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Abstract: We analyzed 29 years of acorn production by five species of California oaks (genus Quercus) to test the hy-
pothesis that trees produce large seed crops prior to wet years, conditions facilitating seedling germination and survival.
The mean crop of three of the species correlated positively and nontrivially with the following year’s rainfall, but none
was statistically significant. Including the acorn crop 1 and 2 years earlier yielded several significant relationships between
the acorn crop and future rainfall, but none held up when applied to a second, independent site. Across individuals, acorn
production by 7% of trees correlated significantly with subsequent rainfall. Although these trees differed from other trees
in several characters, differences were not sufficient to discriminate between trees that correlated significantly with subse-
quent rainfall from those that did not. We conclude that acorn production by California oaks does not forecast wet years
and does not support the environmental prediction hypothesis.

Résumé : Nous avons analysé la production de glands durant 29 années chez cinq espèces de chêne de la Californie
(genre Quercus) pour tester l’hypothèse selon laquelle les arbres produisent de grandes quantités de glands en prévision
des années de forte pluviosité qui favorise la germination et la survie des semis. La production moyenne de trois des espè-
ces était positivement et sans équivoque corrélée avec la pluviosité de l’année suivante mais aucune corrélation n’était sta-
tistiquement significative. Le fait d’inclure la production de glands durant les 2 années précédentes a produit plusieurs
relations significatives entre la production de glands et la pluviosité future mais aucune de ces relations ne tenait lorsqu’el-
les étaient appliquées à un deuxième site indépendant. Sur une base individuelle, la production de glands de 7 % des arbres
était significativement corrélée avec la pluviosité subséquente. Bien que ces arbres fussent différents des autres sur la base
de plusieurs caractères, ces différences n’étaient pas suffisantes pour distinguer les arbres dont la production de glands
était significativement corrélée avec la pluviosité subséquente de ceux dont la production de glands ne l’était pas. Nous
concluons que la production de glands des chênes de la Californie ne permet pas de prévoir les années de forte pluviosité
et ne supporte donc pas l’hypothèse de la prévision environnementale.

[Traduit par la Rédaction]

Introduction

Masting or mast-fruiting — the intermittent, synchronous
production of seeds by a population of plants — is a well-
documented phenomenon among a variety of plant taxa,
although it appears to be particularly prevalent among
wind-pollinated Northern Hemisphere trees (Kelly 1994;
Koenig and Knops 2000; Kelly and Sork 2002). There are
at least three reasons why this phenomenon is of ecological
and evolutionary interest. First, masting can produce large
resource pulses of great significance to terrestrial ecosys-
tems, acting ‘‘bottom-up’’ to initiate cascades of ecosystem
effects (Ostfeld and Keesing 2000). Second, the mechanisms
producing reproductive synchronization, which may be evi-
dent over large geographic areas of thousands of square kil-
ometres (Koenig and Knops 1998; Koenig et al. 1999a,
1999b), remain controversial, the two main hypotheses

being that spatial synchrony is driven by (i) environmental
synchrony (the Moran effect: Ranta et al. 1997; Koenig
2002) and (ii) reproductive efficiencies related to the de-
pendence of trees on the availability of outcrossed pollen,
or pollen coupling (Satake and Iwasa 2000, 2002). Third,
the selective factors favoring the evolution of masting be-
havior are unresolved. Currently, the two most commonly
considered hypotheses are predator satiation (Janzen 1971)
and enhanced pollination efficiency (Smith et al. 1990;
Kelly et al. 2001). However, several other hypotheses have
been proposed, most of which are rarely tested because they
are thought to be applicable only to specific systems (Kelly
1994).

Here, we consider one of these frequently overlooked ex-
planations for mast-fruiting, the environmental prediction
hypothesis. This hypothesis, which proposes that weather
cues are used to predict optimum future conditions for seed
germination, is well established in some Australian mono-
cots where fire is a trigger for high seed production and si-
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multaneously can be used to predict conditions of enhanced
nutrient availabilty and reduced competition favoring seed-
ling establishment (Kelly 1994). The environmental predic-
tion hypothesis has also been proposed to be potentially
important in mesic forests where seed production following
a period of water stress may take advantage of favorable
understory conditions for regeneration (Williamson and
Ickes 2002; Piovesan and Adams 2005). However, environ-
mental cues such as rainfall could potentially play a simi-
larly beneficial role, especially in cases where recruitment
is limited by drought or interspecific competition.

