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Cyclical fluctuations in reproductive output are widespread among perennial
plants, from multi-year masting cycles in forest trees to alternate bearing in
horticultural crops. In natural systems, ecological drivers such as climate
and pollen limitation can result in synchrony among plants. Agricultural
practices are generally assumed to outweigh ecological drivers that might
synchronize alternate-bearing individuals, but this assumption has not been
rigorously assessed and little is known about the role of pollen limitation as
a driver of synchrony in alternate-bearing crops. We tested whether alter-
nate-bearing perennial crops show signs of alternate bearing at a national
scale and whether the magnitude of national-scale alternate bearing differs
across pollination syndromes. We analysed the Food and Agriculture Organ-
ization of the United Nations time series (1961–2018) of national crop yields
across the top-producing countries of 27 alternate-bearing taxa, 6 wind-polli-
nated and 21 insect-pollinated. Alternate bearing was common in these
national data and more pronounced in wind-pollinated taxa, which exhibited
a more negative lag-1 autocorrelation and a higher coefficient of variation
(CV). We highlight the mutual benefits of integrating ecological theory and
agricultural data for (i) advancing our understanding of perennial plant repro-
duction across time, space and taxa, and (ii) promoting stable farmer
livelihoods and global food supply.

This article is part of the theme issue ‘The ecology and evolution of
synchronized seed production in plants’.
1. Introduction
Variation in plant reproduction is central to processes from forest dynamics to
farmer livelihoods [1,2]. In perennial plants, masting (synchronous, highly vari-
able reproduction) marks one extreme end of the spectrum of population-level
variation, and constant yield marks the opposite end. To date, much of the
research on synchronous seed production has been focused on mast-seeding
by wind-pollinated trees in temperate regions [3,4]. It may be that mast-seeding
is more common in wind-pollinated taxa; theory suggests selection for
enhanced pollination efficiency through synchronous flowering with conspeci-
fics is more likely in wind-pollinated species [5,6]. In insect-pollinated species,
synchronous flowering may saturate insect pollinators and high pollination effi-
ciency at low flowering density may select for a more constant production of
flowers ([7], but see [8,9]).

An alternative explanation of the overrepresentation of wind-pollinated
species in the synchronous seeding literature is that much of the masting work,
and indeed the bulk of ecological and evolutionary research, has been done in
temperate regions where wind is the predominant pollination syndrome among
forest trees [4,10–12]. Early reviews on whether pollination syndrome predicts
the tendency for masting had difficulty gathering sufficient data on insect-
pollinated and animal-dispersed taxa [5,6]. A recent meta-analysis [13] included
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Figure 1. Spatial distribution of the top-producing countries for each alternate-bearing crop. Red symbols are wind-pollinated and black are insect-pollinated.
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data with approximately equal numbers of animal- and wind-
pollinated species, but there were more time series per species
for the wind- than animal-pollinated ones (Ian Pearse 2021,
personal communication). To help to fill this gap, we make
use of an analogous pattern of highly variable reproduction
in perennial crop plants which, unlike mast-seeding forest
trees, are biased toward insect-pollinated taxa and span tropi-
cal, Mediterranean and temperate climates (figure 1). Alternate
(or biennial) bearing in fruit and nut crops is an intermediate
pattern of perennial reproductive variability in which a year
of high reproduction is followed by a year of low reproduc-
tion [2,14,15]. While media and trade reports have cited
alternate bearing in discussions of national crop yield [16,17],
literature on the extent and drivers of synchrony among
alternate-bearing individuals is scarce.

Despite evidence of similar plant-level mechanisms in
masting and alternate bearing [4,18–21], ecological research
on the synchrony of mast-seeding has largely ignored, or expli-
citly excluded, alternate-bearing crops ([13]; though notable
exceptions include work on citrus and pistachio [22–24]).
This may be because breeding and management actions are
generally assumed to outweigh any natural conditions that
could result in alternate bearing at farm-, region- or nationwide
scales [2,13,25,26]. Similarly, agricultural research on yield and
alternate bearing rarely integrates insights frommasting litera-
ture. Such insights include the possibility that factors which
increase yield in one yearmay result in amore severe reduction
in the following year [27] and the expectation that wind-polli-
nated taxa may be more prone to synchronous fluctuations in
yield at larger spatial scales than insect-pollinated taxa
[6,13,28]. Here, we use global crop production data for plants
known to be alternate bearing at an individual level [2,14] to
evaluate patterns of seed production at the national level.
Specifically, we assess (i) whether these crops are alternate
bearing at national scales and (ii) whether patterns differ
across pollination syndromes and are consistent with findings
in masting systems [5,6,13].

For this analysis,we use data from the Food andAgriculture
Organization of the United Nations (FAO) [29]. The global,
long-term nature of the FAO data offers a unique opportunity
to study reproductive patterns in perennial plants, but also
poses some limitations that could mask a signal of alternate
bearing even if one exists. First, the FAO reports data at the
national level, and while the total area under production is
included, it is not spatially explicit (i.e. we do not know if it is
contiguous or scattered across a large geographical area) and
thus cannot serve as a proxy for the extent of cultivation. As
such, we cannot directly test for synchrony among individuals
or populations using these data. While a signal of alternate
bearing in national-scale datawould require synchrony at smal-
ler scales, a lack of a signal does not preclude synchrony at the
farm or regional level. Studies of synchrony in mast-seeding
species suggest that we might expect signals of alternate bear-
ing to be weaker in data at national compared to local scales
[30]. In that sense, our analysis is likely to underestimate the
magnitude of alternate bearing at more local scales and thus
their potential impact on farmer livelihoods. Furthermore, mul-
tiple crops are sometimes grouped together into a single FAO
crop category (such as lemons and limes), which could mask
a species-specific signal [31]. Finally, there is no information
on the genetic variety or cultivation practices employed in
each country that could influence the tendency toward alternate
bearingwithin taxa [32]. These featuresmake anyobserved pat-
terns in these data particularly salient. The presence of alternate
bearing at national scales would highlight its ecological and
socio-ecological importance [14,33]. A national-scale analysis
also allows for broad comparison with masting species where
such synchrony has been observed [34,35].

In this study, we characterized alternate bearing at national
scales using three complementary metrics: lag-1 autocorrela-
tion (the tendency for high-seed years to be followed by low-
seed years), coefficient of variation (CV) in seed production
(how variable seed production is at national scales) and bimod-
ality of seed production (whether high and low years are more
common than average years). Classic alternate bearing would
have all three metrics at a population level; in our study, we
test whether they are detectable at a national scale. Through-
out, when we discuss alternate bearing at a national scale, we
refer to any or all of these variables. We had strong a priori
expectations that wind-pollinated species would show stron-
ger alternate bearing at national scales, i.e. they would
have stronger negative lag-1 autocorrelation, higher CV and



Table 1. Data description. FAO data are at national scales and the time coverage spans from 1961 to 2018. Latin names were sourced from the FAO
commodity definitions. Pollination syndrome was determined through a search of the available literature.

