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Abstract
1. Properly assessing temporal patterns is a central issue in ecology in order to un-
derstand ecosystem processes and their mechanisms. Mast seeding has tradition-

SCREAF, Bellaterra, Barcelona, Spain ally been described as a reproductive behavior consisting of highly variable and

synchronized reproductive events. The most common metric used to measure
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temporal variability and thus infer masting behavior, the coefficient of variation
(CV), however, has been repeatedly suggested to improperly estimate temporal
variability. Biases of CV estimates are especially problematic for non-normally dis-
tributed data and/or data sets with a high number of zeros.

2. Some recent studies have already adopted new metrics to measure temporal vari-
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ability, but most continue to use CV. This controversy has started a strong debate
about what metrics to use.

3. We here summarize the problems of CV when assessing temporal variability, par-
ticularly across data sets containing a large number of zeros, and highlight the
benefits of using other metrics of temporal variability, such as proportional vari-
ability (PV) and consecutive disparity (D). We also suggest a new way to look at
reproductive behavior, by separating temporal variability from frequency of re-
production, to allow better comparison of data sets with different characteristics.

4. We suggest future studies to properly describe the temporal patterns in fully sci-
entific and measurable terms that do not lead to confusion, such as variability and

frequency of reproduction, using robust and fully comparable metrics.
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1 | INTRODUCTION

How to accurately describe temporal patterns in ecological pro-
cesses has been along-standing question in ecology (McCann, 2000).
Metrics to estimate stability, temporal variability, and resilience are,
actually, still under intense debate (Arnoldi et al., 2016). The field of
masting, for which assessing temporal patterns of seed production

is crucial, is not an exception. Mast seeding, or masting, has tradi-
tionally been described as a reproductive phenomenon consisting
of the highly variable and synchronized production of seeds at the
population scale (Kelly, 1994; Pearse et al., 2016; Silvertown, 1980).
The use of the term “masting,” or describing a species or population
as following a masting behavior, however, is sometimes confusing,

arbitrary, or insufficiently accurate in the scientific literature to be
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fully accepted as a scientific term (Kelly, 1994). One study even sug-
gested that perpetuating the concept of masting in the scientific lit-
erature had no objective basis (Herrera et al., 1998). The concept
has nonetheless recently received much attention from the scien-
tific community leading to many new papers, focused on many dif-
ferent aspects and especially on why highly variable reproduction
occurs (Ascoli et al., 2017; Bogdziewicz, Ascoli, et al., 2020; Pearse
etal., 2017; Vacchiano et al., 2018; Wion et al., 2019), because of the
multiple consequences that highly variable reproduction produce in
ecosystems, such as cascading effects on food webs (Bogdziewicz
et al., 2016; Clotfelter et al., 2007). Clarification of what should be
called masting and what should not, however, has received little
attention. More important, though, is how we measure the repro-
ductive behavior of organisms (plants or others) independent of ar-
bitrary considerations of them being masting or nonmasting species.
To fulfill that aim, we need robust metrics that allow adequate com-
parisons among species, populations, and individuals. Those metrics
still remain under intensive debate in the field of masting, a debate
from which many other fields could benefit. Based on previous liter-
ature on temporal variability metrics, we here provide some discus-
sion and insights for analyzing time series of reproductive efforts
that may help the field establish new and standardized protocols to

study and properly measure the reproductive behavior of organisms.

