
 

Journal of 
Ecology

 

 2007 

 

95

 

, 991–1000

 

© 2007 The Authors
Journal compilation
© 2007 British 
Ecological Society

 

Blackwell Publishing Ltd

 

Local-scale synchrony and variability in mast seed 
production patterns of 

 

Picea glauca

 

JALENE M. LAMONTAGNE* and STAN BOUTIN

 

Department of Biological Sciences, University of Alberta, Edmonton, Alberta, T6G 2E9, Canada

 

Summary

1.

 

Mast seeding is the synchronous and highly variable production of  seed by a
population of plants. Mast seeding results from the behaviour of individuals; however,
little is known about the synchrony of individuals at local scales.

 

2

 

. We address two primary questions at a within-population (17–36 ha study plots)
and individual level: (i) How variable is seed production between and within years?
(ii) How synchronized is seed production between individuals?

 

3

 

. We monitored annual cone production of 356 

 

Picea glauca

 

 (white spruce) from 1990
to 2005 within four plots spanning a total distance of 5.3 km in the Yukon Territory,
Canada.

 

4.

 

Spearman correlations (

 

r

 

s

 

) were conducted to test for synchrony. Overall, the trees
were moderately synchronous (mean 

 

r

 

s

 

 (± SE) of  0.52 ± 0.14), and synchrony was
statistically detectable (

 

r

 

s

 

 > 0) over all distances. Individuals < 75 m apart were highly
synchronous (0.64 ± 0.18), and correlations dropped to 0.33 ± 0.07 for trees > 3 km apart.
There was considerable variation in cone production patterns among pairs of individuals.

 

5.

 

The number of  mast years per plot varied from one to three. During a mast year,
many individuals within plots produced large cone crops, with more variability between
individuals in low mean cone years. Individual trees had dominant endogenous cycles
varying from none to 1–5 years. Forty-four per cent of trees had no significant lag, 23%
a negative 1-year lag, and 20% a positive 3-year lag. Basal area did not influence lags, but
trees with higher mean cone production throughout the study were more likely to have
a 3-year lag compared with no lag.

 

6.

 

The scale of highest synchrony coincided with the scale at which the dominant seed
predator in the area, the territorial red squirrel (

 

Tamiasciurus hudsonicus

 

), operates.
This may be the scale at which selection for synchrony occurs.

 

7

 

. Based on high synchrony locally, high synchrony within a mast year, and multiple
lags in cone production by individuals, both available resources and strong weather cues
appear to play roles in the observed patterns.
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Introduction

 

Mast seeding is defined as the synchronous and highly
variable production of seed crops by a population of

plants from year to year (Kelly 1994). The critical com-
ponents of mast seeding are thus both high variability
in seed production and high synchrony among individuals.
Mast seeding is well documented in a number of plant
species, with synchrony detected in seed production
between populations over large geographical areas
(2500 km for 

 

Pinus

 

 spp.; Koenig & Knops 1998a).
Several hypotheses have been proposed to explain
synchronous seeding by individuals within populations,
with seed predator satiation and increased pollination
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efficiency having the most support (reviewed in Kelly
1994; Kelly & Sork 2002). Mast seeding may satiate
seed predators such that individual plants experience
higher reproductive success (Janzen 1971; Silvertown
1980; Kelly 1994), or increased individual pollination
success (reviewed in Kelly & Sork 2002). As individuals
become synchronized, selection should act against
asynchronized individuals, thereby enhancing selection
for high degrees of synchrony (Janzen 1971).

Although selection for synchrony acts at the level of
the individual plant and it is individuals that generate
the population-level masting patterns observed,
most studies have focused on population rather than
individual-level estimates of interannual variability
(but see Herrera 1998; Koenig 

 

et al

 

. 1999; Koenig 

 

et al

 

.
2003; Liebhold 

 

et al

 

. 2004). Long-term studies on
individual plants and investigations of the local-scale
extent of mast seeding have both been suggested as
important directions for research on mast seeding
(Kelly 1994; Herrera 1998; Herrera 

 

et al

 

. 1998; DeSte-
ven & Wright 2002; Kelly & Sork 2002; Buonaccorsi

 

et al

 

. 2003; Koenig 

 

et al

 

. 2003; Liebhold 

 

et al

 

. 2004).
Even though the evolution of masting should encourage
strong individual synchrony, individual variation in
seed production could be maintained because, in
addition to regional weather patterns (Selås 

 

et al

 

. 2002),
seed production is influenced by local environmental
conditions (Greene 

 

et al

 

. 2002), or individual attributes
such as tree size (Greene & Johnson 1994; Greene 

 

et al

 

.
2002) and available nutritional reserves (Nienstaedt &
Teich 1972). Koenig 

 

et al

 

. (2003) suggested that the
levels of individual variability and synchrony may also
be affected by the scale at which various selection
pressures operate (e.g. wind vs. animal pollination and
dispersal, localized vs. regional seed predators).

