Received: 24 September 2024

Accepted: 29 October 2024

DOI: 10.1002/ecs2.70087

ARTICLE
Vegetation Ecology

Reconstruction of Araucaria araucana cone production
reveals warming intensifies regionally synchronized

masting

Andrew Hacket-Pain'
Martin Hadad’

'Department of Geography and Planning,
School of Environmental Sciences,
University of Liverpool, Liverpool, UK

*Instituto Argentino de Nivologia,
Glaciologia y Ciencias Ambientales
(IANIGLA), Consejo Nacional de
Investigaciones Cientificas y Técnicas
(CONICET), Mendoza, Mendoza,
Argentina

*Department of Agriculture, Forest and
Food Sciences, University of Torino,
Turin, Italy

“Laboratorio de Dendrocronologia y
Cambio Global, Instituto de
Conservacion, Biodiversidad y Territorio,
Universidad Austral de Chile,

Valdivia, Chile

>Laboratorio de Dendrocronologia de
Zonas Aridas-Instituto y Museo de
Ciencias Naturales, Universidad Nacional
de San Juan, CIGEOBIO
(CONICET-UNSJ), San Juan, Argentina

Correspondence

Andrew Hacket-Pain

Email: andrew.hacket-pain@liverpool.
ac.uk

Funding information

Royal Society, Grant/Award Number:
IEC\R2\192030; Agencia Nacional de
Promocién Cientifica y Tecnoldgica,
Grant/Award Number: PICT-2018-1056;
European Commission (PIANO
NAZIONALE DI RIPRESA E
RESILIENZA [PNRR])

Handling Editor: Jaime
Madrigal-Gonzalez

Fidel A. Roig® | Davide Ascoli’* | Carlos LeQuesne* |

Abstract

The reproduction of many long-lived plants is highly variable and synchronized,
known as masting. Masting is a key driver of plant regeneration dynamics and
has cascading effects on food webs and carbon and nutrient fluxes through eco-
systems. Masting patterns can respond to changes in climate, but natural
long-term variability in masting behavior (i.e., baseline variability) is poorly
understood. Here we use tree-rings to create a four-century reconstruction of
annual cone production to uncover centennial-scale evolution in masting of
Araucaria araucana, a dioecious masting species in South America. Over the
last four decades, direct observations of annual cone production in this species
revealed remarkable range-wide synchrony of masting. Our tree-ring-based
reconstruction places this in a long-term context, revealing that intense regional
masting is not a consistent feature of A. araucana reproduction. For extensive
periods over the last four centuries, masting has been a site-specific phenome-
non, with variability in cone production that was not regionally synchronized.
Comparison with regional climate reconstructions indicates that regional syn-
chrony of masting varies with regional temperature trends, including during
recent decades. During warmer periods, synchrony is enhanced, and during
cooler periods, regional synchrony breaks down. These dynamics have implica-
tions for understanding the reproduction of this iconic and endangered tree
species and provide evidence of long-term linkages between climate change
and masting behavior. Our study demonstrates the potential for novel
tree-ring-based reconstructions of masting to reveal crucial insights into baseline
variability and the response of masting to climate change.
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INTRODUCTION

Many long-lived plant species are characterized by
variable reproduction that is synchronous within and
among populations, commonly described as masting
(Kelly, 1994). During years of peak reproductive effort
(so-called mast years), seed crops synchronize from local
to large scales (Figure 1) (Pesendorfer et al., 2021).
Masting enhances pollination efficiency through the syn-
chronization of large flowering efforts (Kelly et al., 2001)
and reduces seed predation via starvation in poor repro-
ductive years and subsequent satiation of predators in
large reproductive events (Shepherd et al., 2008; Zwolak
et al., 2022). The reproductive success of masting plants is
therefore strongly linked to patterns in seed crop syn-
chrony and variability (Martini et al., 2022; Sanguinetti &
Kitzberger, 2010; Seget et al., 2022). Masting patterns have
cascading effects on the dynamics of food webs (Clark
et al, 2019; Liu et al., 2022; Touzot et al., 2020) and
the behavior of seed-eating animals (Ascoli et al., 2021;
Blanco et al., 2022; Strong et al.,, 2015; Szymkowiak &
Thomson, 2019) and alter the allocation and fluxes of
nutrients through ecosystems (Brumme et al., 2021).