2 | MEASURING TEMPORAL
REPRODUCTIVE BEHAVIOR

Three main features have traditionally been used to describe mast-
ing: (a) temporal variability of reproductive events (at different
levels of organization, e.g., population, individual) most commonly
measured using the coefficient of variation (CV = standard devia-
tion - mean™) (Kelly & Sork, 2002), (b) synchrony, often calculated
among individuals within a population as the average Pearson's
or Spearman's correlation coefficient among all pairwise compari-
sons (Koenig & Knops, 2013), and (c) temporal autocorrelation,
measured with autocorrelation coefficients, as an indication of po-
tential resource depletion (correlation of each value with the previ-
ous, lag 1) (Fernandez-Martinez et al., 2019; Pearse et al., 2016) or
internal cycles of reproduction or resource mobilization (lags > 1)
(Ferndndez-Martinez et al., 2012; Sork et al., 1993). The intrinsic
link between the temporal variability of reproductive efforts of a
population and the average synchrony in reproduction in a popu-
lation (Buonaccorsi et al., 2003; Herrera, 1998), however, is often
overlooked (Figure 1). A strong synchrony among individuals is
thus required for a population to have highly variable reproduc-
tion, because temporal asynchrony among individuals would lead
to a more constant reproduction over a population. This mecha-
nism is actually one of the foundations of the positive relation-
ship between diversity, productivity, and stability in ecosystems
(Cardinale et al., 2012; Tilman & Downing, 1994). While high syn-
chrony in reproduction can be found in populations with high and

low temporal variability, in a hypothetical stationary state, highly
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FIGURE 1 Temporal variability and synchrony among
individuals within a population. Relationship between the temporal
variability of reproduction (100 years) at the population level as

a function of the synchrony among individuals (500) for three
levels of variability. Panels (a), (b), and (c) show results using

the proportional variability (PV), consecutive disparity (D), and
coefficient of variation (CV) indices, respectively. The shaded area
represents the standard error of the regression line. The code for
performing the simulation is available in Supplementary Materials

variable reproduction at the population level can only occur at
high levels of synchrony. This mathematical property has implica-
tions for the traditional definition of masting; “highly variable and
synchronous reproduction at the population level” is therefore a
redundant definition to some degree. Analyzing temporal variabil-
ity and synchrony separately can nonetheless still provide relevant
information, which is not under debate. Using temporal autocor-

relation to study reproductive behavior is also not controversial.
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How to measure temporal variability, which is the most widely
used feature for studying the causes and consequences of repro-

ductive behavior of plants, is currently strongly debated.

3 | TEMPORAL VARIABILITY: WHY WE
NEED ALTERNATIVE MEASURES TO CV

The use of CV as a measure of temporal variability has been de-
bated for decades in various fields of science and even in mast-
ing literature itself (Crone et al.,, 2011; Ferndndez-Martinez
et al., 2018; Heath, 2006; Martin-Vide, 1986; McArdle &
Gaston, 1995; Mcardle et al., 1990). Computer simulations and
heterogeneous data sets have recently been used to test the re-
sponse of CV under different conditions (Fernadndez-Martinez
et al., 2018; Heath, 2006; Heath & Borowski, 2013). The results
supported previous concerns about the adequacy of using CVs
to assess differences in temporal variability across data sets, be-
cause estimates of CV (a) depend strongly on the mean of the time
series, (b) increase with the length of the time series, (c) are bi-
ased when non-normally distributed data sets are used, and (d)
present a pathological behavior when rare events occur in a time
series. Heath developed the proportional variability (PV) index

(Heath, 2006) to try to solve these problems, defined as:

2y z
PV = —Z
n(n-1)
where zis
1 min (z;,z;)
z=1- ——~
max (z;,z;)
PV D cv
Equal range for Yes No No
comparison across data
sets
Chronology of the time No Yes No
series matters
Robust estimates when Yes Yes No
comparing data sets
with very different
means
Robust estimates when Yes Yes No
comparing data sets of
different sizes
Robust estimates across Yes Yes No
non-normally distributed
data sets
Detects high number of Yes Yes No
zeros as low variability
(Figure 2) A5

[’

where “n” is the length of a time series, and “z” the individual values to
calculate the pairwise comparisons. Further, we rediscovered the con-
secutive disparity (D) index (Martin-Vide, 1986) used for decades in the

field of climatology but never used in biology. D can be estimated as:

Pirs
p;

In

1 n-1
D=n—1l.:z1

where p; is the value of the time series at time i and n is length of the
time series. To summarize, PV assesses the proportional difference
between all pairs of values within a time series, while D assesses the
proportional differences between consecutive values. Both PV and
D overcome the mathematical problems of CV (Fernandez-Martinez
et al., 2018; Heath, 2006; Heath & Borowski, 2013) and provide clear
advantages over the traditional CV for comparing data sets with differ-
ent statistical properties. The main benefits of PV and D over CV are
summarized in Table 1. D is also particularly useful in masting studies,
because it combines information about variability and temporal auto-
correlation with the previous year, variability by which plant resources
and populations of seed predators and dispersers should be most af-
fected (Espelta et al., 2008, 2017; Sala et al., 2012). CV, however, is
easily tractable in an analytical way because it is based on the variance
and the mean of a set of values. That has allowed it to become the basis
of most theories describing temporal variability.