Temporal and spatial patterns of  variability and
synchrony are also relevant to ecosystems because seed-
predator population dynamics, and even community-level
dynamics, may be affected by seed crop availability
(Ostfeld & Keesing 2000; Koenig & Knops 2001).
Spatial variation in synchrony of seed production by
individual trees over relatively small scales (< 10 km)
has been studied in 

 

Quercus

 

 spp. (Koenig 

 

et al

 

. 1999;
Liebhold 

 

et al

 

. 2004). Synchrony in acorn production
between individuals declined with distance for some
species and regions, but not others, and the extent of
spatial synchrony was correlated with environmental
factors influencing acorn production (Koenig 

 

et al

 

.
1999). Here, we examine the variability and synchrony
of seed production by 356 individual 

 

Picea glauca

 

(Moench) Voss (white spruce) trees separated by dis-
tances of 30 m to over 5 km, measured over 16 years.

 

Picea glauca

 

 is a wind-pollinated and wind-dispersed
mast seeding conifer species whose seeds are a food
source for many small mammals and birds (Dale 

 

et al

 

.
2001). We address two questions: (i) How variable is
seed production between and within years? (ii) How
synchronized are patterns of seed production between
individual trees? We determine if  synchrony between

individuals varied with distance between individuals
and/or whether or not a mast crop was produced. We
show considerable variability in the synchrony of cone
production patterns of individual trees, and the tend-
ency for synchrony to decline with increased distance
between trees. We explore sources of variability that
could affect synchrony among individuals, including
variation in the occurrence of  mast-years at the plot-
scale within which individuals are nested, synchrony in
the production of  large and small cone crops by
individuals within years, and endogenous cycles of
individual cone production.

 

Methods

 

 

 

We studied 

 

P. glauca

 

 in the boreal forest region of the
south-western Yukon Territory, Canada (61

 

°

 

N, 138

 

°

 

W).
Here, cone production by 

 

P. glauca

 

 ranges from years
with complete cone failure, when virtually all trees
produce no cones, to mast years (Dale 

 

et al

 

. 2001). The
study area (maximum extent 

 

c

 

. 5.3 km) ranges from
850 to 950 m elevation and experiences low precipita-
tion (annual mean = 230 mm) falling primarily as rain
during summer; mean snowfall is 100 cm (Krebs &
Boonstra 2001). Vegetation is dominated by 

 

P. glauca

 

,
the only conifer species in the area, with small patches
of 

 

Populus tremuloides

 

 Michx (trembling aspen; see
Krebs 

 

et al

 

. 2001 for a detailed description). The
dominant 

 

P. glauca

 

 vertebrate seed predator in the area
is red squirrel (

 

Tamiasciurus hudsonicus

 

), caching
thousands of cones annually (Smith 1968). Other ver-
tebrate seed predators are boreal red-backed voles
(

 

Clethrionomys rutilus

 

), white-winged crossbills (

 

Loxia
leucoptera

 

), boreal chickadees (

 

Parus hudsonicus

 

), and
bohemian waxwings (

 

Bombycilla garrulus

 

) (Smith &
Folkard 2001).