Recent analysis of multi-decadal observations of
masting suggests that masting patterns can shift in
response to changes in climate (Hacket-Pain &
Bogdziewicz, 2021). These long-term changes occur at
local (Pearse et al., 2017; Shibata et al., 2020) and regional
scales (Ascoli et al., 2020; Bogdziewicz et al, 2020;
Meng et al, 2022) and have important consequences
for plant reproductive success (Bogdziewicz, Kelly,
et al., 2023) with wider cascading effects on ecosystems
(Touzot et al., 2020). However, natural long-term variabil-
ity in masting behavior (i.e., baseline variability) is poorly
understood due to limited long-term observational records,
which makes it challenging to place recent trends in
context (Prebble et al, 2022; Shibata et al., 2020).
Centennial-scale records of masting are limited to ordinal
classification of seed crops (Ascoli et al., 2017; Hacket-Pain
et al., 2022), or dendrochronological or palynological
reconstructions that only distinguish mast and non-mast
years, which unrealistically assumes that masting is
bimodal (Drobyshev et al., 2014; Mundo et al., 2021;
Prebble et al., 2022) (Figure 1C). Nevertheless, these recon-
structions indicate long-term changes in masting behavior
may be linked to changes in local and regional variation
in climate (Ascoli et al., 2017; Mundo et al., 2021; Prebble
et al., 2022).

Previous attempts tree-ring based masting reconstruc-
tion have illustrated the scale of the challenge
(Drobyshev et al., 2014, for the monoecious Fagus
sylvatica, Mundo et al., 2021, for the dioecious Araucaria
araucana). Tree-ring based masting reconstructions have

focused on detecting mast years via declines in radial
growth associated with high investment in cones, fruit, and
seed production, commonly interpreted as resource
switching or a growth-reproduction trade-off. Major chal-
lenges have included weak or inconsistent masting signals
in tree-rings (Koenig et al., 2020; Patterson et al., 2023;
Speer, 2001) or the challenge separating masting signals
from weather-induced variability (Hacket-Pain et al., 2017;
Rodriguez-Ramirez et al., 2019). A promising approach is to
use “non target” trees to remove the common climate signal
from tree-ring chronologies while retaining the masting sig-
nal, similar to the widely used dendroecological approach
for reconstructing insect outbreaks (Swetnam et al., 1985).
In dioecious trees, a variant on this approach can be used
to reconstruct masting, exploiting known sex-specific
tree-ring signals associated with masting (Hadad, Roig,
et al., 2021; Mundo et al., 2021; Rozas et al., 2019). If the
costs of reproduction vary between males and females,
either in the magnitude or timing, then masting is recorded
as divergence between the growth of male and female trees.
Here, we develop a new and robust four-century
reconstruction of annual cone production and uncover
centennial-scale evolution in regional masting of
A. araucana, a dioecious tree species in southern
South America. We show remarkable range-wide syn-
chrony of masting in recent decades is not a consistent
feature. For extensive periods over the last four centuries,
masting has been a site-specific phenomenon, with vari-
ability in cone production that was not synchronized
regionally. Comparison with regional climate reconstruc-
tions indicates that regional synchrony is low during
periods of cooler climate, but the mechanisms resulting in
the variation in synchrony remain to be fully established.