One system where these conditions are met is that of Cal-
ifornia oak woodlands where several common tree species,
including the widespread valley oak (Quercus lobata Née)
and blue oak (Quercus douglasii Hook. & Arn.), appear to
have experienced low recruitment throughout much of their
range for the past century or longer (Tyler et al. 2006).
Although several factors most likely contribute to low re-
cruitment (Tyler et al. 2008), water availability, primarily
determined by winter rainfall, is highly variable in the Med-
iterranean climate of this region and a key limiting factor is
clearly water availability affecting subsequent emergence
and survival of seedlings (Welker and Menke 1990; Swiecki
et al. 1997; Tyler et al. 2002), the latter of which is medi-
ated in part by competition with annual plants (Gordon et
al. 1989; Momen et al. 1994).

As a result of the advantages sprouts gain by having ac-
cess to more water, there would be a considerable selective
advantage for trees to produce large crops of acorns in ad-
vance of wet years. Although no mechanism by which this
might be accomplished is currently known, there are reasons

to believe it is a possibility. The phenomenon most likely to
provide an appropriate cue is that of the El Niño – Southern
Oscillation (ENSO). First, ENSO events are known to have
strong effects on masting behavior in other, mostly tropical
systems (Curran et al. 1999; Wright et al. 1999; Wich and
Van Schaik 2000; Schauber et al. 2002). Second, ENSO
events are highly correlated with rainfall in California
(Schonher and Nicholson 1989; Mo and Higgins 1998) and
the western United States in general (Cayan et al. 1999).
Third, cycles in ENSO variability have been detected that
are 2–5 years in length (Rasmusson et al. 1990; Tomita et
al. 2004; Lau and Yang 2006), a temporal scale that approx-
imates the (variable) length of masting cycles observed in
California oaks (Koenig et al. 1994b). If oaks are able to
track these cycles, even imperfectly, it would potentially al-
low them to produce large acorn crops in anticipation of wet
years favorable for subsequent seedling survival, as postu-
lated by the environmental prediction hypothesis.

Here, we examine this hypothesis using data on acorn
production by five species of California oaks over a 29-year
period at Hastings Reservation in Monterey County, Califor-
nia. First, we test whether the mean acorn crop of any of the
species correlates positively with subsequent rainfall or
whether trees produce larger crops prior to particularly wet
El Niño years. We subject the significant relationships that
emerge to a test by applying them to a second site where
the acorn crop is not highly correlated with that at Hastings
Reservation. As a second approach, we screened all trees
surveyed at Hastings Reservation and examined the charac-
teristics of those whose acorn production patterns were cor-
related with subsequent rainfall to see if any of the

Table 1. Pearson correlations between the acorn crop at Hastings Reservation and annual rainfall
and the multivariate ENSO index.

Subsequent rainfall Multivariate ENSO index

Species r t P r t P
Quercus lobata 0.24 1.27 0.21 –0.23 –1.24 0.23
Quercus douglasii 0.26 1.39 0.18 –0.26 –1.44 0.16
Quercus chrysolepis 0.01 0.03 0.97 0.15 0.82 0.42
Quercus agrifolia 0.35 1.93 0.06 –0.01 –0.05 0.97
Quercus kelloggii –0.31 –1.68 0.10 0.08 0.45 0.66

Note: N = 28 years (1980–2007).

Table 2. Best models predicting rainfall for each species of oak at Hastings Reservation.

Species

Years (mean acorn
crop) included in the
model Variable estimate (±SE) Variable P Overall F (df) Overall P Adjusted R2

Quercus lobata Year x – 1 –0.190±0.070 0.012 4.74 (2,24) 0.018 0.22
Year x – 2 –0.196±0.073 0.013

Quercus douglasii Year x – 1 –0.167±0.069 0.023 6.20 (2,24) 0.007 0.29
Year x – 2 –0.236±0.069 0.002

Quercus chrysolepis Year x – 2 0.087±0.075 0.26 1.35 (1,25) 0.26 0.01
Quercus agrifolia Year x 0.146±0.069 0.046 3.38 (2,24) 0.051 0.15

Year x – 2 –0.129±0.070 0.08
Quercus kelloggii Year x –0.098±0.058 0.10 2.84 (1,27) 0.10 0.06

Note: Presented are the best (based on bias-adjusted AICc values) out of seven candidate models for each species that included all combinations of three
independent variables: (i) the mean acorn crop in year x, (ii) the mean acorn crop in year x – 1, and (iii) the mean acorn crop in year x – 2. Thus, for Q.
lobata and Q. douglasii, the best candidate models included the acorn crop in years x – 1 and x – 2, while for Q. kelloggii, it included only the acorn crop in
year x.
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characters could potentially be used to identify such trees a
priori.

The goal of these analyses is to subject the environmental
prediction hypothesis to a test in a system where trees would
gain a significant fitness advantage by forecasting future
rainfall and where environmental conditions vary in a way
that could potentially be anticipated by the trees. Such an-
ticipatory effects have been detected on the part of seed
predators of mast-fruiting conifers (Boutin et al. 2006), mak-
ing it more cogent to explore parallel possibilities on the
part of the trees themselves.