 

 

 

We measured the annual cone production of 

 

P. glauca

 

trees at 371 locations from 1990 to 2005. Tree locations
were distributed over four study plots established to
study ecosystem dynamics of the boreal forest (Krebs

 

et al

 

. 2001) and the plots were assumed to be represent-
ative of the boreal forest in the study region; plot A was
17 ha, and plots B, C and D were each 36 ha (Fig. 1).
Grid patterns (30 m) were established over each plot
and sampled trees were selected based on the closest
tree to a specified grid location. A minimum distance of
30 m, and a maximum distance of approximately
5.3 km, separated sampled trees. All trees sampled
had a diameter at breast height > 5 cm, the size at
which 

 

P. glauca

 

 may produce cones in this area (J. M.
LaMontagne & S. Boutin, unpublished data). Cone
production for each tree was estimated by counting the
number of cones visible to an observer standing on one
side of the tree in late July to early August of each year,
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prior to cone harvesting by red squirrels (Peters 

 

et al

 

.
2003). This was converted to ‘total’ cones using: total
cones = 10^(0.073 + 1.189 · log(visible cones)) (LaM-
ontagne 

 

et al

 

. 2005). Total cones were used in analyses.
If  a marked tree died it was replaced by the next closest
live tree. Only one tree per location, the one monitored
for the most years, was used in our analyses (range
5–16 years; mean 11.8 years; median 13 years). This
avoided pseudoreplication with respect to the correla-
tion and distance classes. No cone data were available
for plot D in 1996 and 1997, and some locations in this
plot were not sampled after 1995. Fifteen locations (trees)
were excluded from analyses, having never reproduced
(following Koenig 

 

et al

 

. 2003); the total number of
individual trees used in our analyses was 356.

 

   

 

To confirm that 

 

P. glauca

 

 was undergoing mast seeding
we calculated the mean annual total cone production
plus the standard deviation, and the coefficient of
variation of the annual means as measured over all
years of the study for each plot (CV

 

p

 

 = Overall plot SD/
Overall plot mean). We also measured individual
variability by calculating the mean coefficient of variation
of all individuals within a plot using the average and
standard deviation of cones produced by an individual
tree across all years (mean CV

 

i

 

; Herrera 1998).

 

    


 

Tests of synchrony in cone production of individual
trees over years were conducted based on a modified
correlogram (Koenig 1999). First, cone production
patterns of all pairs of individual trees over time were
correlated to each other using Spearman rank cor-
relations (

 

r

 

s

 

). Previous studies have used Pearson
correlations to test for synchrony (e.g. Schauber 

 

et al

 

.
2002; Buonaccorsi 

 

et al

 

. 2003; Koenig 

 

et al

 

. 2003), but
our data were not bivariate normal distributed (in 332
of 356 cases; Shapiro-Wilk test) and in many cases also
violated the linearity assumption of Pearson correla-
tions (Zar 1999). Under these circumstances Spearman

correlation is a more robust test (Quinn & Keough
2002). We refer to the Spearman coefficients as levels of
synchrony. We examined spatial synchrony of cone
production patterns within distance classes between
trees (< 75 m, 76–150 m, 151–300 m, 301–500 m, 501–
1000 m, 1001–2000 m, 2001–3000 m, 3001–4400 m,
4401–5316 m) using bootstrap samples. We calculated
the mean correlation (mean 

 

r

 

s

 

) and standard error for
each distance class based on 5000 iterations. For each
iteration, correlations between pairs were chosen from
the pool of all pairs such that each individual was only
used once (Koenig & Knops 1998b).

Within each distance class, we tested synchrony in
cone production patterns between individuals against
values selected to represent two dichotomies of synchrony:
no synchrony, if  the mean correlation coefficient was
not significantly greater than zero; and perfect synchrony,
defined as counts over time for different individuals
being piecewise parallel (Buonaccorsi 

 

et al

 

. 2003) or
the mean correlation coefficient being not significantly
less than 1.0 (one-sided single sample 

 

t

 

-tests and an
alpha = 0.05). Although we conduct these baseline
tests, we are less concerned with testing for statistically
detectable synchrony, and are more interested in the
levels of synchrony of cone production patterns with
distance. This is because individuals may be statistically
synchronous even if  the mean correlation coefficient is
very low (Koenig & Knops 1998b).

 

      
 

 

Asynchrony between individuals could arise because
different trees produce their largest cone crops in dif-
ferent years or because trees in mast years are highly
synchronous but highly asynchronous in intervening
years. In addition, the local plots may have different
levels of productivity (Greene 

 

et al

 

. 2002) that may be
reflected in the occurrence of mast years.

We examined the occurrence of mast years among
plots and the synchrony of individuals producing their
largest ‘x’ cone crops, where ‘x’ is the number of
designated mast years at the plot level (see below). The
percentage of  trees in each plot within each year
producing one of their ‘x’ largest cone crops was cal-
culated, for example if  a plot displayed three mast years
we determined the proportion of trees that produced
one of their top three cone crops in each of the mast
years. Only trees in the data set for 13–16 years were
included in this analysis (

 

n

 

 = 196). In order to do this
we needed to identify mast years.