FAO crop name
short
name Latin name(s)

pollination
syndrome

countries:
no. (max. years)

apples apple Malus pumila; M. sylvestris; M. communis;

Pyrus malus

insect 10 (58)

apricots apricot Prunus armeniaca insect 9 (58)

avocados avocado Persea americana insect 9 (58)

blueberries blueberry Vaccinium myrtillus; V. corymbosum insect 8 (58)

Brazil nuts, with shell Brazil nut Bertholletia excelsa insect 1 (58)

carobs carob Ceratonia siliqua insect 10 (58)

cashew nuts, with shell cashew Anacardium occidentale insect 10 (58)

chestnut chestnut Castanea vesca; C. vulgaris; C. sativa wind 10 (58)

coffee, green coffee Coffea arabica; C. robusta; C. liberica insect 10 (58)

cranberries cranberry Vaccinium macrocarpon; V. oxycoccus insect 10 (58)

grapefruit (inc. pomelos) grapefruit Citrus maxima; C. grandis; C. paradisi insect 7 (58)

hazelnuts, with shell hazelnut Corylus avellana wind 10 (58)

jojoba seed jojoba Simmondsia chinensis wind 9 (58)

karite nuts (sheanuts) sheanut Butyrospermum parkii insect 1 (35)

kiwi fruit kiwi Actinidia chinensis insect 9 (47)

lemons and limes citrus Citrus limon; C. aurantifolia; C. limetta insect 10 (58)

mangoes, mangosteens, guavas mango Mangifera indica insect 10 (58)

oil palm fruit oil palm Elaeis guineensis insect 10 (58)

olives olive Olea europaea wind 10 (58)

oranges orange Citrus sinensis; C. aurantium insect 10 (58)

peaches and nectarines peach Prunus persica; Amygdalus persica; Persica

laevis

insect 9 (58)

persimmons persimmon Diospyros kaki; D. virginiana insect 9 (58)

pistachios pistachio Pistacia vera wind 9 (58)

plums and sloes plum Prunus domestica; P. spinosa insect 10 (58)

quinces quince Cydonia oblonga; C. vulgaris; C. japonica insect 7 (58)

tangerines, mandarins, clementines,

satsumas

tangerine Citrus reticulata insect 10 (58)

walnuts, with shell walnut Jugland regia wind 9 (58)
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possibly stronger bimodality than insect-pollinated species.
After assessing these patterns at national scales, we discuss
the socio-ecological implications of our findings and explore
future research directions.
2. Methods
(a) Data selection, modification and validation
We downloaded 58 years (1961–2018) of data collected by the FAO
on yield and production for 27 perennial crop taxa that have been
reported in the horticultural literature as having a tendency toward
alternate bearing at the individual level [2,14]. For each crop,
we selected up to 10 countries worldwide, each with at least 20
years of data, for inclusion in the analysis by their highest total
production. The included nations were filtered for historical con-
sistency and the crop names were modified for interpretability
(table 1; details in electronic supplementary material S1). The
resulting dataset was comprised of 236 crop–country combi-
nations (figure 1). We performed the country selection and all
subsequent analyses twice, once including only the past 25 years
(1994–2018, a period during which reporting has been more con-
sistent) and once including all data on record (back to 1961 for
some crops and countries). Patterns did not differ between the
two time series; the results and discussion below describe the
‘long’ time series (please refer to electronic supplementary
material S2 for results of the ‘short’ time series).

To confirm that the FAO dataset reflected historical reproduc-
tive output of agricultural perennials, we scanned horticultural
and economic online publications on focal crops that mentioned
environmental shocks that occurred in exceptionally low yielding
years at national scales and looked for signals of these in the
detrended FAO time series (see §2b below). This validation exer-
cise was done as a qualitative check of how well these aggregate
time series represent on-the-ground experiences of growers; there-
fore, we scanned the available online information, rather than
attempting a systematic review of trade publications.
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(b) Time series analysis
All statistical analyses were performed in R Studio Software 3.5.0
[36]. To focus on interannual variation in yield, rather than broader
patterns of increasing or decreasing yield, we detrended all time
series using generalized additive models (GAMs) fit to time
series of yield (production × area−1) through time. These were cal-
culated with defaults from the mcgv package (v. 1.8–33; [37]) and
appeared to provide reasonable fits to the data based on visual
inspection (electronic supplementary material S3 contains the
full set of raw and GAM-detrended crop-country time series).
To confirm that the results were not dependent on the detrend-
ing method, we repeated the analysis using locally estimated
scatterplot smoothing (LOESS) and differencing as alternative
detrending methods. The observed patterns persisted; we report
the GAM-detrended results below (please refer to electronic sup-
plementary material S2 for the results using LOESS and
differencing). While national production (tonnes) was used for
selecting the top-producing countries included in the analysis,
yield (hg × ha−1) was used for time series analysis because
annual yield estimates should be less sensitive than production
to additional variability from factors like farm expansion or
contraction that are irrelevant to the present study.

We characterized each time series with three common mast-
seeding metrics that provide complementary information about
alternate bearing. The lag-1 autocorrelation (AC-1; literally, the cor-
relation between points separated by 1 year) is a measure of
alternate bearing that captures the tendency of high years to
follow lowones [38].We also inspected the autocorrelation function
at lags up to 17 years (for 51-year time series, or 1/3 of the time
series length for shorter time series) as a descriptive tool to under-
stand patterns of yield that differ from alternate bearing. Our
second metric, the CV, is typically the standard deviation divided
by the mean. However, because the mean of a detrended time
series is 0, we used the standard deviation of the detrended time
series divided by the mean of the raw time series, a technique com-
monly applied in climate modelling [39,40]. Third, we used
Hartigans’ dip statistic (D) to test for bimodality. D is a measure
of deviations from a unimodal distribution of values; significant
differences would indicate that yield is multimodal (sensu [28]). D
was rarely significant (see §3), so we did not perform further tests
to distinguish bimodality from other multimodal distributions.

We analysedwhether eachmastingmetric differed as a function
of pollination syndrome (wind versus insect; an explanation of
pollination syndrome classification for each crop can be found
in electronic supplementary material S4). We treat pollination
syndrome as a binary variable as in previous masting studies
[5,6], though relative dependence on insect pollinators may vary
inmore nuancedways (such as via self-compatibility and partheno-
carpy, [41,42]). Of the 27 crops, 6 were wind-pollinated and 21 were
insect-pollinated (table 1). Because alternate bearing could be driven
in part by phylogenetic relatedness, we conducted these tests using
phylogenetically corrected linear mixed models (LMMs) with the
trait as the predictor, the masting metric as the response, and
random effects of plant phylogenyand country using the lme4pack-
age (v. 1.1.-26; [43]). The plant phylogenywas constructed using the
function ‘phylo.maker’ in theR packageV.PhyloMaker [44] using the
GBOTB.extended mega-phylogeny (74 531 tips) as backbone and
the default option ‘scenario 3’, in which the tip for a new genus is
bound to the 1/2 point between the family root node and basal
node. The resulting phylogeny had 35 tips because six of the crop
categories (plums and sloes; lemons and limes; mangos, mangos-
teens, guavas; oranges; walnuts; persimmons) contained multiple
species [31]. The phylogenetically corrected LMMs were run
using the ‘phylo_lmm’ function (lme4) on all possible combinations
of FAO crop species of these six categories (n = 216). Because the
results were consistent across all iterations and varied minimally
(p-values always below p < 0.01 for AC-1 and CV; always above
p > 0.13 for the dip statistic), the mean Chi-square and p-values
are reported below (a table of the results across all 216 iterations
can be found in the electronic supplementary material S5). The
only observed differences across iterations were driven by species
in the ‘mango,mangosteen and guava’ category, which are grouped
by the FAO despite distant phylogenetic relatedness. We also per-
formed a phylogenetically corrected LMM to compare the
relationship between AC-1 and CV [13,45].
3. Results
The validation exercise confirmed that the FAO time series
were well-aligned with published reports on national shocks
to production across pollination syndrome and countries
(figure 2). Reports of poor weather and consequent pest out-
breaks coincided with a dip in olive production in Italy in
2014 [17], and a warm winter in 2014 aligned with a drop in
U.S. pistachio production in 2015 [46]. Drought is tied to the
drop in Brazilian coffee production in 1995 [47]. Exceptionally
coldweather was responsible for yield dips in Japanese tanger-
ines in 2006 [48], Spanish apricots in 1977 [16] and Turkish
hazelnuts in 2004 [49].