METHODS
Masting data

We extracted data to reconstruct A. araucana masting
from MASTREE+, a global compilation of population-level
time series of reproductive effort (Hacket-Pain et al., 2022).
MASTREE+ contains time series for annual A. araucana
reproductive effort collected using three methods: female
cone count per individual, cone counts per unit area,
and annual seed harvests. Individual series range from
11 to 20 years (mean = 16.2, median = 17) and represent
populations from across the species distribution, mainly
on the leeward side of the Andes (Figure 1B). The time
series show strong spatial synchrony of masting across the
study region, consistent with Sanguinetti and Kitzberger
(2008). To create a regional masting chronology, time
series were standardized on a 0-100 scale. For the
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reconstruction, standardized masting time series were log
transformed to improve normality, and then averaged to
create a regional “Mast Index” (Figure 1C). When com-
bined, these records provide a 39-year record of regional
masting (1982-2020). However, the first 6 years are based
exclusively on data from three directly adjacent plots from
a single site in Chile (Figure 1A). All other years are
represented by multiple sites, so the years 1982-1987 were
excluded from analysis as we could not be confident that
they represented regional masting. We used the resulting
1988-2020 regional Mast Index chronology for all subse-
quent analysis.

Tree-ring data

Tree-ring data were assembled from 19 sites distributed
in a broad region overlapping with the regional mast
record (Figure 1A). Ten to 60 dominant trees were sam-
pled per site, and two or three increment cores were
extracted per tree (Appendix S1: Table S1). A. araucana
is a dioecious species, and the sex of each sampled trees
was recorded based on the presence of male or female
strobiles. Tree cores were polished in transverse
section and individual tree-ring series were visually
cross-dated. Ring widths were measured using a Velmex
measuring device with a precision of 0.001 mm, and
cross-dating ~ was  checked using @ COFECHA
(Holmes, 2001). Raw ring width chronologies contain
low-frequency signals associated with changes in tree size
and age, canopy position and long-term changes in envi-
ronmental conditions (Fritts, 1976). As we were focused
on the masting signal contained in these chronologies,
rather than long-term trends in absolute growth, we
removed low-frequency variance using the dplR package
in R (Bunn, 2008). Each series was fitted with a 32-year
cubic smoothing spline with a 50% frequency cutoff, and
dimensionless ring width indices (RWIs) were calculated
by dividing measured ring width by the fitted spline.
Multiple series from the same tree (i.e., multiple cores)
were averaged at the tree level. As we predict that
juvenile trees should not contain a masting signal
(as they are not producing cones, Donoso et al., 2009;
Hadad et al., 2020), we removed the first 50 years of
ring width measurements from each individual tree.
Finally, we averaged across trees to produce male and
female mean RWI chronologies for each site. Each sex-
specific site chronology was truncated when the number
of trees dropped below three individuals. As our masting
reconstruction method depends on a first-difference
male-female chronology (see below for details), our
analysis should be insensitive to detrending choices, and
our results and conclusions were unchanged when we

repeated analysis with less flexible 64- and 128-year
smoothing splines (results not shown). Similarly, our
analysis should be insensitive to temporal changes in
growth variance, so long as any variance changes affect
male and female trees similarly. Nevertheless, the vari-
ance of each male and female site RWI chronology was
stabilized by dividing the RWI series by the SD of a
moving 33-year window. Our results and conclusions
were unchanged if this step was excluded or if the size
of the moving window varied (results not shown).

In the Southern Hemisphere, tree-rings are conven-
tionally dated to the calendar year at the start of the
growing season (the Schulman convention). However, we
re-dated all tree-ring records to be consistent with the
masting record, which is dated according to the time of
seed fall (i.e., Schulman year +1).