Crone et al. (2011) had already warned the masting commu-
nity about the potential of CV to be a poor metric for measuring
the temporal variability of reproductive efforts and that interpret-
ing CV should be considered in context. To date, only a few studies
analyzed their data sets using D or PV (Bogdziewicz, Fernandez-
Martinez, et al., 2020; Fernandez-Martinez et al., 2017, 2019; Koenig
et al., 2020; Pesendorfer et al., 2020; Vergotti et al., 2019) after our
first warning about the problems linked to using CV for masting was

TABLE 1 Summary of the
mathematical and statistical benefits of
the indices of proportional variability (PV)
and consecutive disparity (D) over the
coefficient of variation (CV)

Negatively correlated with the mean

Positively correlated with the size

Pathological increase with rare events

Highest values at highest percentage of

Note: Properties of the indices are based on (Fernandez-Martinez et al., 2018; Heath, 2006; Heath

& Borowski, 2013) and our results.
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FIGURE 2 Behavior of (a) proportional (a)
variability (PV), (b) consecutive disparity
(D), and (c) the coefficient of variation
(CV) to increasing variability and the
percentage of zeros in a time series.
Estimates of variability using PV and D
increase with increasing the originally
simulated CV (y-axis) and peak at around
50% of zeros in a time series. Instead,
estimates of CV are mainly driven by
the percentage of zeros, reaching the
highest estimates at >90% of zeros.
Notice that the color scale in panel ¢ has
been log-transformed to try to maximize
the different response of CV across

the proportion of zeros and simulated
variability. The code for performing the
simulation is available in Supplementary
Materials

Simulated CV
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published (Fernandez-Martinez et al., 2018). Ascari et al. (2020) still
used CV but suggested that new indices should also be used. Most
authors, however, have not yet been persuaded to use new metrics
and have used CV without mentioning problems of comparability
among different data sets. Results based on CV may still be correct,
but biased results are also possible depending on the characteristics
of the data sets.

Recurrent arguments for maintaining the use of CV are that CV is
strongly correlated with the proportion of zeros in a time series and
that masting is about skipping reproductive attempts (see the hypoth-
esis of predator satiation (Espelta et al., 2008; Kelly & Sork, 2002)),
for which the correlation between CV and zeros could be desirable
(but implies that variability and frequency of reproduction is con-
founded). The statement that CV is strongly correlated with the per-
centage of zeros is essentially correct (Figure 2), but a time series
with most of its values (e.g., 95%) being equal (in this case to zero)
cannot be considered highly variable, which is one of the foundations
of masting behavior so far. PV and D thus increase with the variabil-
ity of a time series, but when time series present approximately more
than 50% of zeros, they relate increasing the percentage of zeros
with decreasing variability, as one would intuitively think. Most im-
portantly, the variability of CV across data sets is dangerously driven
by the percentage of zeros (i.e., frequency of reproduction) rather
than by differences in variability across the data sets. That should
preclude the use of an index that is supposed to measure variability,
at least when the percentage of zeros is large. Hence, CV may not
only not have any mathematical advantage over PV or D but it also
has the drawback of misleadingly interpreting a large number of equal
values as high variability. Any conclusion drawn regarding variability
based on the use of CV on a data set with a large number of zeros
should, therefore, be very carefully addressed.