Within the definition of ‘mast seeding’ given by Kelly
(1994), ‘mast years’ are those years when heavy seed
crop is produced (Norton & Kelly 1988). We defined
mast years at the plot scale in the following manner
(LaMontagne 2007; J. M. LaMontagne & S. Boutin,
unpublished manuscript). For each plot we first ex-
pressed yearly cone production as a standardized deviate
of the annual mean cone production to the long-term

Fig. 1 Study plot locations for P. glauca synchrony in cone
production, Yukon, Canada. The line in the map represents
the Alaska Highway.



 

994

 

J. M. LaMontagne 
& S. Boutin

 

© 2007 The Authors
Journal compilation 
© 2007 British 
Ecological Society, 

 

Journal of Ecology 

 

95

 

, 991–1000

 

plot mean calculated over all years (i.e. (mean cones in
year ‘t’– long-term mean cones)/SD calculated over
all years). We defined ‘mast years’ as years in which the
annual standardized deviate of cone production was
greater than the absolute magnitude of the variation
below the mean. We suggest that years with cones close
to the mean abundance will be close to 0 standardized
deviates from the mean, low cone years will have stand-
ardized deviates that are negative, and high cone ‘mast
years’ will be positive and beyond the range of the neg-
ative standardized deviates (Fig. 2). Our approach uses
the long-term variation in cone productivity occurring
within a plot to dictate which years are mast years, as
opposed to a theoretical distribution, allowing com-
parisons between sites having different productivity.
Synchrony in low cone production by individual trees
was based on the percentage of trees within a plot that
had their lowest cone production observed in a year.

 

      


 

Variation in synchrony of cone production among
individuals may result from endogenous cycles within
individuals. To examine this we calculated autocorre-

lation functions (ACF

 

t

 

, where ‘t’ represents the lag) for
individuals in the data set for at least 13 years. Data were
log-transformed and differenced to the mean annual
total cones per tree, to fit assumptions of normality and
stationarity (Berryman 1999) for each tree. Gaps in the
data were not interpolated and were not included in ACF
analysis. No lags greater than 5 years were examined
due to the length of the data. Patterns of the dominant
ACF lag for each tree were coded, from no significant
lag to a maximum 5-year lag, and as either positive or
negative. Variation in the dominant cone production
lag was analysed with multinomial logistic regression
and the modelling approach of Hosmer & Lemeshow
(1989). Univariate multinomial logistic regressions
were conducted with individual tree attributes, includ-
ing maximum basal area (cm

 

2

 

) over the study and mean
log-transformed cone abundance. Both predictors had

 

P

 

 < 0.2, so were included in a multivariate model, with
non-significant terms (

 

P 

 

> 0.05) removed in a stepwise
procedure, until remaining terms were significant.

 

Results

 

All four plots underwent mast seeding (all CV

 

p

 

 > 1;
Table 1; Liebhold 

 

et al

 

. 2004) with mean annual cone

Fig. 2 Mean annual P. glauca cone production for each study plot: A, B, C, and D from 1990 (or 1991) to 2005 in the Yukon,
Canada (left panels). The dashed line represents the long-term mean cone production during the study. Right panels show the
number of standardized deviations the annual cone production mean was from the long-term mean. Filled symbols/bars
represent mast years based on deviations in cone production from the long-term mean.
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crops typically being the highest on plot A, followed by
plots B, C and D (Fig. 2). For each plot, mean CV

 

i

 

ranged from 1.84 to 2.15 (Table 1).

 

     


 

While pairs of  trees over all distance classes were
significantly correlated (mean 

 

r

 

s

 

 > 0; all 

 

P

 

 < 0.001), all
distance classes showed less than perfect synchrony (all

 

P

 

 < 0.02). The overall mean correlation coefficient was
0.52 ± 0.14 (mean ± SE), and levels of synchrony
ranged from a high of 0.64 ± 0.18 for trees < 75 m
apart, to a low of 0.33 ± 0.07 with > 3 km between
pairs of trees (Fig. 3). There was no significant decrease
in average synchrony between pairs of individuals in
closest and farthest distance classes (one sided 

 

t

 

-test,

 

t

 

623

 

 = 1.213, 

 

P

 

 = 0.113).