Several crops exhibited alternate bearing at a national
scale as indicated by a negative lag-1 autocorrelation
(figure 3a). As predicted, the AC-1 was significantly more
negative in wind-pollinated crops (−0.168; s.e. = 0.051) than
insect-pollinated crops (0.003; s.e. = 0.035; χ2 = 11.55, d.f. = 1,
p < 0.001; figure 3b). Similarly, the CV for wind-pollinated
crops (0.187; s.e. = 0.03) was greater than their insect-
pollinated counterparts (0.114; s.e. = 0.02; χ2 = 8.8, d.f. = 1,
p = 0.003; figure 3d ), supporting our a priori hypothesis that
wind-pollinated species would show stronger alternate bear-
ing. We did not find evidence of bimodality (only 1 out of
236 crop-country combinations was statistically significant
at p < 0.05) and there was no significant effect of pollination
syndrome (χ2 = 2.02, d.f. = 1, p = 0.15).

Despite a general tendency towards stronger alternate
bearing in wind-pollinated crops, there are interesting
exceptions (figure 4; see also electronic supplementary
material S3). For instance, some insect-pollinated crops
(such as coffee in Brazil) show strong alternate bearing
(figure 4b). The plotted crop by country values of AC-1 and
CV also exhibit substantial scatter (electronic supplementary
material S6), indicating that even within a crop type, the
degree of alternate bearing at a national scale varies. Across
all crops and countries, there was a negative correlation
between AC-1 and CV (Pearson’s r =−0.27, d.f. = 234, p <
0.001). This relationship was statistically significant after
accounting for crop phylogeny (LMM of AC-1 versus CV:
χ2 = 12.36, d.f. = 1, p < 0.001; slope ± s.e. =−0.62 ± 0.177).

Interestingly, some crops seemed to show cycles at longer
scales, which was not an a priori expectation (figure 4e,f ). As
long cycles could be an artefact of the detrending method, we
inspected their occurrence across each (GAM, LOESS and
differencing) by counting the crop–country combinations
that exhibited a significant positive lag followed by a signifi-
cant negative lag and then returned to a positive lag (or
vice-versa) in which the lag was greater than 1 year (i.e.
excluding alternate bearing, which we accounted for in our
primary analysis). Of the 236 crop–country combinations,
GAM resulted in a total of 38, LOESS in 41, and differencing
in 3 long cycles, with 2 cycles consistent across all detrending
methods and 18 cycles present in both LOESS and GAM (see
electronic supplementary material S7, for details).



1980 1990 2000 2010

−
40

00
0

0
20

00
0

(a) (b) (c)

(d) (e) (f)

year

yi
el

d 
(d

et
re

nd
ed

)

1980 1990 2000 2010

−
10

00
0

10
00

year

yi
el

d 
(d

et
re

nd
ed

)

1980 1990 2000 2010

−
60

00
−

20
00

20
00

60
00

year

yi
el

d 
(d

et
re

nd
ed

)

1980 1990 2000 2010

−
15

00
0

0
10

00
0

year

yi
el

d 
(d

et
re

nd
ed

)

1980 1990 2000 2010

−
20

00
0

0
10

00
0

year

yi
el

d 
(d

et
re

nd
ed

)

1980 1990 2000 2010

−
40

00
0

0
20

00
0

year

yi
el

d 
(d

et
re

nd
ed

)

Figure 2. GAM-detrended time series of selected alternate-bearing crops. Data are at national scales from the FAO. Red circles indicate yield declines that coincide
with published reports of problematic environmental conditions. (a) Apricot, Spain; (b) coffee, Brazil; (c) hazelnut, Turkey; (d ) olive, Italy; (e) pistachio, United States;
and ( f ) tangerine, Japan.
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4. Discussion
Alternate bearing is common amongmanaged perennial crops
at the national level. A negative lag-1 autocorrelation is signifi-
cantly more common in wind- than insect-pollinated plants.
Yield variability (CV) is also significantly greater in wind-
than insect-pollinated crops. These results are in line with pre-
vious findings in natural plant systems that masting is more
common and more pronounced among wind-pollinated taxa
[5,6]. Bimodality was rare in these time series and did not
differ between pollination syndromes, which is also consistent
with natural systems where strong bimodality is uncommon
and ‘partial masting’ prevails [3]. Given that we observed a
strong signal of alternate bearing despite limitations of the
FAO dataset (see §1), our findings offer encouraging support
that enhanced integration of the alternate-bearing and masting
literature could offer mutual insight.

Unsurprisingly, the CV of alternate-bearing crops
reported here at national scales is smaller than has been
observed for both masting and alternate-bearing taxa at
population scales [6,35]. In general, alternate bearing leads
to lower CVs than mast-seeding at longer intervals [38,50].
More importantly, we expect that in crop plants, as in wild
plants, synchrony should decay with distance, and, at the
present time, the scale of synchrony in crop plants is largely
unknown. To explore this spatial scale somewhat quantitat-
ively, we compared our results to data presented by Noble
et al. [23], one of the few published studies of yield variability
at multiple scales in a crop plant. Noble et al. [23] provide
data on pistachio yield in four Californian counties. In their
data, farm-level yield (CV 1.10) was more variable than
county-level yield (CVs ranging from 0.47–0.67; see the differ-
enced time series in their electronic supplementary material
data S2 and S3). These are all higher than estimates of
pistachio CV at a national scale from the FAO data presented
here (0.34 for USA, range 0.05–0.43 across top 10 producing
countries). This very limited exploration suggests that
synchrony across crop yields decays with distance, and
that further exploration of farm- to regional-scale data for
crop plants could be valuable for understanding spatial
synchrony, especially in insect-pollinated species.

Yield stability is frequently the goal of farmers and horticul-
tural researchers [15,33], yet our results suggest that alternate
bearing persists even at a national level. At the present time,
studies on drivers of synchrony in agricultural settings are
scarce and would benefit from integration with ecological the-
ories about the causes ofmast-seeding. For example, numerous
studies of crop pollination are based on the premise of enhan-
cing yield in a single year [51–53]. However, if the alternate
bearing is due to resource depletion after high-seed years,
then maximizing yield in 1 year could lead to greater variabil-
ity in yield, an undesirable outcome. The long-term impact of
increased pollination will be affected by whether or not the
crop tends to bear alternately at the floral initiation stage or
in the flower-to-fruit conversion stage and by the relative cost
of seeds to flowers [7,27]. These aspects of plant development
are rarely integrated into models of crop yield but would be
straightforward to measure and implement to better align
insect conservation and farmer priorities.