Model calibration and validation

Previous analyses have demonstrated that A. araucana
tree-rings contain sex-specific masting signals (Hadad,
Roig, et al., 2021; Mundo et al., 2021; Rozas et al., 2019).
High cone production results in reduced growth in
both male and female trees, but the main costs of repro-
duction are offset by 1 year between sexes (Hadad, Roig,
et al.,, 2021). In female trees, the cones take 2 years to
develop. In the first year, female cones develop and are
fertilized by pollen originating from male trees. However,
the female cones are not fully developed during this
growing season, and only mature and eventually disperse
seed at the end of the following growing season
(Figure 2). Significant growth reductions in female trees
are associated with the year of seed cone maturation
(and dispersal). In male trees, the growth reduction occurs
in the previous year, during male pollen cone development
(Donoso et al, 2009; Hadad, Roig, et al, 2021)
(Figure 2A). The magnitude of the growth reductions is
similar in male and female trees (Figure 2B), albeit offset
by 1year. Consequently, while the main direct climate
drivers of growth affect male and female trees similarly in
the same year (e.g., drought years), high cone production
is associated with a distinctive growth reduction which is
offset in male and female trees by 1 year (Hadad, Roig,
et al., 2021; Mundo et al., 2021). We used this signal as
the basis for a reconstruction of annual cone production
(masting). Our basic approach is similar to the host-non-
host approach to reconstructing insect outbreak, where
differences in growth between a host and non-host species
are used to identify insect outbreaks in the host species
(Swetnam et al., 1985; Swetnam & Lynch, 1989). In our
case, we use the temporally offset masting signals in male
and female chronologies to isolate a target masting signal
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from non-target variability in growth (i.e., the variability
related to varying weather conditions). Years of high seed
production are associated with a distinct pattern in the
tree-ring chronologies: first a year of low male growth rela-
tive to female growth, directly followed by a year of low
female growth relative to male growth (Figure 2B). The
sensitivity of male and female growth to monthly tempera-
ture and precipitation was very similar (Appendix S4),
suggesting that varying growth responses to climate do not
contribute to observed divergences between female and
male growth (see Appendix S4).

In our case, the masting signal is expressed as the
difference in growth between the two sexes, so we
subtracted the female chronology from that of the male
trees (RWIae — RWlgemate) for each site. This is not only
positively correlated with female cone production but
also displays a negative autocorrelation at a lag of 1 year,
due to the opposite offset of growth responses of male
and female trees in the previous year (Figure 2B).
Consequently, in a final step we calculated a first differ-
ence chronology (i.e., year X; — year X;_;), which com-
bines the masting signals present in the male trees (t — 1)
and the female trees (f). This is positively correlated
with female cone production. Differenced chronologies
were normalized to ensure equal weighting, then aver-
aged across sites to develop a regional chronology.
We used this regional chronology as the basis of our
masting reconstruction. The regional chronology was trun-
cated where the number of individual sites represented
dropped below five (1645 cE).

The relationship between the first difference chronol-
ogy and Mast Index was quantified using a general linear
model, which was used as the basis for our masting
reconstruction. As we had only 33 years of overlapping
tree-ring and masting observations (1988-2020), splitting
our data into independent calibration and validation
periods was not practical. Instead, we estimated model
accuracy using a bootstrap resampling method, repeat-
edly fitting our calibration models to 500 resampled sub-
sets of our data. Using this procedure, we estimated the
SE of the coefficients in our reconstruction model and
used this to estimate the uncertainty in our reconstruc-
tion. We also tested relationships at site level, and tested
whether between-site differences were related to geogra-
phy, elevation, climate, or the age and growth rate of
sampled trees (see Appendix S2).

We quantified temporal change in our reconstruction
of masting using the CV, a moving window approach,
and wavelet analysis using the WaveletComp package
(Roesch & Schmidbauer, 2018). As our site-level tree-ring
chronologies did not correspond to the same locations as
the site-level cone production data, we could not calibrate
site-level masting reconstructions. Instead, we assumed

that site-level first difference M-F chronologies were a
proxy for site-level cone production. We use these
site-level proxies to investigate individual-level changes
in reproductive variability using CV, and we tested for
changes in the synchrony of cone production among sites
by calculating the mean pair-wise correlation using
moving windows. Regional synchrony defined using this
approach might be affected by changes in the mean dis-
tance between sites over time, as some sites have shorter
chronologies and are consequently not included in the
analysis of the earliest period (Appendix S1: Table S1).
Consequently, we also tested for temporal changes in the
distance-decay of synchrony using Mantel correlograms
for different time periods. We used regional drought and
temperature reconstructions to explore whether changes
in masting were related to changes in regional climate
(Ahmed et al., 2013; Hadad, Gonzalez-Reyes, et al., 2021;
Morales et al., 2020; Mundo et al., 2012).