 

      
 

 

The occurrence of mast years varied between plots. The
two plots closest to each other, A and B (Fig. 1), had

three mast years (1993, 1998, 2005); plot C had two
(1993, 1998); and plot D had one mast year (1998). All
four plots had their largest mean cone crop in 1998
when they all had a cone mast. While plots A and B
produced a mast in 2005, plot C produced below
average cones (mean = 87 cones per tree), and plot D
had almost no cones (mean = 0.1 cones per tree).

In 1998, the year with the highest annual mean cones
and when all plots produced a mast crop, 84–100% of
the trees in each plot produced large cone crops
(Fig. 4). In 1993, 36–77% of the trees in plots A, B and
C produced large cone crops, and in 2005, 38% and
50% of trees in plots A and B, respectively, produced
one of their largest three cone crops. In years when the
mean cone production was relatively low, 10–30% of
trees within plots still produced one of their large cone
crops. No trees produced a top cone crop in 1991 or
1994, when 65–95% of  trees within plots did not
produce cones (Fig. 5). The annual percentage of trees
producing low cones varied substantially, with less
variation between plots within a year (Fig. 5). A notable
exception was 2005 when plots A and B showed a mast
year, while plot C had 50% and plot D > 90% of trees
producing low cones. In mast years on a plot, few trees
failed to produce cones (on average 5.8%). There was
only one complete cone failure observed (plot D in 2000).
In the post-mast years of 1994 and 1999, 75–79% and
30–50% of  trees in plots that masted the previous
year, produced low cones, respectively.

 

     


 

Three patterns of temporal autocorrelation in cone
production for individuals were commonly detected
(Table 2). These included trees with no significant lag
(86 of 196 trees or 44%), a negative correlation in cone
production at 1 year (23%), or a positive correlation at

Table 1 Plot-level information on variability and synchrony
of cone production by P. glauca. For each plot, the coefficient
of variation (CVp), the mean Spearman correlation for
synchrony of all pairs of trees (mean rs), and the mean CVi for
each plot, are shown. Number of years of cone production
data for each of the study plots is shown by ‘n’. See text for
number of individuals in plots

Plot CVp Mean rs Mean CVi n

A 1.31 0.59 1.84 16
B 1.40 0.59 2.07 16
C 1.71 0.50 2.10 15
D 2.74 0.63 2.15 13

Fig. 3 Spatial variation in synchrony of cone production by P. glauca pairs of individuals. The vertical line is where distances
between tree pairs generally move from within to between study plots. All mean correlations for each distance class were
significantly greater than zero and less than one.
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3 years (20%). Other lags included a negative correlation
at 2 (6%) and 4 years (3%), and a positive correlation at
5 years (4%). There was no significant relationship
between basal area and temporal patterns of  cone
production. Mean individual cone production influenced
the lag patterns of cone production (Table 2); individuals
with higher cone production were more likely to have a
3-year lag, compared with no significant lag (Table 2).

 

Discussion

Overall, individual trees were moderately synchronous
in their pattern of cone production, with a mean cor-
relation of 0.52, but this varied with distance between
trees. This correlation value is in keeping with ‘moder-

ate synchrony’ used previously to describe mean Spear-
man and Pearson correlations of 0.53 (Buonaccorsi
et al. 2001; Koenig et al. 2003, respectively). Individuals
were highly synchronous at the most local spatial scale,
and they showed low synchrony at distances over 3000 m.
Some of this variation was due to differences detected
at the plot-scale, specifically with respect to the occur-
rence of mast years. Our results suggest that regional
mast years can vary in intensity locally, and can affect
synchrony of individuals. In 1998 ‘masting’ occurred
over all study plots. In 1993, all but one of the plots
masted, while in 2005 only half  of the plots had a mast
cone crop.

Variability among individuals was also detected in
the level of synchrony in the production of large cone

Fig. 4 Percentage of P. glauca trees that produced large cone crops within each year. Only trees in the data set for at least 13 years
were included in the analysis. Plot A (n = 66) and plot B (n = 61) have their top 3, plot C (n = 55) has its top 2, and plot D (n = 14)
has the single top cone year shown, based on the number of high cones years in Fig. 2. Solid bars represent the top cone year,
angled lines represent the second most cones, and dotted bars represent years with the third most cones, when shown. Recall that
data for plots C and D span 1991–2005 only, and no data are available for plot D in 1996 and 1997.