Methods

The acorn production data that we analyzed consisted of
visual acorn surveys at two sites. The primary site was Hast-
ings Reservation, a field station located 42 km southeast of
Monterey, California, run by the Museum of Vertebrate Zo-
ology, University of California at Berkeley. Included in the
analyses were data on 246 marked individuals including 87
Q. lobata, 56 Q. douglasii, 63 coast live oak (Quercus agri-
folia Née), 21 canyon live oak (Quercus chrysolepis
Liebm.), and 19 California black oak (Quercus kelloggii
Newberry). The secondary site was the American Canyon
campground near Pozo in San Luis Obispo County located
36 km inland from San Luis Obispo and approximately
160 km south of Hastings where we surveyed 75 trees in-
cluding 25 Q. lobata, 25 Q. douglasii, and 25 Q. agrifolia.

Starting in 1980 (at Hastings) and 1989 (for Pozo) and con-
tinuing each year through 2008 (29 years total for Hastings
and 20 years for Pozo), we visited each tree in September
and conducted a visual survey of the acorn crop during
which two observers, scanning different parts of the tree’s
canopy, counted as many acorns as they could in 15 s
(Koenig et al. 1994a, 1994b). These counts were added to
yield the number of acorns per 30 s, or N30. For statistical
analyses, values were log-transformed (ln[N30 + 1] = LN30)
so as to reduce the correlation between the mean and the
variance. The size of the acorn crop in year x was estimated
as the mean of the LN30 counts for all individuals surveyed
of that species in year x.

For Hastings, rainfall was obtained from reservation head-
quarters located within 3.2 km of all trees in the survey. For
Pozo, rainfall was taken primarily from the US Forest Serv-
ice Station located 8 km west of the site. However, data
from several years were missing and when this was the
case, we used data from Goodwin Ranch 36 km east-south-
east of the site. (Data from both sites were missing for
1989–1990 and thus, this year was not included in the anal-
yses.) Pozo was chosen as the secondary site because acorn
production there is much less strongly correlated with the
crop at Hastings Reservation than at other sites for which
we have data. For example, the Pearson correlation between
the mean acorn crop of Q. douglasii at Hastings and Pozo
between 1989 and 2009 was r = 0.45 (df = 19, P = 0.04)
compared with r = 0.79 (df = 19, P < 0.001) for the correla-
tion between the mean acorn crop of the same species over
the same 21 years at Hastings and Jasper Ridge Biological
Station 130 km north of Hastings (unpublished data).

Rainfall in this region, which is subject to a Mediterra-
nean climate, is highly seasonal, with 88% of precipitation
falling between 1 October and 31 March. It is also highly
variable: in the 70 years between 1939–1940 and 2008–
2009, mean (±SD) annual rainfall at Hastings Reservation
(measured from 1 July to 30 June) was 52.7 ± 19.7 cm,
with a high of 112.1 cm (in the El Niño winter of 1982–
1983) and a low of 26.1 cm (in 1988–1989). Annual rainfall
was not normally distributed (Shapiro–Wilk test, W = 0.904,
P < 0.001), even after removing the 2 El Niño years when
annual rainfall exceeded 1 m (Shapiro–Wilk test, W =
0.928, P < 0.001). However, log-transformation achieved
normality (W = 0.973, P = 0.14) and thus was used in all
analyses. Since the acorn crop matures in September, annual
rainfall was measured from 1 September to 31 August and
the fiscal year x is considered to start on 1 September of
year x.

To compare the acorn crop with ENSO events directly,
we used the multivariate ENSO index of Wolter and Timlin
(1993), combining monthly values from September to Au-
gust of the fiscal year (Wolter 2010). Rainfall at Hastings
was strongly correlated with the multivariate ENSO index
(r = 0.56, df = 28, P = 0.001).

Rainfall was also highly correlated between the two sites
(considering the years 1990–1991 to 2008–2009, the correla-
tion between the log-transformed annual rainfall at Hastings
and Pozo was r = 0.88, df = 17, P < 0.001). Such a strong
correlation between sites 160 km apart is expected given the
high spatial synchrony in annual rainfall found globally
(Koenig 2002).