RESULTS

Our first difference M-F chronology was linearly and
strongly positively correlated with Mast Index for the
period 1988-2020. Overall, our model explained 64.4% of
the observed variance in Mast Index during the calib-
ration period (1988-2020) as estimated by the boot-
strapping procedure (Appendix S1: Table S2). The model
performed well in reproducing the observed magnitude
of large regional mast events, and successfully repro-
duced the interannual variability of observed regional
cone production. The model performed less well at
reproducing the full magnitude of the reproductive fail-
ures that often follow large mast years, particularly in
1989, 1996, 2014, and 2017 (Figure 3B). However, as
Mast Index represents log-transformed cone production,
the overestimation in terms of cone production is small
(Appendix S1: Figure S1).

At the site level, the relationship between our
male-female first difference chronology and Mast Index var-
ied in strength but was positive at all sites (Appendix S2).
The wvariation in site-specific masting signal was
unrelated to geography or elevation. There was some
evidence that the masting signal was stronger in
tree-ring chronologies from sites with faster growing
and younger trees (Appendix S2). As we only had
19 sites, and mean site age and growth rates were
strongly correlated, we further investigated this at the
individual-tree level. Comparing individual-level growth
with the regional masting chronology, we found no
evidence for age or growth-rate-related effects on the
masting signal within sites. As we do not yet understand
why some sites have stronger masting signals than
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others, and this effect was not found at the individual
tree level within sites, we conservatively retained all
individual sites in the regional chronology used for the
reconstruction. Restricting our regional chronology to
sites with stronger masting signals had little effect on
our reconstruction (Appendix S3).

The strong relationship between our first difference
male-female chronology and Mast Index allowed us to
reconstruct 376 years of regional masting in A. araucana
(Figure 4). Our chronology extended to 1645 ce with

representation from a minimum of five sites, and to
1748 ce with replication of 10 sites. Our reconstruction
showed that masting characterized the reproductive
behavior of A. araucana over multiple centuries, but
that the intensity of regional masting varied substantially
at decadal to centennial timescales. Recent decades were
associated with more strongly synchronized regional
masting than at any other period over the past four
centuries, that is, higher values in regional synchrony
and regional CV indexes (Figure 4B) and significant 4- to
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5-year periodicity (Figure 4C). The reconstruction
revealed 12 exceptionally large regional masting events
with reconstructed regional cone production more than
two SD above the mean, and nine of these occurred
during the last century (1937, 1944, 1958, 1962, 1988,
1995, 2000, 2013, 2016), including the largest event in the
last four centuries (2013). A smaller increase in regional
masting also occurred during the late 18th and early 19th
century, which included three further large regional mast
events (1770, 1780, and 1831). The reconstruction revealed
that between these episodes, long periods occurred with-
out large synchronized regional mast events (Figure 4A).
For example, the periods 1645-1769 and 1861-1931 were
associated with very low intensity regional masting (30--
year moving window CV, of Mast Index <0.25). The latter
of these periods includes an exceptional 57-year period
(1867-1923) without a single large regional mast event.
The changes in regional masting over multiple
decades could reflect at least two contributing processes.
It may reflect synchronized changes in population-level
masting (i.e., CV,,) (Bogdziewicz et al., 2020) or changes
in the regional synchrony of masting (Ascoli et al., 2017).
To test which of these two processes might be responsible
for the observed changes in regional masting, we com-
pared long-term changes in individual-site first-difference
chronologies. As these site-level chronologies could not
be calibrated to observed site-level cone production data
(see Methods), we assumed that they represent a proxy of
site-level cone production. Individual site chronologies
showed some long-term variation in CV, that after
1850 matched the regional CV, pattern, with a decline
in CV around 1900 and a positive trend over the last
century (Figure 4B). Nevertheless, this was insufficient to
explain the large trends in regional CV,, which were
instead explained by temporal variation in the degree of
among-site synchrony (Figure 4). The recent period, char-
acterized by the occurrence of large regional masting
events, was also characterized by higher regional syn-
chrony of reproduction than at any period over the