We observed signals of numerous environmental shocks
in crops at a national scale, but their role as a driver of syn-
chrony in alternate bearing is largely unknown and
presents another opportunity for masting theory to inform
horticultural understanding. Environmental vetoes—external
conditions that prevent seed set—have been well-supported
as a driver of synchrony in masting systems [54,55]. As a
recent example, Schermer et al. [50] studied frost-induced
fruit losses in relationship to flower phenology (mean or



−
0.

4
0

0.
2

0.
4

0.
6

0.
8

la
g−

1 
au

to
co

rr
el

at
io

n

species

oli
ve

ha
ze

lnu
t

waln
ut

pis
tac

hio
ca

ro
b

blu
eb

err
y

cra
nb

err
y
ap

ple

ap
ric

ot

or
an

ge
plu

m
co

ffe
e

av
oc

ad
o
cit

ru
s

ch
es

tnu
t

sh
ea

nu
t

tan
ge

rin
e

kiw
i

pe
ac

h

qu
inc

e

oil
 pa

lm

gr
ap

efr
uit

ca
sh

ew

pe
rsi

mmon

joj
ob

a

man
go

Braz
il 

nu
t

wind
insect

−
0.

4
−

0.
2

0
0.

2
0.

4
0.

6
0.

8

insect wind

pollination syndrome

la
g−

1 
au

to
co

rr
el

at
io

n

0
0.

1
0.

2
0.

3
0.

4

co
ef

fi
ci

en
t o

f 
va

ri
at

io
n

species

sh
ea

nu
t

oil
 pa

lm

ch
es

tnu
t

or
an

ge

tan
ge

rin
e

kiw
i

man
go

pe
rsi

mmon

qu
inc

e

av
oc

ad
o
ap

ple

co
ffe

e
pe

ac
h

blu
eb

err
y

gr
ap

efr
uit

Braz
il 

nu
t

waln
ut

cit
ru

s

ca
sh

ew
plu

m

ha
ze

lnu
t

cra
nb

err
y
ca

ro
b

ap
ric

ot

pis
tac

hio oli
ve

joj
ob

a

wind
insect

0
0.

1
0.

2
0.

3
0.

4
insect wind

pollination syndrome

co
ef

fi
ci

en
t o

f 
va

ri
at

io
n

(a) (b)

(c) (d)

Figure 3. (a) Mean lag-1 autocorrelation values and 95% confidence intervals across alternate-bearing crops generated from the GAM-detrended FAO time series.
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95% confidence intervals across alternate-bearing crops generated from the GAM-detrended FAO time series. (d ) Those that are wind-pollinated have a significantly
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median data of flowering) in oaks. They concluded that a delay
in floweringwould lead to amore deterministic pattern of seed
production characterized by a lower CV at the population level
and a more pronounced lag-1 autocorrelation, which strongly
resembles an alternate-bearing pattern (see their fig. 4). By con-
trast, an advancing (earlier) flower phenologywas predicted to
increase the stochastic component of interannual variation
characteristic of masting. Agricultural studies have offered
stronger support for the latter scenario, i.e. advances in
flower phenology with climate change, but have not explored
the implications of advancing phenology on yield patterns
[56,57]. Greater stochasticity in natural systems can be advan-
tageous as a pest control agent (i.e. through predator
satiation; [58]); however, farmers are unlikely to experience a
net benefit from increased variability given their reliance on
a steady income.

Our understanding of mast-seeding would similarly
benefit from enhanced integration with agricultural crop
data. First, given their direct socio-economic implications,
long-term yield datasets are widely available for crop plants
and can scale from individual plants to farms to national
scales. Our results suggest these data present an under-
used resource for understanding perennial variability and
synchrony. While Gleiser et al.’s [42] recent analysis of yield
variability across all crops in the FAO data (n = 113) found
that increasing pollinator dependence was positively associ-
ated with yield variability [42], their inclusion of annual
plants prevents meaningful inference for perennials. However,
they observed greater interannual variability in woody than
herbaceous plants, which is consistent with alternate bearing
in long-lived perennials [42]. Another difference is that we
restricted our analysis to plant species known to be alternate
bearing at the individual level. To the best of our knowledge,
ours is the first study to use FAO data to assess patterns of
yield variability specifically in alternate-bearing plants.
Second, the horticultural literature has focused extensively on
the genetic and hormonal bases of alternate bearing in an
effort to achieve more stable yields [19,25,26]. By contrast, gen-
etic studies in wild-masting trees are scarce but could be
valuable for understanding drivers of masting in the wild
([59,60], though see [21] for a notable exception). Finally, the
existing variability in farm practices and the potential to
manipulate them through space and time (i.e. irrigated
versus rainfed; low versus high inputs; monoculture versus
agroforestry; self-compatible versus self-incompatible) offer
novel opportunities to explore the roles of resource availability,
habitat structure, phenology, pollination dynamics and gen-
etics in synchronous perennial plant reproduction.

We observed a national signal of alternate bearing in
some insect-pollinated crops (figure 3), despite a stronger ten-
dency toward alternate bearing in wind-pollinated crops.
Further work could explore whether crop alternate bearing
emerged from a similar pathway across pollination syn-
dromes or as a convergent trait. In wind-pollinated crops,
breeding and cultivation may have served to shift the repro-
ductive pattern from stochastic masting toward a relatively
more deterministic biennial pattern of reproduction [14].
For insect-pollinated crops, the alternate bearing could be a
symptom of agricultural intensification if plants in their
native habitat rarely ‘overinvested’ resources in reproduction
and instead produced a steady, low number of seeds. Mono-
cultures and high-density planting, for example, can make
crops more susceptible to pest outbreaks and more exposed
to environmental disasters [61], which would induce
synchrony if there were an endogenous resource-driven
mechanism involved in alternate bearing. Coffee (Coffea
arabica) illustrates this well; the plant is native to the shaded
understory of Ethiopian rainforest but is now often cultivated
in sun monocultures that have been shown to exaggerate
alternate bearing and resource tradeoffs (figure 4b;
[62,63]). Data on the reproductive patterns of wild/ancestral
lineages of contemporary perennial crops are scarce [15] but
would shed valuable insight on the basis of contemporary
alternate bearing.

Unexpectedly, some crop series appeared to display
longer-term cycles (3–5 years; figure 4e,f; electronic sup-
plementary material S7). Such a pattern could arise at farm
scales as a result of pruning and subsequent recovery [64],
but we would not anticipate these farmer practices to be syn-
chronized at a national scale. Long-term climatic cycles, such
as El Niño Southern Oscillation (ENSO) events, could also
play a role, particularly in rainfed systems that we may
expect to exhibit stronger variability than their irrigated
counterparts. ENSO phases have been shown to induce syn-
chrony in masting systems [35,65–67], but knowledge of
ENSO effects on crop plants is largely limited to annual
crops [68,69]. As a primary source of climate variation in
Brazil and Iran, ENSO could be a cause of periodic yield in
Brazilian tangerine and Iranian apricot (figure 4e,f; [70,71]).
Climate and pest cycles may also interact to produce complex
longer-term cycles in crops [72]. If future work confirms a
biological basis of long cycles in some crops at a national
scale, it would be profitable to understand the extent to
which these longer-term crop fluctuations reflect exogenous
forcing (e.g. climate drivers like ENSO) versus endogenous
feedbacks (e.g. resource storage and depletion).