CV, however, correlates well with PV and D when time series

are normally distributed, and the proportion of zeros is accordingly

75 100 0 25 50 75 100 "0 25 50 75 100
Zeros (%) Zeros (%)

low, and, thus, it could still be used in order to provide compari-
sons with previous studies. Most of the time series of highly vari-
able reproduction in plants, though, are not normally distributed
(Fernandez-Martinez et al., 2017; Kelly, 1994; Silvertown, 1980).
This observation is particularly exacerbated when assessing time
series of individuals instead of populations, for which the percent-
age of zeros can dramatically exceed 50% because of an intrinsic
higher temporal variability at the individual scale (Bogdziewicz,
Szymkowiak, Calama, et al., 2020). CVs would then be measuring
temporal variability for individuals with a low proportion of zeros,
but for individuals with a large percentage of zero values CVs would
only be measuring zeros (i.e., frequency of reproduction, and not its
temporal variability). These comparisons using CVs are therefore
unreliable and conceptually misleading, because two different, and
to some degree opposed, processes are involved. We suggest that
we should separate the measurement of temporal variability, using
either PV or D (if the chronological order of the values is important),
from the frequency of reproduction, easily measured as the percent-
age of reproductive events over a total of observations. Both repro-
ductive behaviors could thus be estimated for any potential data set
without risking biased results nor providing misleading conclusions
regarding the variability of the data sets.

4 | SHOULD WE THUS REDEFINE
MASTING?

We probably should. Our suggestion would lead to a scenario in
which we would be able to describe the temporal behavior of re-
productive efforts based on Figure 3: (a) from temporally variable to
stable reproduction and (b) from frequent to occasional reproduc-
tion in iteroparous species to single reproductive event in a lifetime

(in semelparous species). Full comparability could be achieved across
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FIGURE 3 Scheme showing different
types of reproductive behavior.
Reproductive behavior is described

as a function of the frequency of no
reproduction (or percentage of zeros

as in Figure 2, x-axis) and the temporal
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any type of organism using PV and the frequency of reproduction
because both metrics are restricted to values between O and 1
(Table 1). We could then even establish working thresholds to de-
termine whether a species is likely to have masting behavior, if even
deemed necessary. Some authors consider that occasional or ex-
tremely infrequent reproduction and low temporal variability equals
masting (e.g., bamboo flowering once after >60 years (Kitzberger
et al., 2007), individuals skipping reproduction largely more than
50% of the years (Bogdziewicz, Szymkowiak, Calama, et al., 2020;
Bogdziewicz, Szymkowiak, Tanentzap, et al., 2020)), but that repro-
ductive behavior does not match with the current definition of mast-
ing because of the mathematical concept of temporal variability. The
“masting” community of researchers should definitely try to reach a
consensus and redefine the traditional concept of masting, which is
so far based on high temporal variability and synchrony.

From our point of view, and given the current diverse use of the
term, masting is mainly a cultural and arbitrary term, referring to
some species producing many seeds in some years and very few, or
none, in others. Temporal variability and frequency of reproduction
follow a continuous gradient across species (Ferndndez-Martinez
et al., 2019; Herrera et al., 1998; Kelly, 1994), so dichotomous clas-
sifications (i.e., masting species, nonmasting species) do not really
make much sense. We think we should not try to classify species
as masting or nonmasting but instead systematically describe their
behavior by (i) the degree of temporal variability and frequency of
reproduction, (ii) the synchronicity of reproduction among individ-
uals, and (iii) the degree of dependence between reproduction in
consecutive years. We, therefore, recommend avoiding the use of
the term “masting” in the scientific literature due to the confusion
that it causes and use instead terms defining what we are actually
studying: variable plant reproduction. Avoiding the use of an am-

biguous term such as masting will help the scientific community

to describe reproductive behaviors using purely mathematical
and universally comparable terms such as temporal variability and

frequency.

ACKNOWLEDGMENTS

This research was supported by the Spanish Government project
CGL2016-79835-P (FERTWARM), the European Research Council
Synergy grant ERC-2013-726 SyG-610028 IMBALANCE-P, and the
Catalan Government project SGR 2017-1005. M.F-M. is a postdoc-
toral fellow of the Research Foundation-Flanders (FWO).