Fig. 1. Mean acorn crop of Quercus douglasii at Hastings Reserva-
tion versus annual rainfall (cm) (a) 1 year later (r = –0.18, df = 26,
P = 0.35) and (b) 2 years later (r = –0.42, df = 25, P = 0.03).
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To explore the relationship between the acorn crop and
subsequent environmental conditions, we first performed
Pearson correlations between the mean LN30 values for
each species and both log-transformed rainfall and the multi-
variate ENSO index for the following year. We then con-
ducted regression analyses to examine the possibility that
the size of the acorn crop during any of the prior 3 years
might predict winter rainfall, the rationale being that a seed-
ling bank formed from an earlier acorn crop may be able to
take advantage of rainfall in any of several subsequent sea-
sons. For each species, we tested candidate models in which
we attempted to predict rainfall in year x based on all com-
binations (singly, in pairs, and all three combined) of three
variables: the acorn crop in year x (at the start of the fiscal
year), the acorn crop in year x – 1, and the acorn crop in

year x – 2. Results were compared using bias-adjusted AICc
values; thus, we compared seven models for each species.
We assessed the success of the best-performing model for
each species based on the overall P values and adjusted R2

values. We then applied the best model as determined from
this procedure to the Pozo data to test whether the results
were specific to the Hastings site or whether they were suf-
ficiently general that they could successfully predict rainfall
at this second site. All analyses were conducted in R 2.10.0
(R Development Core Team 2009), and results were consid-
ered to be statistically significant when P < 0.05.

For the individual tree analyses, we calculated Pearson
correlations and their associated P values between the LN30
values for each of the 244 trees at Hastings Reservation and
subsequent rainfall. We then compared those trees whose
acorn production patterns correlated significantly with sub-
sequent rainfall (the correlations for all such trees were >0,
and thus, we refer to them as ‘‘responder’’ trees) with the re-
maining trees of the same species whose acorn production
patterns did not correlate significantly with rainfall (‘‘non-
responder’’ trees) with Wilcoxon tests based on a series of
variables including diameter at breast height, elevation,
mean acorn production (averaged LN30 values between
1980 and 2009), xylem water potential (both daytime and
predawn), and total N and P (in milligrams per litre of efflu-
ent) as determined from resin bags buried beneath each tree
between October 1992 and April 1993 (Knops and Koenig
1997). The latter two soil variables were chosen because
they, in conjunction with xylem water potential, explain a
high proportion of the differences in net primary productiv-
ity among trees and thus provide a good index of relative
site quality (J.M.H. Knops and W.D. Koenig, unpublished
data). In total, we analyzed seven variables for each of the
species for which we detected at least one responder tree.

For variables that differed significantly between responder
and nonresponder trees, we tested whether the difference
was sufficient to provide information that could unambigu-
ously identify trees whose acorn production patterns corre-
lated significantly with subsequent rainfall. This was done
by choosing all trees of the given species whose value for
the variable was greater than (less than) or equal to the
mean value of the responder trees, depending on whether
responder trees were larger (or smaller) than nonresponder
trees. As an example, consider total N, which was signifi-
cantly less among the seven responder Q. lobata than among
the 80 nonresponder trees. The mean total N of the eight
responder trees was 12.95 mg�L effluent–1 and there were
12 Q. lobata (out of 86) whose total N was less than or
equal to this value. Consequently, we calculated the correla-
tion between the mean LN30 values for these 12 trees and

Table 3. Results of the three significant (and near-significant) models summarized in Table 2 applied to the Pozo site.

Species
Years (mean acorn crop)
included in the model Variable estimate (±SE) Variable P Overall F (df) Overall P Adjusted R2

Quercus lobata Year x – 1 –0.086±0.104 0.42 0.65 (2,15) 0.54 –0.04
Year x – 2 –0.103±0.098 0.31

Quercus douglasii Year x – 1 –0.028±0.103 0.79 0.52 (2,15) 0.60 –0.06
Year x – 2 –0.103±0.101 0.32

Quercus agrifolia Year x –0.020±0.118 0.87 0.03 (2,15) 0.98 –0.13
Year x – 2 –0.023±0.124 0.86

Fig. 2. Predicted versus actual annual rainfall (cm) (log-trans-
formed) where predicted values are based on the regression of the
mean (log-transformed) acorn crop of Quercus douglasii 1 and 2
years earlier at (a) Hastings Reservation (r = 0.58, df = 25, P =
0.001) and (b) Pozo (r = 0.24, df = 16, P = 0.35).

2118 Can. J. For. Res. Vol. 40, 2010

Published by NRC Research Press



subsequent rainfall to determine whether this subset of trees,
identifiable by a cutoff on the basis of total N, could be used
to accurately forecast future rainfall.

Results

Predicting rainfall from the acorn crop
None of the correlations between the mean acorn crop and

either subsequent rainfall or the multivariate ENSO index
was significant (Table 1). However, the correlations between
subsequent rainfall and the mean acorn crops of three spe-
cies were moderately positive and one (for Q. agrifolia)
was close to being significant (P = 0.06).