Fig. 5 Percentage of P. glauca trees producing their lowest cone crop within each year for each of the four study plots. Only trees
in the data set for a minimum of 13 years were included in the analysis. The lowest cones may occur in more than one year for each
tree. Sample sizes are the same as in Fig. 4. Note that plots C and D span 1991–2005 only, and no data were available for plot D
in 1996 and 1997.
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crops by trees, and in different lags of cone production.
The degree of synchrony within a year at the plot level
appeared to vary with the magnitude of cone produc-
tion. Many trees produced large cone crops during
mast events. During the 1998 mast, synchrony in the
production of  large cone crops by individuals was
especially high; only 10% of all trees sampled did not
produce one of their large cone crops. In the other mast
years (1993, 2005) the extent of masting was not as
strong, with the percentage of trees within a masting
plot that produced large cone crops varying from 36 to
75%. In low cone years, some individuals produced
large cone crops that would contribute to the moderate
level of  overall synchrony. Variability in the number
of cones produced among individuals within a year
tended to be inversely related to mean cone abundance
within the year.

Variation in synchrony among individuals could
also be influenced by persistent individual differences
in temporal cone production patterns. We detected
three dominant patterns of cone production by trees.
Some individuals showed no lag in cone production
over the years (i.e. each year was independent of those
preceding it). Other individuals showed a significant
negative effect of cone production in one year on the
cones produced the next year; third, those trees pro-
ducing more mean cones over the study than those in
the other groups tended to have a positive autocorre-
lation at 3-year intervals. P. glauca cones develop over
2 years, with bud differentiation occurring in summer
of  one year and the cones produced the next
year (Nienstaedt & Zasada 1990). Greene & Johnson
(2004), in a study of North American tree species,
reported 31% of the data sets in their study had signif-
icant lag 1 autocorrelations, suggesting it was related to
resource depletion, but provided no explanation for
variation among trees. Local habitat quality (e.g. basal
light availability) influences cone production (Greene
et al. 2002), and energy reserve dynamics of individuals
could affect their seed production patterns (Satake
& Iwasa 2000). In high quality areas trees may have
more resources, resulting in both high cone production
within a year and allowing trees to produce cones over
successive years (Nienstaedt & Teich 1972) and in a
multiyear lag in cone production. Habitat variability
within sites could be a factor in the variation in synchrony
in Quercus spp. mentioned previously (Liebhold et al.

2004). A tendency for a small proportion of trees to
produce a large proportion of seed in a population has
been shown in Quercus spp. (Healy et al. 1999). Here,
the dominant 3-year lag for the high mean cone producing
trees coincided with the significant plot-level lag in cone
production (for plots A and B; analysis not shown).

While we reported correlation coefficients statisti-
cally greater than zero at all distance classes, we focused
more on the patterns and relative amounts of synchrony
among individuals rather than simply the statistical
detection of synchrony. Previous studies have inferred
synchrony from a statistically significant positive
correlation among individuals (i.e. significantly > 0),
regardless of how small and close to zero (Koenig &
Knops 1998b, e.g. a correlation of 0.12 ± 0.03 (95%
CI); Crone & Lesica 2004). Further information on the
amount of variability explained could be attained by
squaring the correlation coefficients, while preserving
the sign of  the Spearman correlation, to generate
‘correlation index’ (r2) values, representing the propor-
tion of variability in the cone production pattern of a
tree explained by correlating it with another tree (Zar
1999). The correlation index may be useful for quanti-
fying and interpreting the relative importance of
correlations of different magnitudes compared with
the correlation coefficient (rs), especially when correla-
tions are not very strong (not close to 1 or –1), nor very
weak (not close to 0) (Sokal & Rohlf 1995).

With the correlation index approach, the mean
proportion of variation explained for the 356 trees was
0.35 ± 0.12. The spatial pattern of the proportion of
variability explained in cone production patterns
between pairs of  individuals had the same trend as
the Spearman correlation (i.e. a decline with distance).
The mean proportion of the variation explained ranged
from a high of 0.47 ± 0.18 to a low of 0.21 ± 0.06 (see
Figure S1 in Supplementary Material). Similar to the
Spearman correlation for measuring synchrony, there
was no significant reduction in the mean correlation
index between pairs of trees in the closest and furthest
distance classes (one sided t-test, t623 = 0.981, P = 0.164).
The variability in cone production patterns explained
by pairs of trees over all distance classes was statistically
greater than 0, and there was considerable variation in
the cone production patterns of individual trees.