CONFLICT OF INTEREST

The authors declare no conflict of interests.

AUTHOR CONTRIBUTIONS

Marcos Fernandez-Martinez: Conceptualization (lead); Formal
analysis (lead); Funding acquisition (equal); Investigation (equal);
Methodology (lead); Writing-original draft (lead); Writing-review
& editing (equal). Josep Pefuelas: Conceptualization (supporting);
Funding acquisition (equal); Investigation (equal); Methodology
(equal); Writing-original draft (supporting); Writing-review & editing
(equal).

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were
created or analyzed in this study. The code for performing all simula-

tions is available in Supplementary Materials.

ORCID

Marcos Ferndndez-Martinez
org/0000-0002-5661-3610
https://orcid.org/0000-0002-7215-0150

https://orcid.

Josep Penuelas


https://orcid.org/0000-0002-5661-3610
https://orcid.org/0000-0002-5661-3610
https://orcid.org/0000-0002-5661-3610
https://orcid.org/0000-0002-7215-0150
https://orcid.org/0000-0002-7215-0150

FERNANDEZ-MARTINEZ anp PENUELAS

REFERENCES

Arnoldi, J.-F., Loreau, M., & Haegeman, B. (2016). Resilience, reactivity
and variability: A mathematical comparison of ecological stabil-
ity measures. Journal of Theoretical Biology, 389, 47-59. https://doi.
org/10.1016/j.jtbi.2015.10.012

Ascari, L., Siniscalco, C., Palestini, G., Lisperguer, M. J., Suarez Huerta, E.,
De Gregorio, T., & Bregaglio, S. (2020). Relationships between yield
and pollen concentrations in Chilean hazelnut orchards. European
Journal of Agronomy, 115, 126036. https://doi.org/10.1016/j.
€ja.2020.126036

Ascoli, D., Vacchiano, G., Turco, M., Conedera, M., Drobyshey, I.,
Maringer, J., Motta, R., & Hacket-Pain, A. (2017). Inter-annual and
decadal changes in teleconnections drive continental-scale synchro-
nization of tree reproduction. Nature Communications, 8, 1-9. https://
doi.org/10.1038/541467-017-02348-9

Bogdziewicz, M., Ascoli, D., Hacket-Pain, A., Koenig, W. D., Pearse, I.,
Pesendorfer, M., Satake, A., Thomas, P., Vacchiano, G., Wohlgemuth,
T., & Tanentzap, A. (2020). From theory to experiments for test-
ing the proximate mechanisms of mast seeding: An agenda for an
experimental ecology. Ecology Letters, 23, 210-220. https://doi.
org/10.1111/ele.13442

Bogdziewicz, M., Fernandez-Martinez, M., Espelta, J. M., Ogaya, R., &
Penuelas, J. (2020). Is forest fecundity resistant to drought? Results
from an 18-yr rainfall-reduction experiment. New Phytologist, 227(4),
1073-1080. https://doi.org/10.1111/nph.16597

Bogdziewicz, M., Szymkowiak, J., Calama, R., Crone, E. E., Espelta, J. M,
Lesica, P., Marino, S., Steele, M. A., Tenhumberg, B., Tyre, A., Zywiec,
M., & Kelly, D. (2020). Does masting scale with plant size? High repro-
ductive variability and low synchrony in small and unproductive indi-
viduals. Annals of Botany, 126(5), 971-979. https://doi.org/10.1093/
aob/mcaall8

Bogdziewicz, M., Szymkowiak, J., Tanentzap, A. J., Calama, R., Marino, S.,
Steele, M. A., Seget, B., Piechnik, t., & Zywiec, M. (2020). Seed pre-
dation selects for reproductive variability and synchrony in perennial
plants. New Phytologist, 229(4), 2357-2364. https://doi.org/10.1111/
nph.16835

Bogdziewicz, M., Zwolak, R., & Crone, E. E. (2016). How do verte-
brates respond to mast seeding? Oikos, 125, 300-307. https://doi.
org/10.1111/0ik.03012

Buonaccorsi, J. P., Elkinton, J., Koenig, W., Duncan, R. P., Kelly, D., & Sork,
V. (2003). Measuring mast seeding behavior: Relationships among
population variation, individual variation and synchrony. Journal of
Theoretical Biology, 224, 107-114. https://doi.org/10.1016/50022
-5193(03)00148-6

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C.,
Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. A, Kinzig,
A.P., Daily, G.C., Loreau, M., Grace, J. B., Larigauderie, A., Srivastava,
D.S., & Naeem, S. (2012). Biodiversity loss and its impact on human-
ity. Nature, 489, 326.