previous four centuries (Figure 4; Appendix S1: Figure S2).
Together, these results demonstrate the rarity of large
regional mast events in the past appeared to be mainly due
to lower spatial synchrony. Large magnitude masting
events still occurred in individual populations, but they did
not occur synchronously across populations; the period
1670-1770 exemplified this, with higher CV, indicating
strong masting at the population level, but low regional
synchrony preventing this local-level strengthening of
masting from scaling to stronger regional masting.

The recent changes in cone production variability and
spatial synchrony are not matched by a parallel change
in radial growth variability or synchrony, as indicators of
physiologically relevant environmental variability and its
spatial synchrony (Appendix S1: Figure S3). Peaks in syn-
chrony and variability of radial growth occurred in the
early 19th century, and at the start of the 20th and 21st
centuries, but these did not consistently correspond with
the reconstructed temporal changes in masting.

Notably, long-term variations in cone production vari-
ability and spatial synchrony corresponded to long-term
changes in regional temperature, but not to regional
drought (Figure 4). Peaks in the strength of regional
masting (CV,) corresponded to periods of increased regional
temperature around 1800 ce and during recent decades,
while regional masting was weaker during cooler regional
temperatures around 1900 ce. In contrast, the dip in
site-level CV,, and regional masting synchrony around 1900
corresponded to a major regional drought phase (Figure 4),
and a similar correspondence was absent in the earlier part
of the reconstruction.

DISCUSSION

Our reconstruction of four centuries of regional
masting of A. araucana shows that the reproduction of
this species has been characterized by remarkably syn-
chronized variation in cone production during the last

FIGURE 4 Long-term change in regional cone production variability and synchrony. (A) 376 years of reconstructed cone production
(i.e., back-transformed from Mast Index). (B) Long-term evolution of cone production variability and synchrony, and regional climate
change. Solid lines show the 30-year moving window of regional CV, (red) and regional synchrony (blue). Orange lines show individual site
CV,, and the dark orange line the mean site CV, with the shaded area representing +1SD. All moving window values are plotted according
to the mid-point of the 30-year window. Regional summer temperature change from PAGES2K reconstruction (Ahmed et al., 2013) (gray
line, with anomalies colored according to the 1961-1990 mean), and regional drought trends for three reconstructions, plotted as the 64-year
smoothed spline to emphasize low-frequency variability. SPEI is a NW Patagonian reconstruction of SPEIney-pec from Hadad,
Gonzalez-Reyes, et al. (2021), Stream is an October-June mean streamflow reconstruction for the Neuquén River from Mundo et al. (2012),
and PDSI is a regional PDSIpe._rep reconstruction from the South American Drought Atlas (Morales et al., 2020). Note that only the PDSI
reconstruction extends to 2020, but the most recent two decades are characterized by ongoing regional drought (Gonzalez-Reyes et al., 2017).
(C) Wavelet analysis of Mast Index. White contours designate significant wavelet power (p < 0.1), and the lighter shading shows the cone of
influence where edge effects become important.
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century—that is, large-scale synchronized masting across
populations separated by more than 100 km and
across strong environmental gradients. Combined with
high wvariability in cone production at individual sites,
which our results indicate was generally maintained
throughout the past four centuries, this has resulted in a
recent phase of exceptionally intense regional masting.
This phase of intense masting is observed in direct
observations since the 1980s, and our reconstruction
shows it started in the first half of the 20th century.
Similar large-scale spatial synchrony of reproduction
was observed between the mid-18th and mid-19th cen-
turies (albeit not as pronounced), but at other times, the
regional synchrony of masting of A. araucana is lost.
This is consistent with the analysis of an independent
reconstruction of A. araucana masting at three locations
within our study region, which also showed high syn-
chrony in recent decades but lower synchrony in the
past (Mundo et al., 2021).