The results of the best candidate models analyses indicate
that for both Q. lobata and Q. douglasii, rainfall was signifi-
cantly correlated with the mean acorn crop 1 and 2 years
earlier, with these variables explaining between 22% and
29% of the variance (Table 2). In both cases, however, the
correlations with both independent variables were negative;
that is, good acorn crops 1 and 2 years earlier correlated
with relatively dry, rather than wet, years (Fig. 1). Best can-
didate models for none of the other three species success-
fully predicted subsequent rainfall, although that for Q.
agrifolia was close to significant.

Although these analyses provide little support for the en-
vironmental prediction hypothesis, they suggest the possibil-
ity that knowledge of prior acorn crops might in some cases
have signficant predictive power regarding future rainfall,
albeit not in the direction expected. We test this possibility
in the next section.

Testing the model
We tested the generality of the significant (and near-sig-

nificant) results reported in Table 2 by applying the models
to the Pozo data set. Results indicated that none of the mod-
els was successful at forecasting rainfall at this second site:
no P value approached significance and adjusted R2 values
were all negative, indicating that the models had no explan-
atory power (Table 3). A comparison of the best of these re-
lationships (using the mean acorn crop of Q. douglasii 1 and
2 years earlier) with subsequent rainfall at Hastings Reserva-
tion and at Pozo is presented in Fig. 2.

Predicting rainfall from individual trees
For this analysis, we first calculated correlations between

the LN30 values and subsequent rainfall for each of the 246
trees in the survey. This yielded 17 trees (seven Q. lobata,
two Q. douglasii, and eight Q. agrifolia) whose correlation
with subsequent rainfall was statistically significant, a num-
ber not different from what would be expected by chance
(c2 test with continuity correction = 0). The correlation co-
efficients for all 17 trees were positive and ranged 0.37 £
r £ 0.55. We refer to these trees as ‘‘responder’’ trees.

The fact that the acorn crops of a small proportion of
trees (6.9%) significantly correlated with subsequent rainfall
is potentially useful only if those trees differ in some defin-
able way from other trees whose acorn production patterns
did not correlate with rainfall (the ‘‘nonresponder’’ trees).
To address this possibility, we tested for differences between
responder and nonresponder trees in seven characters includ-
ing diameter at breast height, elevation, mean overall long-T
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term acorn production, xylem water potential (day and pre-
dawn) measured during 1 year of the study, and two soil nu-
trient measures (N and P) determined from resin bags buried
under each tree during one winter of the study. Of the 21
analyses (7 � 3 species), four were significant; that is, there
were four variables (total N and total P for Q. lobata, pre-
dawn xylem water potential for Q. douglasii, and elevation
for Q. agrifolia) that differed significantly between res-
ponder and nonresponder trees (Table 4). For each of these
variables, we calculated the correlation between rainfall and
the mean acorn crop of all trees (of the appropriate species)
whose value for the target variable was less than or equal to
(greater than or equal to in the case of elevation) the mean
value of the subset of responder trees.

For none of the four variables was the resulting correla-
tion significant (Table 4). This indicates that despite the sig-
nificant differences between responder and nonresponder
trees in some variables, none defines a cutoff beyond which
acorn production patterns of trees correlated significantly
with subsequent rainfall. Put differently, this indicates that
although there are detectable differences between responder
and nonresponder trees, the differences are not enough to al-
low us to distinguish a group of trees whose acorn produc-
tion pattern reliably correlates with subsequent rainfall.

Discussion
Our results fail to support the environmental prediction

hypothesis. We found no evidence that the mean acorn crop
of any of five species of California oaks at Hastings Reser-
vation correlated significantly with either the ENSO or sub-
sequent rainfall, a highly variable environmental character
known to influence emergence and survival of seedlings.
For three of the species, a combination of prior acorn crops
0, 1, and 2 years earlier correlated significantly (or nearly
so) with subsequent rainfall. However, a key test to deter-
mine whether these relationships have generality beyond
this single study site is to apply them to a relatively inde-
pendent site. When we did this, no significant relationship
was found at a second location located 160 km away.

Although acorn production patterns of a small proportion
of trees correlated significantly with subsequent rainfall and
we detected significant differences between these trees and
other trees for three of the species, differences were not suf-
ficient to define a subset of trees whose acorn production
patterns could be used to predict subsequent rainfall. Thus,
although acorn production by some trees correlated with
subsequent rainfall, the number of such trees matched the
number expected by chance and we were unable to deter-
mine a character that would allow these trees to be identi-
fied a priori. Contrary to the environmental prediction
hypothesis, California oaks do not produce large acorn crops
in advance of conditions that would potentially facilitate
their subsequent survival and fitness.