In conclusion, we have found that perennial crops
frequently exhibit alternate bearing even at a national scale
and that this is especially pronounced in wind-pollinated
crops. This pattern is remarkable, given the general assump-
tion that management practices have come to outweigh the
ecological drivers that would synchronize country-wide pro-
duction [2,15,25,26]. Our results suggest that historic yield
data present a thus far underused resource for further ana-
lyses on the mechanisms of reproductive synchrony across
time, space and taxa. Future work could explore the intraspe-
cific and intraregional differences in synchrony and the
degree of overlap and divergence between patterns in natural
and managed systems. We encourage strengthened collabor-
ations between theoretical ecologists, applied ecologists and
horticulturalists for the mutual benefits of achieving an
enhanced understanding of the mechanisms of synchronous
interannual variability and promoting stable yields and
farmer livelihoods.

Data accessibility. We analysed publicly available data collected by the
FAO [29]. FAO data subset and R files: https://doi.org/10.6084/
m9.figshare.14725182.v1 [73].
Authors’ contributions. G.G. participated in study design, data prep-
aration and interpretation, performed statistical analyses and
drafted the manuscript and coordinated the study; B.R. participated
in data preparation, performed statistical analyses, drafted the figures
and critically revised the manuscript; C.O. conducted the validation
analysis and critically revised the manuscript; E.C. located the data,
conceived of and carried out the initial the statistical analyses, devel-
oped the outline and critically revised the manuscript. All authors
gave final approval for publication and agree to be held accountable
for the work.

https://doi.org/10.6084/m9.figshare.14725182.v1
https://doi.org/10.6084/m9.figshare.14725182.v1
https://doi.org/10.6084/m9.figshare.14725182.v1


royalsocietypu

8
Competing interests. The authors report no competing interests.

Funding. This work was supported by the National Science Foundation
Graduate Research Fellowship Program (DGE-1842474) and the
National GEM Consortium GEM Fellowship awarded to G.G.
Acknowledgements. We thank Michal Bogdziewicz, Samuel Venner and
Marcelo Aizen for comments on the manuscript and Collin Edwards
and Genevieve Pugesek for assistance with the phylogenetically cor-
rected linear models. We are also grateful to the organizers of this
special feature for inspiring us to initiate this project. G.G. thanks
the National Science Foundation Socio-Environmental Synthesis
Center for their support and workshops on synthesizing existing
data to address socio-ecological challenges.
blishing.or
References
g/journal/rstb
Phil.Trans.R.Soc.B

376:20200371
1. Janzen DH. 1978 Seeding patterns of tropical trees.
In Tropical trees as living systems (eds PB Tomlinson,
Martin H Zimmerman), pp. 83–128. Cambridge, UK:
Cambridge University Press.

2. Monselise SP, Goldschmidt EE. 1982 Alternate
bearing in fruit trees. In Horticultural reviews,
pp. 128–173. Hoboken, NJ: John Wiley & Sons, Inc.

3. Koenig WD, Knops JMH. 2000 Patterns of annual
seed production by Northern Hemisphere trees: a
global perspective. Am. Nat. 155, 59–69. (doi:10.
1086/303302)

4. Pearse IS, Koenig WD, Kelly D. 2016 Mechanisms of
mast seeding: resources, weather, cues, and
selection. New Phytol. 212, 546–562. (doi:10.1111/
nph.14114)

5. Herrera CM, Jordano P, Guitián J, Traveset A. 1998
Annual variability in seed production by woody
plants and the masting concept: reassessment of
principles and relationship to pollination and seed
dispersal. Am. Nat. 152, 576–594. (doi:10.1086/
286191)

6. Kelly D, Sork VL. 2002 Mast seeding in perennial
plants: why, how, where? Annu. Rev. Ecol. Syst. 33,
427–447. (doi:10.1146/annurev.ecolsys.33.020602.
095433)

7. Venner S et al. 2016 Fruiting strategies of perennial
plants: a resource budget model to couple mast
seeding to pollination efficiency and resource
allocation strategies. Am. Nat. 188, 66–75. (doi:10.
1086/686684)

8. Forsyth SA. 2003 Density-dependent seed set in the
Haleakala silversword: evidence for an Allee effect.
Oecologia 136, 551–557. (doi:10.1007/s00442-003-
1295-3)

9. Crone EE, Lesica P. 2006 Pollen and water limitation
in Astragalus scaphoides, a plant that flowers in
alternate years. Oecologia 150, 40–49. (doi:10.
1007/s00442-006-0506-0)

10. Bogdziewicz M et al. 2017 Masting in wind-
pollinated trees: system-specific roles of weather
and pollination dynamics in driving seed
production. Ecology 98, 2615–2625. (doi:10.1002/
ecy.1951)

11. Bogdziewicz M, Pesendorfer M, Crone EE, Pérez-
Izquierdo C, Bonal R. 2020 Flowering synchrony
drives reproductive success in a wind-pollinated
tree. Ecol. Lett. 23, 1820–1826. (doi:10.1111/ele.
13609)

12. Culumber ZW, Anaya-Rojas JM, Booker WW, Hooks
AP, Lange EC, Pluer B, Ramírez-Bullón N, Travis J.
2019 Widespread biases in ecological and
evolutionary studies. Bioscience 69, 631–640.
(doi:10.1093/biosci/biz063)
13. Pearse IS, LaMontagne JM, Lordon M, Hipp AL,
Koenig WD. 2020 Biogeography and phylogeny of
masting: do global patterns fit functional
hypotheses? New Phytol. 227, 1557–1567. (doi:10.
1111/nph.16617)

14. Lavee S. 2007 Biennial bearing in olive. Ann. Ser.
Historia Naturalis 17, 101–112.

15. Goldschmidt EE. 2013 The evolution of fruit tree
productivity: a review. Econ. Bot. 67, 51–62.
(doi:10.1007/s12231-012-9219-y)

16. United States Department of Agriculture (USDA)
Foreign Agriculture Service. 1979 Foreign agriculture
circular: deciduous fruits. Washington D.C.: Service,
c -[1982]. See https://play.google.com/store/books/
details?id=43U5blC2_zYC.

17. Ross P. 2014 Europe Olive Oil Crisis: 2014 Harvest
‘Worst Year In Memory,’ Drives Up Costs. See
https://www.ibtimes.com/europe-olive-oil-crisis-
2014-harvest-worst-year-memory-drives-costs-
1725512 (accessed on 2 June 2021).