Clotfelter, E. D., Pedersen, A. B., Cranford, J. A., Ram, N., Snajdr, E. A.,
Nolan, V., & Ketterson, E. D. (2007). Acorn mast drives long-term dy-
namics of rodent and songbird populations. Oecologia, 154, 493-503.
https://doi.org/10.1007/s00442-007-0859-z

Crone, E. E., Mclntire, E. J. B.,, & Brodie, J. (2011). What defines
mast seeding? Spatio-temporal patterns of cone production by
whitebark pine. Journal of Ecology, 99, 438-444. https://doi.
org/10.1111/j.1365-2745.2010.01790.x

Espelta, J. M., Arias-LeClaire, H., Fernandez-Martinez, M., Doblas-
Miranda, E., Mufioz, A., & Bonal, R.(2017). Beyond predator satiation:
Masting but also the effects of rainfall stochasticity on weevils drive
acorn predation. Ecosphere, 8, e01836. https://doi.org/10.1002/
ecs2.1836

Espelta, J. M., Corté, P. S., Molowny-horas, R., Nchez-humanes, S. B.,
& Retana, J. (2008). Masting mediated by summer drought reduces

Fcology and Evolution o 2995
= WILEY- 2%

acorn predation in Mediterranean oak forests. Ecology, 89, 805-817.
https://doi.org/10.1890/07-0217.1

Fernandez-Martinez, M., Belmonte, J., Maria Espelta, J., & Espelta, J. M.
(2012). Masting in oaks: Disentangling the effect of flowering phe-
nology, airborne pollen load and drought. Acta Oecologica, 43, 51-59.
https://doi.org/10.1016/j.actao.2012.05.006

Fernandez-Martinez, M., Bogdziewicz, M., Espelta, J. M., & Pefiuelas, J.
(2017). Nature beyond Linearity: Meteorological variability and Jensen’s
Inequality can explain mast seeding behavior. Frontiers in Ecology and
Evolution, 5, 1-8. https://doi.org/10.3389/fevo.2017.00134

Fernandez-Martinez, M., Pearse, |, Sardans, J., Sayol, F., Koenig, W. D.,
LaMontagne, J. M., Bogdziewicz, M., Collalti, A., Hacket-Pain, A.,
Vacchiano, G., Espelta, J. M., Pefiuelas, J., & Janssens, |. A. (2019).
Nutrient scarcity as a selective pressure for mast seeding. Nature
Plants, 5, 1222-1228. https://doi.org/10.1038/s41477-019-0549-y

Ferndndez-Martinez, M., Vicca, S., Janssens, |. A., Martin-Vide, J., &
Pefiuelas, J. (2018). The consecutive disparity index, D, as measure
of temporal variability in ecological studies. Ecosphere, 9, €02527.

Heath, J. P. (2006). Quantifying temporal variability in pop-
ulation  abundances. Oikos, 115, 573-581. https://doi.
org/10.1111/j.2006.0030-1299.15067.x

Heath, J. P., & Borowski, P. (2013). Quantifying proportional variability.
PLoS One, 8, 8-11. https://doi.org/10.1371/journal.pone.0084074

Herrera, C. M. (1998). Population-level estimates of interannual variabil-
ity in seed production: What do they actually tell us? Oikos, 82, 612-
616. https://doi.org/10.2307/3546384

Herrera, C., Jordano, P., Guitian, J., & Traveset, A. (1998). Annual vari-
ability in seed production by woody plants and the masting con-
cept: Reassessment of principles and relationship to pollination and
seed dispersal. The American Naturalist, 152, 576-594. https://doi.
org/10.1086/286191