Prior analyses have found a strong correlation between
prior environmental conditions and acorn production pat-
terns of North American oaks, including several of the spe-
cies considered here (Sork et al. 1993; Koenig et al. 1996).
Thus, there is good evidence that trees respond to variable
environmental factors. Whether they can use such factors to
forecast future conditions would presumably depend on the

extent to which such conditions are cyclic and predictable.
Given that short, multiyear cycles have been described for
ENSO events (Rasmusson et al. 1990; Tomita et al. 2004;
Lau and Yang 2006), the possibility that oaks might be able
to use such cycles to their advantage in accord with the en-
vironmental prediction hypothesis is not out of the question.
Clearly subtle cues are sometimes present that can be used
by some populations to anticipate future conditions. For ex-
ample, recent work has suggested that some seed predators
are able to anticipate masting events, presumably by cueing
on buds, flowers, or pollen cones, and adjusting their repro-
ductive investment accordingly, thus increasing their popula-
tion size in synchrony with the future resource pulse (Boutin
et al. 2006). Although no comparable mechanism is known
that could potentially allow trees to similarly adjust their re-
productive investment to future, rather than past, conditions,
this is not the same as knowing that no such mechanism
could exist.

There is considerable popular evidence for a relationship
between the acorn crop and subsequent winter weather,
most prominently in the ‘‘Farmer’s Almanac’’ (Geiger and
Duncan 2010). Our analyses fail to support the existence of
any such relationship in this system. Given the various steps
involved in acorn production, each of which may be influ-
enced by environmental or other external factors, combined
with the many species of oaks — there are over 60 species
in North America alone — it is clearly possible that the
acorn production patterns of one or more correlate with fu-
ture environmental conditions. Indeed, given the large pool
of potential correlations that can be made, it is likely that
significant correlations will be found in any particular anal-
ysis. The challenge will be to find a relationship between
the acorn crop and future environmental conditions that
meets the criteria for strong ecological forecasting (Clark et
al. 2001), that is, reducing uncertainty to a point where the
relationship offers a useful amount of information for pre-
dicting results in other, independent systems. Until this is
accomplished, we will have to conclude that acorn produc-
tion does not anticipate future environmental conditions.

Acknowledgements
We thank the reviewers and the editors for their com-

ments. Support for this work came from the University of
California’s Integrated Hardwood Range Management Pro-
gram and National Science Foundation grant DEB-0816691.
We would also like to thank Hastings Reservation and the
Museum of Vertebrate Zoology, University of California at
Berkeley, along with Ron Mumme, Mark Stromberg, and
all those who have facilitated the California Acorn Survey
over the years.

References
Boutin, S., Wauters, L.A., McAdam, A.G., Humphries, M.M., Tosi,

G., and Dhondt, A.A. 2006. Anticipatory reproduction and popu-
lation growth in seed predators. Science, 314(5807): 1928–1930.
doi:10.1126/science.1135520. PMID:17185600.

Cayan, D.R., Redmond, K.T., and Riddle, L.G. 1999. ENSO and
hydrologic extemes in the western United States. J. Clim. 12(9):
2881–2893. doi:10.1175/1520-0442(1999)012<2881:EAHEIT>2.
0.CO;2.

Clark, J.S., Carpenter, S.R., Barber, M., Collins, S., Dobson, A.,

2120 Can. J. For. Res. Vol. 40, 2010

Published by NRC Research Press



Foley, J.A., Lodge, D.M., Pascual, M., Pielke, R., Jr., Pizer, W.,
Pringle, C., Reid, W.V., Rose, K.A., Sala, O., Schlesinger,
W.H., Wall, D.H., and Wear, D. 2001. Ecological forecasts: an
emerging imperative. Science, 293(5530): 657–660. doi:10.
1126/science.293.5530.657. PMID:11474103.

Curran, L.M., Caniago, I., I, Paoli, G.D., Astianti, D., Kusneti, M.,
Leighton, M., Nirarita, C.E., and Haeruman, H. 1999. Impact of
El Niño and logging on canopy tree recruitment in Borneo.
Science, 286(5447): 2184–2188. doi:10.1126/science.286.5447.
2184. PMID:10591655.

Geiger, R., and Duncan, S. 2010. Farmer’s almanac. Almanac Pub-
lishing Co., Lewiston, Me.

Gordon, D.R., Welker, J.M., Menke, J.W., and Rice, K.J. 1989.
Competition for soil water between annual plants and blue oak
(Quercus douglasii) seedlings. Oecologia (Berl.), 79(4): 533–
541. doi:10.1007/BF00378672.

Janzen, D.H. 1971. Seed predation by animals. Annu. Rev. Ecol.
Syst. 2(1): 465–492. doi:10.1146/annurev.es.02.110171.002341.

Kelly, D. 1994. The evolutionary ecology of mast seeding. Trends
Ecol. Evol. 9(12): 465–470. doi:10.1016/0169-5347(94)90310-7.