Analyses of  43 Quercus spp. acorn production
data sets using mean Pearson correlation coefficients

Table 2 Final model from multinomial logistic regression for dominant ACF lags. Individual trees with a negative lag at 1 year,
or a positive lag at 3 years, were compared with trees with no significant lag. ‘n’ is the number of individuals with each pattern.
Trees with dominant lags of 2, 4 and 5 years were omitted from this analysis; they comprised only 10% of individuals sampled

ACFt n Parameter b (SE) P
Odds ratio 
(95% CI)

Mean 
log(cones) (SE)

Mean basal 
area cm2 (SE)

No lag significant 86 2.46 (0.13) 246.7 (20.2)
Lag 1 negative 46 Intercept –0.112 (0.390)  0.774 0.799 (0.592, 1.079) 2.13 (0.18) 194.6 (23.8)

Mean log(cones) –0.224 (0.153)  0.143
Lag 3 positive 40 Intercept –2.329 (0.552) < 0.001 1.729 (1.235, 2.420) 3.24 (0.18) 283.4 (30.1)

Mean log(cones) 0.548 (0.171)  0.001
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among individuals as measures of synchrony, ranged
widely from 0.18 to 0.82 (Koenig et al. 2003). Our mean
Spearman correlation was in the middle of this range at
0.52. Spatial synchrony in acorn production between
individuals of three Quercus spp. based on Pearson cor-
relations were in the range of 0.60 to 0.35 over distances
up to 5 km (Koenig et al. 1999). Although we found no
statistical difference in the synchrony of P. glauca trees
at 75 m compared with 4 km apart, synchrony did
decline with distance to a low of 0.33. Whether syn-
chrony in cone production by P. glauca individuals over
larger distances declines further is unknown. Using
population means, Koenig & Knops (1998a) found
detectable levels of synchrony for Picea spp. populations
up to 2500 km apart. Because we focused on the
synchrony between individual plants, and not popu-
lation means, the overall mean correlation based on
individuals (0.52) was lower than that based on
P. glauca means for populations less than 10 km apart
(0.73 here, based on plot means; c. 0.70 from Koenig
& Knops 1998a). This occurs at least in part because
taking the mean ignores the individual variation by
combining individuals in an area into a single value,
and suggests that considerable variation may remain
undetected when population means, not individual values,
are used in the analysis of synchrony.

     

Broad-scale weather has been suggested as a cue ensuring
the majority of trees are synchronous seed producers
(Norton & Kelly 1988). Koenig et al. (1999) proposed
that the synchronizing effect of weather over large
areas, known as the Moran effect (Moran 1953), could
be responsible for synchrony in acorn production by
Quercus spp. over hundreds of kilometres. Also, abnor-
mally high temperatures in the summer before seedfall,
consistent with the La Niña phase of the El Niño
Southern Oscillation, has been associated with
synchronous fruiting in multiple species across New
Zealand (Schauber et al. 2002). Broad weather
patterns may also play a role in the detectable levels of
synchrony in Picea spp. seeding occurring over large
spatial scales (Koenig & Knops 1998a). Bud develop-
ment in many conifer species occurs a year prior to
cone formation, triggered by hot dry conditions during
the period of differentiation into vegetative or sexual
buds (Owens & Molder 1977; Nienstaedt & Zasada
1990), with a high correlation to the number of pollen
cones and seed cones on individual trees (Caron 1995).

Janzen (1971) postulated that for weather to be a
synchronizing factor over a large area it must be of a
sufficient intensity to override differences due to local
conditions. Over the relatively small spatial extent of
the current study area we expected that the general
climatic conditions favouring the formation of repro-
ductive buds would not differ. However, tree growth
and seed output are also affected by soil moisture and
competition for resources (Greene et al. 2002), and