Kelly, D. (1994). The evolutionary ecology of mast seed-
ing. Trends in Ecology & Evolution, 9, 465-470. https://doi.
org/10.1016/0169-5347(94)90310-7

Kelly, D., & Sork, V. L. (2002). Mast seeding in perennial plants: Why,
how, where? Annual Review of Ecology and Systematics, 33, 427-447.
https://doi.org/10.1146/annurev.ecolsys.33.020602.095433

Kitzberger, T., Chaneton, E. J., & Caccia, F. (2007). Indirect effects of prey
swamping: Differential seed predation during a bamboo masting
event. Ecology, 88, 2541-2554. https://doi.org/10.1890/06-1587.1

Koenig, W. D., & Knops, J. M. H. (2013). Large-scale spatial synchrony
and cross-synchrony in acorn production by two California oaks.
Ecology, 94, 83-93. https://doi.org/10.1890/12-0940.1

Koenig, W. D., Knops, J. M. H., & Carmen, W. J. (2020). Can mast history
be inferred from radial growth? A test using five species of California
oaks. Forest Ecology and Management, 472, 118233. https://doi.
org/10.1016/j.foreco.2020.118233

Martin-Vide, J. (1986). Notes per a la definicioé d'un index de «desordre»
en pluviometria. Societat Catalana de Geografia, 7, 89-96.

McArdle, B.H., & Gaston, K. J.(1995). The temporal variability of densities:
Back to basics. Oikos, 74, 165-171. https://doi.org/10.2307/3545687

Mcardle, B. H., Gaston, K. J., & Lawton, J. H. (1990). Variation in the size
of animal populations: Patterns, problems and artefacts. Journal of
Animal Ecology, 59, 439-454.

McCann, K. S. (2000). The diversity-stability debate. Nature, 405, 228-
233. https://doi.org/10.1038/35012234

Pearse, I. S., Koenig, W. D., & Kelly, D. (2016). Mechanisms of mast seed-
ing: Resources, weather, cues, and selection. New Phytologist, 212,
546-562. https://doi.org/10.1111/nph.14114

Pearse, I. S., LaMontagne, J. M., & Koenig, W. D. (2017). Inter-annual
variation in seed production has increased over time (1900-2014).
Proceedings of the Royal Society B: Biological Sciences, 284, 20171666.

Pesendorfer, M. B., Bogdziewicz, M., Szymkowiak, J., Borowski, Z.,
Kantorowicz, W., Espelta, J. M., & Ferndndez-Martinez, M. (2020).


https://doi.org/10.1016/j.jtbi.2015.10.012
https://doi.org/10.1016/j.jtbi.2015.10.012
https://doi.org/10.1016/j.eja.2020.126036
https://doi.org/10.1016/j.eja.2020.126036
https://doi.org/10.1038/s41467-017-02348-9
https://doi.org/10.1038/s41467-017-02348-9
https://doi.org/10.1111/ele.13442
https://doi.org/10.1111/ele.13442
https://doi.org/10.1111/nph.16597
https://doi.org/10.1093/aob/mcaa118
https://doi.org/10.1093/aob/mcaa118
https://doi.org/10.1111/nph.16835
https://doi.org/10.1111/nph.16835
https://doi.org/10.1111/oik.03012
https://doi.org/10.1111/oik.03012
https://doi.org/10.1016/S0022-5193(03)00148-6
https://doi.org/10.1016/S0022-5193(03)00148-6
https://doi.org/10.1007/s00442-007-0859-z
https://doi.org/10.1111/j.1365-2745.2010.01790.x
https://doi.org/10.1111/j.1365-2745.2010.01790.x
https://doi.org/10.1002/ecs2.1836
https://doi.org/10.1002/ecs2.1836
https://doi.org/10.1890/07-0217.1
https://doi.org/10.1016/j.actao.2012.05.006
https://doi.org/10.3389/fevo.2017.00134
https://doi.org/10.1038/s41477-019-0549-y
https://doi.org/10.1111/j.2006.0030-1299.15067.x
https://doi.org/10.1111/j.2006.0030-1299.15067.x
https://doi.org/10.1371/journal.pone.0084074
https://doi.org/10.2307/3546384
https://doi.org/10.1086/286191
https://doi.org/10.1086/286191
https://doi.org/10.1016/0169-5347(94)90310-7
https://doi.org/10.1016/0169-5347(94)90310-7
https://doi.org/10.1146/annurev.ecolsys.33.020602.095433
https://doi.org/10.1890/06-1587.1
https://doi.org/10.1890/12-0940.1
https://doi.org/10.1016/j.foreco.2020.118233
https://doi.org/10.1016/j.foreco.2020.118233
https://doi.org/10.2307/3545687
https://doi.org/10.1038/35012234
https://doi.org/10.1111/nph.14114