Kelly, D., and Sork, V.L. 2002. Mast seeding in perennial plants:
why, how, where? Annu. Rev. Ecol. Syst. 33(1): 427–447.
doi:10.1146/annurev.ecolsys.33.020602.095433.

Kelly, D., Hart, D.E., and Allen, R.B. 2001. Evaluating the wind-
pollination benefits of mast seeding. Ecology, 82(1): 117–126.
doi:10.1890/0012-9658(2001)082[0117:ETWPBO]2.0.CO;2.

Knops, J.M.H., and Koenig, W.D. 1997. Site fertility and leaf nu-
trients of sympatric evergreen and deciduous species of Quercus
in central coastal California. Plant Ecol. 130(2): 121–131.
doi:10.1023/A:1009798327200.

Koenig, W.D. 2002. Global patterns of environmental synchrony
and the Moran effect. Ecography, 25(3): 283–288. doi:10.1034/
j.1600-0587.2002.250304.x.

Koenig, W.D., and Knops, J.M.H. 1998. Scale of mast-seeding and
tree-ring growth. Nature, 396(6708): 225–226. doi:10.1038/
24293.

Koenig, W.D., and Knops, J.M.H. 2000. Patterns of annual seed
production by Northern Hemisphere trees: a global perspective.
Am. Nat. 155(1): 59–69. doi:10.1086/303302. PMID:10657177.

Koenig, W.D., Knops, J.M.H., Carmen, W.J., Stanback, M.T., and
Mumme, R.L. 1994a. Estimating acorn crops using visual sur-
veys. Can. J. For. Res. 24(10): 2105–2112. doi:10.1139/x94-270.

Koenig, W.D., Mumme, R.L., Carmen, W.J., and Stanback, M.T.
1994b. Acorn production by oaks in central coastal California:
variation within and among years. Ecology, 75(1): 99–109.
doi:10.2307/1939386.

Koenig, W.D., Knops, J.M.H., Carmen, W.J., Stanback, M.T., and
Mumme, R.L. 1996. Acorn production by oaks in central coastal
California: influence of weather at three levels. Can. J. For. Res.
26(9): 1677–1683. doi:10.1139/x26-189.

Koenig, W.D., Knops, J.M.H., Carmen, W.J., and Stanback, M.T.
1999a. Spatial dynamics in the absence of dispersal: acorn pro-
duction by oaks in central coastal California. Ecography, 22:
499–506.

Koenig, W.D., McCullough, D.R., Vaughn, C.E., Knops, J.M.H.,
and Carmen, W.J. 1999b. Synchrony and asynchrony of acorn
production at two coastal California sites. Madrono, 46: 20–24.

Lau, K.-M., and Yang, S. 2006. The Asian monsoon and predict-
ability of the tropical ocean–atmonsphere system. Q. J. R. Me-
teorol. Soc. 122: 945–957.

Mo, K.C., and Higgins, R.W. 1998. Tropical influences on Califor-
nia precipitation. J. Clim. 11(3): 412–430. doi:10.1175/1520-
0442(1998)011<0412:TIOCP>2.0.CO;2.

Momen, B., Menke, J.W., Welker, J.M., Rice, K.J., and Chapin,

F.S., III. 1994. Blue-oak regeneration and seedling water rela-
tions in four sites within a California oak savanna. Int. J. Plant
Sci. 155(6): 744–749. doi:10.1086/297213.

Ostfeld, R.S., and Keesing, F. 2000. Pulsed resources and commu-
nity dynamics of consumers in terrestrial ecosystems. Trends
Ecol. Evol. 15(6): 232–237. doi:10.1016/S0169-5347(00)01862-
0. PMID:10802548.

Piovesan, G., and Adams, J.M. 2005. The evolutionary ecology of
masting: does the environmental prediction hypothesis also have
a role in mesic temperate forests? Ecol. Res. 20(6): 739–743.
doi:10.1007/s11284-005-0096-z.

R Development Core Team 2009. R: a language and environment
for statistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. ISBN3-900051-07-0. URL: www.
R-project.org.

Ranta, E., Kaitala, V., Lindström, J., Helle, E., and Lindstrom, J.
1997. The Moran effect and synchrony in population dynamics.
Oikos, 78(1): 136–142. doi:10.2307/3545809.

Rasmusson, E.M., Wang, X., and Ropelewski, C.F. 1990. The bien-
nial component of ENSO variability. J. Mar. Syst. 1(1–2): 71–
96. doi:10.1016/0924-7963(90)90153-2.

Satake, A., and Iwasa, Y. 2000. Pollen coupling of forest trees:
forming synchronized and periodic reproduction out of chaos. J.
Theor. Biol. 203(2): 63–84. doi:10.1006/jtbi.1999.1066. PMID:
10704293.