18. Stevenson MT, Shackel KA. 1997 Alternate bearing
in pistachio as a masting phenomenon: construction
cost of reproduction versus vegetative growth and
storage. Acta Hortic. 470, 340–348. (doi:10.17660/
ActaHortic.1998.470.47)

19. Shalom L, Samuels S, Zur N, Shlizerman L, Zemach
H, Weissberg M, Ophir R, Blumwald E, Sadka A.
2012 Alternate bearing in citrus: changes in the
expression of flowering control genes and in global
gene expression in ON- versus OFF-crop trees. PLoS
ONE 7, e46930. (doi:10.1371/journal.pone.0046930)

20. Smith HM, Samach A. 2013 Constraints to obtaining
consistent annual yields in perennial tree crops. I:
heavy fruit load dominates over vegetative growth.
Plant Sci. 207, 158–167. (doi:10.1016/j.plantsci.
2013.02.014)

21. Caignard T, Delzon S, Bodénès C, Dencausse B,
Kremer A. 2018 Heritability and genetic architecture
of reproduction-related traits in a temperate oak
species. Tree Genet. Genomes 15, 1–2. (doi:10.1007/
s11295-018-1309-2)

22. Ye X, Sakai K. 2016 A new modified resource
budget model for nonlinear dynamics in citrus
production. Chaos Solitons Fractals 87, 51–60.
(doi:10.1016/j.chaos.2016.03.016)

23. Noble AE, Rosenstock TS, Brown PH, Machta J,
Hastings A. 2018 Spatial patterns of tree yield
explained by endogenous forces through a
correspondence between the Ising model and
ecology. Proc. Natl Acad. Sci. USA 115, 1825–1830.
(doi:10.1073/pnas.1618887115)

24. Esmaeili S, Hastings A, Abbott K, Machta J, Nareddy
VR. 2021 Density dependent resource budget model
for alternate bearing. J. Theor. Biol. 509, 110498.
(doi:10.1016/j.jtbi.2020.110498)

25. Kallsen CE, Parfitt DE, Holtz B. 2007 Early
differences in the intensity of alternate bearing
among selected pistachio genotypes. HortScience
42, 1740–1743. (doi:10.21273/hortsci.42.7.1740)

26. Zuo X et al. 2018 Expression of genes in the
potential regulatory pathways controlling alternate
bearing in ‘Fuji’ (Malus domestica Borkh.) apple
trees during flower induction. Plant Physiol.
Biochem. 132, 579–589. (doi:10.1016/j.plaphy.
2018.10.003)

27. Isagi Y, Sugimura K, Sumida A, Ito H. 1997
How does masting happen and synchronize?
J. Theor. Biol. 187, 231–239. (doi:10.1006/jtbi.
1997.0442)

28. Kelly D. 1994 The evolutionary ecology of mast
seeding. Trends Ecol. Evol. 9, 465–470. (doi:10.
1016/0169-5347(94)90310-7)

29. Food and Agriculture Organization of the United
Nations (FAO). 2020 Production: Crops. FAOSTAT. See
http://www.fao.org/faostat/en/ (accessed on
October 2020).

30. LaMontagne JM, Pearse IS, Greene DF, Koenig WD.
2020 Mast seeding patterns are asynchronous at a
continental scale. Nat. Plants 6, 460–465. (doi:10.
1038/s41477-020-0647-x)

31. Food and Agriculture Organization of the United
Nations. 1994 Fruits and derived products.
Definition and classification of commodities. See
http://www.fao.org/waicent/faoinfo/economic/
faodef/faodefe.htm (accessed on October 2020).

32. Vieira Júnior IC, Pereira da Silva C, Nuvunga JJ,
Botelho CE, Avelar Gonçalves FM, Balestre M.
2019 Mixture mixed models: biennial growth
as a latent variable in coffee bean progenies.
Crop Sci. 59, 1424–1441. (doi:10.2135/cropsci2018.
02.0141)

33. Nawaz R, Abbasi NA, Hafiz IA, Khalid A, Ahmad T.
2018 Economic analysis of citrus (Kinnow mandarin)
during on-year and off-year in the Punjab Province,
Pakistan. J. Hortic. Sci. 5. 1–6. (doi:10.4172/2376-
0354.1000250)

34. Koenig WD, Knops JMH. 1998 Scale of mast-seeding
and tree-ring growth. Nature 396, 225–226.
(doi:10.1038/24293)

35. Schauber EM et al. 2002 Masting by eighteen New
Zealand plant species: the role of temperature as a
synchronizing cue. Ecology 83, 1214–1225. (doi:10.
2307/3071937)

36. R Core Team. 2018 R: a language and environment
for statistical computing. See https://www.r-project.
org/.

http://dx.doi.org/10.1086/303302
http://dx.doi.org/10.1086/303302
http://dx.doi.org/10.1111/nph.14114
http://dx.doi.org/10.1111/nph.14114
http://dx.doi.org/10.1086/286191
http://dx.doi.org/10.1086/286191
http://dx.doi.org/10.1146/annurev.ecolsys.33.020602.095433
http://dx.doi.org/10.1146/annurev.ecolsys.33.020602.095433
http://dx.doi.org/10.1086/686684
http://dx.doi.org/10.1086/686684
http://dx.doi.org/10.1007/s00442-003-1295-3
http://dx.doi.org/10.1007/s00442-003-1295-3
http://dx.doi.org/10.1007/s00442-006-0506-0
http://dx.doi.org/10.1007/s00442-006-0506-0
http://dx.doi.org/10.1002/ecy.1951
http://dx.doi.org/10.1002/ecy.1951
http://dx.doi.org/10.1111/ele.13609
http://dx.doi.org/10.1111/ele.13609
http://dx.doi.org/10.1093/biosci/biz063
http://dx.doi.org/10.1111/nph.16617
http://dx.doi.org/10.1111/nph.16617
http://dx.doi.org/10.1007/s12231-012-9219-y
https://play.google.com/store/books/details?id=43U5blC2_zYC
https://play.google.com/store/books/details?id=43U5blC2_zYC
https://play.google.com/store/books/details?id=43U5blC2_zYC
https://www.ibtimes.com/europe-olive-oil-crisis-2014-harvest-worst-year-memory-drives-costs-1725512
https://www.ibtimes.com/europe-olive-oil-crisis-2014-harvest-worst-year-memory-drives-costs-1725512
https://www.ibtimes.com/europe-olive-oil-crisis-2014-harvest-worst-year-memory-drives-costs-1725512
https://www.ibtimes.com/europe-olive-oil-crisis-2014-harvest-worst-year-memory-drives-costs-1725512
http://dx.doi.org/10.17660/ActaHortic.1998.470.47
http://dx.doi.org/10.17660/ActaHortic.1998.470.47
http://dx.doi.org/10.1371/journal.pone.0046930
http://dx.doi.org/10.1016/j.plantsci.2013.02.014
http://dx.doi.org/10.1016/j.plantsci.2013.02.014
http://dx.doi.org/10.1007/s11295-018-1309-2
http://dx.doi.org/10.1007/s11295-018-1309-2
http://dx.doi.org/10.1016/j.chaos.2016.03.016
http://dx.doi.org/10.1073/pnas.1618887115
http://dx.doi.org/10.1016/j.jtbi.2020.110498
http://dx.doi.org/10.21273/hortsci.42.7.1740
http://dx.doi.org/10.1016/j.plaphy.2018.10.003
http://dx.doi.org/10.1016/j.plaphy.2018.10.003
http://dx.doi.org/10.1006/jtbi.1997.0442
http://dx.doi.org/10.1006/jtbi.1997.0442
http://dx.doi.org/10.1016/0169-5347(94)90310-7
http://dx.doi.org/10.1016/0169-5347(94)90310-7
http://www.fao.org/faostat/en/
http://www.fao.org/faostat/en/
http://dx.doi.org/10.1038/s41477-020-0647-x
http://dx.doi.org/10.1038/s41477-020-0647-x
http://www.fao.org/waicent/faoinfo/economic/faodef/faodefe.htm
http://www.fao.org/waicent/faoinfo/economic/faodef/faodefe.htm
http://www.fao.org/waicent/faoinfo/economic/faodef/faodefe.htm
http://dx.doi.org/10.2135/cropsci2018.02.0141
http://dx.doi.org/10.2135/cropsci2018.02.0141
http://dx.doi.org/10.4172/2376-0354.1000250
http://dx.doi.org/10.4172/2376-0354.1000250
http://dx.doi.org/10.1038/24293
http://dx.doi.org/10.2307/3071937
http://dx.doi.org/10.2307/3071937
https://www.r-project.org/
https://www.r-project.org/
https://www.r-project.org/