2996 WI LEY_ECObe and Evolution

FERNANDEZ-MARTINEZ ano PENUELAS

Open Access,

Investigating the relationship between climate, stand age, and
temporal trends in masting behavior of European forest trees.
Global Change Biology, 26(3), 1654-1667. https://doi.org/10.1111/
gch.14945

Sala, A., Hopping, K., Mclintire, E. J. B., Delzon, S., & Crone, E. E.
(2012). Masting in whitebark pine (Pinus albicaulis) depletes
stored nutrients. The New Phytologist, 196, 189-199. https://doi.
org/10.1111/j.1469-8137.2012.04257.x

Silvertown, J. W. (1980). The evolutionary ecology of mast seeding in
trees. Biological Journal of the Linnean Society, 14, 235-250. https://
doi.org/10.1111/j.1095-8312.1980.tb00107.x

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

Tilman, D., & Downing, J. A. (1994). Biodiversity and stability in grass-
lands. Nature, 367, 363-365. https://doi.org/10.1038/367363a0

Vacchiano, G., Ascoli, D., Berzaghi, F., Lucas-Borja, M. E., Caignard,
T., Collalti, A., Mairota, P., Palaghianu, C., Reyer, C. P. O., Sanders,
T. G. M., Schermer, E., Wohlgemuth, T., & Hacket-Pain, A. (2018).
Reproducing reproduction: How to simulate mast seeding in forest
models. Ecological Modelling, 376, 40-53. https://doi.org/10.1016/j.
ecolmodel.2018.03.004

Vergotti, M. J,, Fernandez-Martinez, M., Kefauver, S. C., Janssens, |. A., &
Pefiuelas, J. (2019). Weather and trade-offs between growth and re-
production regulate fruit production in European forests. Agricultural
and Forest Meteorology, 279, 107711. https://doi.org/10.1016/j.agrfo
rmet.2019.107711

Wion, A. P., Weisberg, P. J., Pearse, |. S., & Redmond, M. D. (2019). Aridity
drives spatiotemporal patterns of masting across the latitudinal
range of a dryland conifer. Ecography, 569-580.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Fernandez-Martinez M, Penuelas J.
Measuring temporal patterns in ecology: The case of mast
seeding. Ecol Evol. 2021;11:2990-2996. https://doi.
org/10.1002/ece3.7291



https://doi.org/10.1111/gcb.14945
https://doi.org/10.1111/gcb.14945
https://doi.org/10.1111/j.1469-8137.2012.04257.x
https://doi.org/10.1111/j.1469-8137.2012.04257.x
https://doi.org/10.1111/j.1095-8312.1980.tb00107.x
https://doi.org/10.1111/j.1095-8312.1980.tb00107.x
https://doi.org/10.2307/1939313
https://doi.org/10.1038/367363a0
https://doi.org/10.1016/j.ecolmodel.2018.03.004
https://doi.org/10.1016/j.ecolmodel.2018.03.004
https://doi.org/10.1016/j.agrformet.2019.107711
https://doi.org/10.1016/j.agrformet.2019.107711
https://doi.org/10.1002/ece3.7291
https://doi.org/10.1002/ece3.7291