High spatial synchrony of masting is associated with
shared weather cues and the Moran effect (Bogdziewicz,
Journe, et al.,, 2023). This implies that the elevated
regional synchrony and subsequent strengthening of
regional masting during warm phases reflected changes
in sensitivity to dominant weather cues or changes in the
spatial synchrony of these cues. Years of high cone pro-
duction in A. araucana are linked to drought conditions
during cone bud induction 2 years prior to seed dispersal
(Mundo et al., 2021; Sanguinetti & Kitzberger, 2008;
see also Figure 2), in association with the behavior of
Pacific sea surface temperature (SST) and land surface
temperature (Hadad, Roig, et al., 2021). Insufficient local
meteorological records prevent direct testing of long-term
changes in regional climate synchrony. However, changes
in the variability and spatial synchrony of tree growth did
not covary with changes in masting, which is relevant as
radial growth varies according to physiologically relevant
summer climate (Hadad & Roig, 2016). Therefore, we infer
that changes in climate synchrony are unlikely to fully
explain changes in masting synchrony. Instead, we suggest
that the temporal alignment of cues may explain changes
in regional synchrony (Ascoli et al., 2021) similar to the
drivers of decadal variability in large-scale synchrony
of F. sylvatica masting in Europe (Ascoli et al., 2017).
For example, in addition to the main summer drought cue
for cone development (Mundo et al., 2021; Sanguinetti &
Kitzberger, 2008), we hypothesize that severe frost events
might damage and kill developing cones, and regional
frost frequency increased around 1700 and 1900 (Hadad
et al, 2019), coincident with periods of low regional
masting synchrony. Regional drought could also influence
synchrony by affecting the rate at which trees can replen-
ish reserves depleted during masting events, determining

their ability to respond to the drought cue for cone induc-
tion (Bogdziewicz, 2021). The effects of frost vetoes or
drought-influenced resource recovery would vary between
sites depending on local site conditions, which vary mark-
edly across strong local environmental gradients (Allevato
et al., 2019; Hadad et al., 2019; Piraino et al., 2022).
Changes in the regional climate circulation due to the
nonstationary interaction between large-scale modes of cli-
mate variability could also lead to different spatial syn-
chronization of weather cues in different time periods
(Ascoli et al., 2021). Mundo et al. (2021) provide evidence
for a regional synchronizing mechanism of masting
which is induced by strong cold La Nifia phases of
El Nifio/Southern Oscillation (ENSO) amplified by the
positive phases of the Southern Annular Mode (SAM).
Long-term changes in both modes of climate variability
(Abram et al., 2014) might have affected the synchroniza-
tion of masting weather cues in the region. Nevertheless,
while it appears that regional synchrony is enhanced
during warm phases, including during the remarkable and
unprecedented increase in regional masting synchrony
over the last century, the mechanism linking regional
synchrony and temperature remains unclear. Establishing
this mechanism is a major priority, especially given recent
reports consistent with a masting breakdown in
A. araucana, which imply a nonlinear or threshold res-
ponse of masting to climate change (Mundo et al., 2021).
While the warm phases around 1800 ce and in recent
decades are both associated with stronger regional masting
in our reconstruction, future reconstructions taking advan-
tage of the exceptionally long maximum lifespan of
A. araucana present an opportunity to test the response of
masting during an earlier—and much longer—warm phase
lasting from the mid-12th to mid-14th centuries ce (Ahmed
et al., 2013).