these are likely to be correlated for individuals close
together, leading to patterns of local high synchrony.
Perhaps local microsite conditions were such that, if
the synchronizing effect of weather must achieve some
threshold to override local microsite variation (as per
Janzen 1971), the conditions leading up to the 1998
mast were well above the threshold (so all areas had a
cone mast), whereas weather conditions in 1993 and
2005 were nearer the threshold, such that the occurrence
of cone masting was more variable between plots.
Accordingly, no mast years occurred in other years
perhaps because the large-scale cue was not present.
The spatial variation in mast years among plots, and
variability in individual synchrony, could reflect the
variation in habitat conditions (Liebhold et al. 2004)
when these conditions are not overridden by weather
for mast seeding. We do not know the cause of the vari-
ation in mast occurrence among plots. Local moisture
or frost conditions during the very short time of pollen
shedding (3–5 days; Nienstaedt & Zasada 1990) could
negatively affect synchronization of masting. We did
not have climatological data to pursue this further. The
broad scale patterns showing some detectable level
of synchrony in population means observed over very
large distances (e.g. Koenig & Knops 1998a) could
result from large-scale climatic conditions that trigger
a mast year across sites over large distances, with con-
siderable variation in the other years.

    


It was not our goal to differentiate between evolution-
ary hypotheses for mast seeding, so we only briefly
comment on pollination efficiency and predator satia-
tion in light of our results on variability and synchrony.
The high CVp and mean CVi, along with high local
mean rs, could be the response to selection due to local
pollination efficiency and localized seed predators
(Koenig et al. 2003). Picea glauca pollen is wind
dispersed; most pollen from wind-dispersed conifers
has been shown to fall closer to the source tree
(Robledo-Arnuncio & Gil 2005), and could result in
individuals closer together being more synchronous.
This could reinforce via heritability the different
patterns of lags observed in cone production, perhaps
reflecting different seed production strategies or abili-
ties. Genetics may also play a role in the mast seeding
behaviour of P. glauca individuals (Nienstaedt &
Zasada 1990), but we do not have the data to test this
idea further. As the only conifer in our study area,
P. glauca should experience strong selection to be
synchronous due to predation pressure. However, this
selection is likely to be influenced by the attributes of
predator species. If  the dominant seed predator was
highly mobile, then very high synchrony in seed pro-
duction may occur over the range of the seed predator.
Red squirrels are territorial and thus do not roam in
search of food, unlike birds such as crossbills (Holimon
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et al. 1998). Red squirrels feed primarily on P. glauca
seed (Smith 1968) and individuals cache upwards of
12 000 cones prior to seedfall (Hurly & Lourie 1997),
preferentially selecting cones from trees with larger
cone crops (Peters et al. 2003). Seeds lose their viability
after 1–2 years in a red squirrel cache (Nienstaedt &
Zasada 1990). Therefore, while selection should act
against individual trees producing large cone crops
asynchronously, this may only be important in a local
area, for example within a red squirrel territory
(0.25 ha, or a diameter of about 60 m; J. M. LaMon-
tagne & S. Boutin, unpublished data). This may
contribute to the high level of synchrony among indi-
viduals in the closest proximity (< 75 m). Increased
asynchrony with distance, resulting in areas where trees
produce many cones when other trees produce small
cone crops, may promote seed predator persistence,
especially in low seed years. However, mobile generalist
seed predators may show the opposite of  predator
satiation (i.e. higher proportion of the seed crop con-
sumed in high seed years or for high-seed trees),
as shown for Betula allegheniensis (Kelly et al. 2001).
Under the latter conditions it might be more favourable
for individual plants to be highly variable (high mean
CVi) with lower spatial synchrony to tailor the amount
of  variation and its spatial scale to the characteristics
of its seed predator(s), as outlined by Koenig et al.
(2003).

Although statistically detectable synchrony in seed
production by plant populations may extend over very
large spatial extents, individual variation in cone
production patterns may be considerable. Different
species and even different populations of a common
species will experience different local environmental
conditions and selection pressures via the characteristics
of seed predator populations and developmental times
(e.g. promoting asynchrony between different species
of Quercus spp. in a common area; Liebhold et al.
2004). Based on high local synchrony, high synchrony
within a mast year, and multiple lags in cone produc-
tion by individuals, both available resources and strong
weather cues appear to play roles in the observed
patterns. Spatial variation in the occurrence of mast
years can have an affect on the population dynamics of
seed predators and local community dynamics (Ostfeld
& Keesing 2000). There is much opportunity to investigate
further the causes and consequences of  individual
variation in synchrony, and individual lags in seed pro-
duction, with a view to increasing our understanding
of seeding patterns within plant populations.
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