Satake, A., and Iwasa, Y. 2002. Spatially limited pollen exchange
and a long-range synchronization of trees. Ecology, 83(4): 993–
1005. doi:10.1890/0012-9658(2002)083[0993:SLPEAA]2.0.CO;2.

Schauber, E.M., Kelly, D., Turchin, P., Simon, C., Lee, W.G., Al-
len, R.B., Payton, I.J., Wilson, P.R., Cowan, P.E., and Brockie,
R.E. 2002. Masting by 18 New Zealand plant species: the role of
temperature as a synchronizing cue. Ecology, 83(5): 1214–1225.
doi:10.1890/0012-9658(2002)083[1214:MBENZP]2.0.CO;2.

Schonher, T., and Nicholson, S.E. 1989. The relationship between
California rainfall and ENSO events. J. Clim. 2(11): 1258–1269.

Smith, C.C., Hamrick, J.L., and Kramer, C.L. 1990. The advantage
of mast years for wind pollination. Am. Nat. 136(2): 154–166.
doi:10.1086/285089.

Sork, V.L., Bramble, J., and Sexton, O. 1993. Ecology of mast-
fruiting in three species of North American deciduous oaks.
Ecology, 74(2): 528–541. doi:10.2307/1939313.

Swiecki, T.J., Bernhardt, E.A., and Drake, C. 1997. Factors affect-
ing blue oak sapling recruitment. In Proceedings of a Sympo-
sium on Oak Woodlands: Ecology, Management, and Urban
Interface Issues. Technical coordinators: N.H. Pillsbury, J. Ver-
ner, and W.D. Tietje. U.S. For. Serv. Gen. Tech. Rep. PSW-160.
pp. 157–168.

Tomita, T., Yoshikane, T., and Yasunari, T. 2004. Biennial and
lower-frequency variability observed in the early summer cli-
mate in the western North Pacific. J. Clim. 17(21): 4254–4266.
doi:10.1175/JCLI3200.1.

Tyler, C.M., Mahall, B.E., Davis, F.W., and Hall, M. 2002. Factors
limiting recruitment in valley and coast live oak. In Proceedings
of the Fifth Symposium on Oak Woodlands: Oaks in Califor-
nia’s Changing Landscape. Technical coordinators: R.B. Standi-
ford, D. McCreary, and K.L. Purcell. U.S. For. Serv. Gen. Tech.
Rep. PSW-GTR-184. pp. 565–572.

Tyler, C.M., Kuhn, B., and Davis, F.W. 2006. Demography and re-
cruitment limitations of three oak species in California. Q. Rev.
Biol. 81(2): 127–152. doi:10.1086/506025. PMID:16776062.

Tyler, C.M., Davis, F.W., and Mahall, B.E. 2008. The relative im-
portance of factors affecting age-specific seedling survival of
two co-occurring oak species in southern California. For. Ecol.
Manag. 255(7): 3063–3074. doi:10.1016/j.foreco.2008.01.073.

Koenig et al. 2121

Published by NRC Research Press



Welker, J.M., and Menke, J.M. 1990. The influence of simulated
browsing on tissue water relations, growth and survival of Quer-
cus douglasii (Hook and Arn.) seedlings under slow and rapid
rates of soil drought. Funct. Ecol. 4(6): 807–817. doi:10.2307/
2389447.

Wich, S.A., and Van Schaik, C.P. 2000. The impact of El Niño on
mast fruiting in Sumatra and elsewhere in Malasia. J. Trop.
Ecol. 16(4): 563–577. doi:10.1017/S0266467400001577.

Williamson, G.B., and Ickes, K. 2002. Mast fruiting and ENSO cy-
cles — does the cue betray a cause? Oikos, 97(3): 459–461.
doi:10.1034/j.1600-0706.2002.970317.x.

Wolter, K. 2010. Multivariate ENSO index (MEI). Available from
www.esrl.noaa.gov/psd/people/klaus.wolter/MEI/table.html [ac-
cessed 19 June 2010].

Wolter, K., and Timlin, M.S. 1993. Monitoring ENSO and COADS
with a seasonally adjusted principal component index. Proceed-
ings of the 17th Climate Diagnostics Workshop. NOAA, Okla-
homa Climate Survey, and the School of Meteorology,
University of Oklahoma, Norman, Ok. pp. 52–57.

Wright, S.J., Carrasco, C., Calderón, O., and Paton, S. 1999. The
El Niño southern oscillation, variable fruit production, and fam-
ine in a tropical forest. Ecology, 80: 1632–1647.

2122 Can. J. For. Res. Vol. 40, 2010

Published by NRC Research Press



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