Methods to reconstruct masting over centennial time-
scales are revealing hitherto unknown long-term vari-
ability in masting behavior. Reconstructions that enable
the extension of observation masting records provide
a unique opportunity to improve understanding of base-
line variability (Prebble et al., 2022) and place recent
reports of changes in masting in a long-term context
(Hacket-Pain & Bogdziewicz, 2021). For example, pollen
concentrations in annually laminated sediments (Prebble
et al., 2022) or tree-ring proxies (Drobyshev et al., 2014;
Mundo et al., 2021) have been used to identify decadal-
to centennial-scale changes in the frequency of mast
years. In our reconstruction, we also show changes in the
frequency of exceptionally large regional cone production
events, including an unprecedented concentration of such
events in the last century, associated with a warming
regional climate (Figure 4). However, the approach of
previous studies, focusing on the identification of mast
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events (Drobyshev et al., 2014; Mundo et al., 2021),
simplifies masting to a binary mast-non-mast characteriza-
tion, hiding important components of masting (Kelly, 1994),
especially where reproductive effort is not bimodally
distributed. Importantly, our reconstruction approach
demonstrates the potential to reconstruct cone produc-
tion on a continuous scale, containing substantially
more information on past changes in masting behavior.
Nevertheless, further work is still required to address
remaining uncertainties. Understanding the underlying
cause of the variability in masting signals among
trees and sites is a priority (Hadad, Roig, et al., 2021).
We initially explored that variability, but we were not
able explain why some sites (and trees) have stronger
masting signals than others. Analysis that uses tree-ring
chronologies sampled from the same stands where
long-term cone production data have been collected
offers potential to address this uncertainty, and analyses
pairing individual-level records of masting and growth
will prove particularly valuable. Similarly, in our analysis
we rely on records of female cone production, but records
of male cone production (or pollen concentration, as
a proxy) (Diaz et al., 2012) will increase further confidence
in our interpretation of masting signal found in tree-ring
chronologies, which underpins our approach to
reconstruction.

Tree-ring-based reconstructions of masting depend not
only on the presence of strong signals in tree-ring chrono-
logies (Hadad, Roig, et al., 2021; Mundo et al., 2021;
Patterson et al., 2023; Speer, 2001) but also on the ability to
distinguish growth responses related to masting from other
drivers of growth (Drobyshev et al, 2014; Hacket-Pain
et al., 2019). In dioecious A. araucana, this is possible due
to temporal offset in growth reductions associated with
masting. In monoecious species, a similar approach may
utilize tree-ring parameters with contrasting sensitivity to
masting. Masting in F. sylvatica is also associated with
reduced ring width but this signal is difficult to distinguish
from growth reductions caused directly by summer drought
(Drobyshev et al., 2014; Hacket-Pain et al., 2017). Instead,
reconstructions may leverage contrasting sensitivity of
radial growth and other tree-ring parameters such as wood
density, anatomy, or stable isotopes (Olano et al., 2022;
Tumajer & Lehejcek, 2019).

CONCLUSIONS

The recent masting behavior of A. araucana is charac-
terized by high spatial synchrony, resulting in intense
regional masting with high and low seed production years
occurring simultaneously across most of the species’ range.
However, our reconstruction of cone production indicates

that such large-scale regional synchrony of cone production
is unusual over the past four centuries and that regional
masting synchrony varies with regional temperature trends.
Masting in this species is more typically associated with
population-level masting, but less extensive spatial syn-
chrony. These results highlight the value of renewed efforts
to reconstruct masting using tree-rings and other proxies to
provide understanding of baseline variability in masting
behavior and drivers of long-term changes in masting.
Such efforts are increasingly urgent given the accumulating
evidence of climate-driven changes in masting and their
consequences on ecological systems.
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