidei,
1975) and Korea (Park, 2002). Nevertheless, those
earlier studies did not distinguish the seed predation
rate between mast and non-mast years.

The proportion of damaged seed cones differed
greatly between the two poor-crop years; i.e., the
predation rate was much higher in 2001 than in
1999. This inconsistency makes it difficult for one to
conclude that mast seeding by P densiflora once in
two years had evolved to satiate those predators.
Nonetheless, this result does not necessarily disprove
the seed predation hypothesis because | did not
examine the predation rate before seed dispersal.
Frugivory by insects, birds, and rodents occurs even
when cones are green and undehisced, and different
predators exert conflicting selection effects (Nilsson
and Wastljung, 1987; Benkman et al., 2003; Siepiel-
ski and Benkman, 2004). Thus, future research should
involve an investigation of not only the types of pred-
ators but also their foraging behavior regarding mast
seeding of P densiflora in Korea.

Mast seeding is an important component of plant
fitness because it affects the probability of offspring
survival and, consequently, the survival of seed dis-
persers and predators (Nilsson and Wastljung, 1987).
However, the impact of mast seeding, including mast
flowering, on animals in natural populations has
rarely been quantified (Herrera et al., 1998).
Although annual fluctuations in the production of
seed crops has long been studied, most research
projects, similarly to the one presented here, have
failed to obtain results that could support only one of
the two alternative hypotheses (e.g., Norton and Kelly,
1988; Koenig and Knops, 1998; Shibata et al., 1998;
reviewed in Kelly and Sork, 2002). Therefore, longer-
term studies are required that consider how events
during a plant’s life, such as flowering and fruiting,
might be correlated somehow, and affect the cyclic
pattern of mast-seeding. In addition, it will be useful
to analyze the vectors involved in pollination, seed
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predation, and seed dispersal, to completely under-
stand how the incidence of mast seeding develops.
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