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

376:20200371

9
37. Wood SN. 2004 Stable and efficient multiple
smoothing parameter estimation for generalized
additive models. J. Am. Stat. Assoc. 99, 673–686.
(doi:10.1198/016214504000000980)

38. Crone EE, McIntire EJB, Brodie J. 2011 What defines
mast seeding? Spatio-temporal patterns of cone
production by whitebark pine. J. Ecol. 99, 438–444.
(doi:10.1111/j.1365-2745.2010.01790.x)

39. Giorgi F, Bi X, Pal JS. 2004 Mean, interannual
variability and trends in a regional climate change
experiment over Europe. I. Present-day climate
(1961–1990). Clim. Dyn. 22, 733–756. (doi:10.
1007/s00382-004-0409-x)

40. Blázquez J, Nuñez MN. 2013 Performance of a high
resolution global model over southern South
America. Int. J. Climatol. 33, 904–919. (doi:10.
1002/joc.3478)

41. Klein AM, Vaissière BE, Cane JH, Steffan-Dewenter I,
Cunningham SA, Kremen C, Tscharntke T. 2007
Importance of pollinators in changing landscapes
for world crops. Proc. R. Soc. B 274, 303–313.
(doi:10.1098/rspb.2006.3721)

42. Gleiser G, Leme da Cunha N, Sáez A, Aizen MA.
2021 Ecological correlates of crop yield growth
and interannual yield variation at a global
scale. Web Ecol. 21, 15–43. (doi:10.5194/we-21-
15-2021)

43. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting
linear mixed-effects models using lme4. J. Stat.
Softw. 67, 1–48. (doi:10.18637/jss.v067.i01)

44. Jin Y, Qian H. 2019 V.PhyloMaker: an R package that
can generate very large phylogenies for vascular
plants. Ecography 42, 1353–1359. (doi:10.1111/
ecog.04434)

45. Crone EE, Miller E, Sala A. 2009 How do plants
know when other plants are flowering? Resource
depletion, pollen limitation and mast-seeding in a
perennial wildflower. Ecol. Lett. 12, 1119–1126.
(doi:10.1111/j.1461-0248.2009.01365.x)

46. Bland A. 2015 Oh, Nuts! Why California’s Pistachio
Trees Are Shooting Blanks. NPR, 11 September. See
https://www.npr.org/sections/thesalt/2015/09/11/
439509278/oh-nuts-why-california-s-pistachio-trees-
are-shooting-blanks.

47. Inter Press Service News Agency. 1994 Coffee
harvest down by 50 percent for 1995: commodities-
Brazil. See http://www.ipsnews.net/1994/11/coffee-
harvest-down-by-50-percent-for-1995-commodities-
brazil/?utm_source=rss (accessed on 2 June 2021).

48. United States Department of Agriculture (USDA)
Foreign Agricultural Service. 2006 Japan Citrus Annual
2006. Global Agriculture Information Network (GAIN).
See https://apps.fas.usda.gov/gainfiles/200612/
146269778.pdf (accessed on October 2020).

49. Tan H, Wexler A. 2014 In the Land of Sweets,
Turkish Nutcracker Plays Out. WSJ Online. See
https://www.wsj.com/articles/in-the-land-of-
sweets-turkish-nutcracker-plays-out-1417807394
(accessed on 2 June 2021).

50. Schermer É et al. 2020 Flower phenology as a
disruptor of the fruiting dynamics in temperate oak
species. New Phytol. 225, 1181–1192. (doi:10.1111/
nph.16224)

51. Ricketts TH, Daily GC, Ehrlich PR, Michener CD.
2004 Economic value of tropical forest to coffee
production. Proc. Natl Acad. Sci. USA 101,
12 579–12 582. (doi:10.1073/pnas.0405147101)

52. Blanche KR, Ludwig JA, Cunningham SA. 2006
Proximity to rainforest enhances pollination and
fruit set in orchards: pollination of macadamia and
longan. J. Appl. Ecol. 43, 1182–1187. (doi:10.1111/
j.1365-2664.2006.01230.x)

53. Boreux V, Kushalappa CG, Vaast P, Ghazoul J. 2013
Interactive effects among ecosystem services and
management practices on crop production:
pollination in coffee agroforestry systems. Proc. Natl
Acad. Sci. USA 110, 8387–8392. (doi:10.1073/pnas.
1210590110)

54. Bogdziewicz M, Fernández-Martínez M, Bonal R,
Belmonte J, Espelta JM. 2017 The Moran effect and
environmental vetoes: phenological synchrony and
drought drive seed production in a Mediterranean
oak. Proc. R. Soc. B 284, 20171784. (doi:10.1098/
rspb.2017.1784)

55. Bogdziewicz M, Żywiec M, Espelta JM, Fernández-
Martinez M, Calama R, Ledwoń M, McIntire E, Crone
EE. 2019 Environmental veto synchronizes mast
seeding in four contrasting tree species. Am. Nat.
194, 246–259. (doi:10.1086/704111)

56. Moriondo M, Bindi M. 2007 Impact of climate
change on the phenology of typical Mediterranean
crops. Italian J. Agrometeorol. 3, 5–12.

57. Estrella N, Sparks TH, Menzel A. 2007 Trends and
temperature response in the phenology of crops in
Germany. Glob. Chang. Biol. 13, 1737–1747.
(doi:10.1111/j.1365-2486.2007.01374.x)

58. Bogdziewicz M, Kelly D, Tanentzap AJ, Thomas PA,
Lageard JGA, Hacket-Pain A. 2020 Climate change
strengthens selection for mast seeding in European
Beech. Curr. Biol. 30, 3477–3483.e2. (doi:10.1016/j.
cub.2020.06.056)

59. Bogdziewicz M et al. 2019 From theory to
experiments for testing the proximate mechanisms of
mast seeding: an agenda for an experimental ecology.
Ecol. Lett. 22, 1–39. (doi:10.1111/ele.13442)

60. Satake A, Kelly D. 2021 Studying the genetic basis
of masting. Phil. Trans. R. Soc. B 376, 20210116.
(doi:10.1098/rstb.2021.0116)

61. Lin BB. 2011 Resilience in agriculture through crop
diversification: adaptive management for
environmental change. Bioscience 61, 183–193.
(doi:10.1525/bio.2011.61.3.4)

62. Vaast P, Bertrand B, Perriot JJ, Guyot B, Génard M.
2006 Fruit thinning and shade improve bean
characteristics and beverage quality of coffee (Coffea
arabica L.) under optimal conditions. J. Sci. Food
Agric. 86, 197–204. (doi:10.1002/jsfa.2338)

63. Garcia GM, Orians CM. 2020 Explorando la
variabilidad en el agroecosistema de café utilizando
el modelo presupuestario de recursos. In Agrárias:
Pesquisa e Inovação nas Ciências que Alimentam o
Mundo III (ed EE Spears), pp. 221–229. Curitiba-PR,
Brazil: Editora Artemis.

64. Baitelle DC, Verdin Filho AC, Freitas SdeJ, Miranda
GB, Vieira HD, Vieira KM. 2019 Cycle pruning
programmed on the grain yield of arabica coffee.
Ciênc. agrotec. 43, 1–10. (doi:10.1590/1413-
705420194 3014419)

65. Fletcher M-S. 2015 Mast seeding and the El Niño-
Southern oscillation: a long-term relationship?
Plant Ecol. 216, 527–533. (doi:10.1007/s11258-
015-0456-x)

66. Ascoli D, Hacket-Pain A, Pearse IS, Vacchiano G,
Corti S, Davini P. 2021 Modes of climate variability
bridge proximate and evolutionary mechanisms of
masting. Phil. Trans. R. Soc. B 376, 20200380.
(doi:10.1098/rstb.2020.0380)

67. Wion AP, Pearse IS, Rodman KC, Veblen TT,
Redmond MD. 2021 The effects of ENSO and the
North American monsoon on mast seeding in two
Rocky Mountain conifer species. Phil. Trans. R.
Soc. B 376, 20200378. (doi:10.1098/rstb.2020.0378)

68. Iizumi T, Luo JJ, Challinor AJ, Sakurai G, Yokozawa
M, Sakuma H, Brown ME, Yamagata T. 2014
Impacts of El Niño Southern oscillation on the
global yields of major crops. Nat. Commun. 5, 3712.
(doi:10.1038/ncomms4712)

69. Liu Y, Yang X, Wang E, Xue C. 2014 Climate and
crop yields impacted by ENSO episodes on the
North China Plain: 1956–2006. Regional Environ.
Change 14, 49–59. (doi:10.1007/s10113-013-
0455-1)

70. Nazemosadat MJ. 2001 Winter drought in Iran:
associations with ENSO. Drought Net. News 13,
10–13.

71. Nóia Júnior RdeS, Sentelhas PC. 2019 Soybean-
maize off-season double crop system in Brazil as
affected by El Niño Southern Oscillation phases.
Agric. Syst. 173, 254–267. (doi:10.1016/j.agsy.2019.
03.012)

72. Gołdyn B, Guayasamín PR, Sanchez KA, Hepting L.
2016 Notes on the distribution and invasion
potential of Achatina fulica Bowdich, 1822
(Gastropoda: Pulmonata: Achatinidae) in Ecuador.
Folia Malacol. 24, 85–90. (doi:10.12657/folmal.
024.014)

73. Garcia G, Re B, Orians CM, Crone EE. 2021
Data for Garcia et al. ‘By wind or wing:
pollination syndromes and alternate bearing in
horticultural systems’. (doi:10.6084/m9.figshare.
14725182.v1)

http://dx.doi.org/10.1198/016214504000000980
http://dx.doi.org/10.1111/j.1365-2745.2010.01790.x
http://dx.doi.org/10.1007/s00382-004-0409-x
http://dx.doi.org/10.1007/s00382-004-0409-x
http://dx.doi.org/10.1002/joc.3478
http://dx.doi.org/10.1002/joc.3478
http://dx.doi.org/10.1098/rspb.2006.3721
http://dx.doi.org/10.5194/we-21-15-2021
http://dx.doi.org/10.5194/we-21-15-2021
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1111/ecog.04434
http://dx.doi.org/10.1111/ecog.04434
http://dx.doi.org/10.1111/j.1461-0248.2009.01365.x
https://www.npr.org/sections/thesalt/2015/09/11/439509278/oh-nuts-why-california-s-pistachio-trees-are-shooting-blanks
https://www.npr.org/sections/thesalt/2015/09/11/439509278/oh-nuts-why-california-s-pistachio-trees-are-shooting-blanks
https://www.npr.org/sections/thesalt/2015/09/11/439509278/oh-nuts-why-california-s-pistachio-trees-are-shooting-blanks
https://www.npr.org/sections/thesalt/2015/09/11/439509278/oh-nuts-why-california-s-pistachio-trees-are-shooting-blanks
http://www.ipsnews.net/1994/11/coffee-harvest-down-by-50-percent-for-1995-commodities-brazil/?utm_source=rss
http://www.ipsnews.net/1994/11/coffee-harvest-down-by-50-percent-for-1995-commodities-brazil/?utm_source=rss
http://www.ipsnews.net/1994/11/coffee-harvest-down-by-50-percent-for-1995-commodities-brazil/?utm_source=rss
http://www.ipsnews.net/1994/11/coffee-harvest-down-by-50-percent-for-1995-commodities-brazil/?utm_source=rss
https://apps.fas.usda.gov/gainfiles/200612/146269778.pdf
https://apps.fas.usda.gov/gainfiles/200612/146269778.pdf
https://apps.fas.usda.gov/gainfiles/200612/146269778.pdf
https://www.wsj.com/articles/in-the-land-of-sweets-turkish-nutcracker-plays-out-1417807394
https://www.wsj.com/articles/in-the-land-of-sweets-turkish-nutcracker-plays-out-1417807394
https://www.wsj.com/articles/in-the-land-of-sweets-turkish-nutcracker-plays-out-1417807394
http://dx.doi.org/10.1111/nph.16224
http://dx.doi.org/10.1111/nph.16224
http://dx.doi.org/10.1073/pnas.0405147101
http://dx.doi.org/10.1111/j.1365-2664.2006.01230.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01230.x
http://dx.doi.org/10.1073/pnas.1210590110
http://dx.doi.org/10.1073/pnas.1210590110
http://dx.doi.org/10.1098/rspb.2017.1784
http://dx.doi.org/10.1098/rspb.2017.1784
http://dx.doi.org/10.1086/704111
http://dx.doi.org/10.1111/j.1365-2486.2007.01374.x
http://dx.doi.org/10.1016/j.cub.2020.06.056
http://dx.doi.org/10.1016/j.cub.2020.06.056
http://dx.doi.org/10.1111/ele.13442
http://dx.doi.org/10.1098/rstb.2021.0116
http://dx.doi.org/10.1525/bio.2011.61.3.4
http://dx.doi.org/10.1002/jsfa.2338
http://dx.doi.org/10.1590/1413-7054201943014419
http://dx.doi.org/10.1590/1413-7054201943014419
http://dx.doi.org/10.1007/s11258-015-0456-x
http://dx.doi.org/10.1007/s11258-015-0456-x
http://dx.doi.org/10.1098/rstb.2020.0380
http://dx.doi.org/10.1098/rstb.2020.0378
http://dx.doi.org/10.1038/ncomms4712
http://dx.doi.org/10.1007/s10113-013-0455-1
http://dx.doi.org/10.1007/s10113-013-0455-1
http://dx.doi.org/10.1016/j.agsy.2019.03.012
http://dx.doi.org/10.1016/j.agsy.2019.03.012
http://dx.doi.org/10.12657/folmal.024.014
http://dx.doi.org/10.12657/folmal.024.014
http://dx.doi.org/10.6084/m9.figshare.14725182.v1
http://dx.doi.org/10.6084/m9.figshare.14725182.v1

	By wind or wing: pollination syndromes and alternate bearing in horticultural systems
	Introduction
	Methods
	Data selection, modification and validation
	Time series analysis

	Results
	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References




