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Abstract

Background Araucaria araucana is a mast species that presents a high variability in annual cone production.
Researchers have recorded synchronization events in cone production in different populations, which allows the seed
production to be concentrated, reducing the percentage of seeds consumed by different animal species.

Methods We sampled three populations located in the Andes Mountains, Araucania Region, Chile. In 2004 we began
the collection of data on cone production, for which we installed permanent plots (1200 m? each) at each location.
We identified and labeled each female tree in each plot to monitor its cone production. In 2012 we selected a total

of 30 trees near the plots to evaluate the number of seeds per cone. In each February from 2012 to 2014 we selected
two mature cones and covered them with a porous mesh for subsequent collection and storage in March. At the
beginning of June, we counted and weighed the seeds, determining the average weight, the number of seeds per
cone, the germination capacity (GC), and the germination speed (GS).

Results Cone production was synchronous across the three locations. We observed significant differences among
the locations and years evaluated. The cones had fewer seeds in 2013 (high production) compared to those in 2012
(low production), but their weights were similar. In 2014 the cones produced smaller seeds in fewer quantities. The
difference between the years 2013 and 2014 resulted from the high-energy expenditure in 2013. Regarding GC and
GS, there were significant differences among the three locations (GC: F=45.41,p<0.01; GS: F=96.08, p<0.01), where
the highest values were observed in 2013.

Conclusions Both GC and GS are related to seed weight but not to the number of cones produced in a given year.
These annual fluctuations in seed production are determining factors in the population dynamics of forest species.
Our results allow a better understanding of the reproductive phenology of A. araucana and could help define
sustainable use and conservation actions for this species.
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Introduction

Studies on seed production have made it possible to
understand the complex ecological processes of plant
reproduction and regeneration (Obeso 2002). Seeds are
not only the main mode of plant propagation but also an
important food source for people and many animal spe-
cies; therefore, knowledge of seed production is necessary
to designing management procedures for its collection
and use (Yu et al. 2020). However, it is also necessary to
compare data from several years to understand produc-
tion cycles, especially in those species with slow growth
and irregular seed production (Obeso 2002). The concept
of masting refers to the variability and synchronization
of seed production with a concentration of reproductive
effort, which means there are few but intense seed pro-
duction events; its effect on the ecosystem will depend
on the extent and spatial synchronization of this process
(Hacket-Pain 2021; Journé et al. 2023). Araucaria genus
produces large cones that carry edible seeds, which take
almost 2 years to mature and then release seeds that are
highly nutritious and consumed by various species and
humans (Hadad et al. 2021). This variability in cone pro-
duction directly affects wild animals and people because
it is the main food the forest offers and has a notable
effect on the ecosystem (Sanguinetti and Kitzberger 2009;
Chechina and Hamann 2019).

Araucaria araucana (Mol.)) K. Koch (Araucariaceae)
is an endemic species from the subantarctic forests in
Argentina and Chile. It is one of the longest-lived plant
species, living more than 1000 years (Aguilera-Betti
et al. 2017). It is a dioecious tree species requiring two
vegetative periods to complete fruit maturation. Hence,
mature and immature cones can be found in the same
plant (Hadad et al. 2021). The appearance of female
flower buds during the winter (August and September)
marks the beginning of a reproductive cycle. By January
and February (summer), the wind carries pollen to the
female strobili for fertilization. The cone develops dur-
ing the second year of the cycle. Finally, from February to
May, when the cones reach maturity, they disperse seeds
(Gonzélez et al. 2013).

Seed production in A. araucana is irregular, fluctu-
ating from year to year, and it has not been possible to
establish a cycle or pattern for this behavior (Sanguinetti
and Kitzberger 2008, 2009; Donoso et al. 2010; Sangui-
netti 2014). Furthermore, there appears to be a high level
of synchrony in seed production among trees within the
population, even on a regional scale between the A. arau-
cana populations in Argentina and Chile (Sanguinetti
and Kitzberger 2008; Sanguinetti 2014).

The reproductive characteristics and the slow growth
of the species have implications in the structure, form-
ing mixed multistage forests of A. araucana with south-
ern beech trees (Navarro-Cerrillo et al. 2014). The human
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communities living around these forests, developing
activities such as cattle ranching and the collection of A.
araucana seeds to obtain direct benefits from these for-
ests. The number of seeds remaining in the forest is sig-
nificantly reduced in locations with a greater number of
families and greater cattle pressure per hectare (Donoso
et al. 2010). Consequently, the natural regeneration of A.
araucana is significantly lower in these locations (Don-
oso et al. 2010). Therefore, a deeper knowledge of the
ecological processes involved is important to predicting
annual seed production and defining appropriate man-
agement guidelines for seed collection and cattle pressure
because both situations directly affect the regeneration
of A. araucaria. Adequate management would allow the
sustainable use of these forests (Aagesen 1998). Having
comprehensive knowledge about a species’ reproductive
behavior is crucial for effective management decisions.
Therefore, it is important to consider not only the num-
ber of seeds but also the germination capacity (GC) and
germination speed (SG), which determine seed viability
(Ramirez-Santiago et al. 2020).

Some studies was analyzed the variability in cone pro-
duction of A. araucana, but most of them are short-term,
and only a few relate the influence of different levels of
cone production to the number of seeds per cone, their
weight, GC and GS (Donoso et al. 2010; Sanguinetti
2014). In the present study, we analyze cone production
and its relationship to seed number per cone, GC and GS
of seeds for 3 years of seed production. This study aims
to answers the following questions: Is there a difference
in the number of seeds per cone between years? Does a
higher cone production correspond to a higher number
of seeds per cone? Is there a relationship between cone
production and GC and GS values?

Methods

Study area

The study and seed collection were performed in three
locations (also called populations) in Lonquimay munici-
pality (38° to 39° S, and 71° to 72° W), including Mallin
del Treile, Cruzaco, and Quinquén in Araucania Region,
Chile (Fig. 1). We chose these locations in 2003 for a
research project (Lizana 2009; Donoso et al. 2010) and
had hundreds of hectares of A. araucana forests, where
permanent plots were distributed to monitor cone pro-
duction and regeneration.

The climate in the area shows a minimum average tem-
perature of —4.4 °C and a maximum of 19.5 °C. Mean
precipitation is 3.829 mm per year, mainly as snow.
Annual rainfall records in Lonquimay showed little
variation between 2010 and 2014. The mean tempera-
ture increased from 16 °C in 2010 to 18 °C in 2013 but
went back to 16 °C in 2014. The minimum temperature
decreased slightly from 2011 to 2013. Soils originated
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Fig. 1 Location of the study areas in the Araucania Region, Chile

mainly from volcanic deposits of different natures and
granulometries (Rozas et al. 2019).

Cone production

To monitor cone production, we installed permanent
plots (1200 m? each) at each location at altitudes between
1200 and 1600 m (Lizana 2009; Donoso et al. 2010). We
defined the number of plots according to the characteris-
tics and variability of the forests (e.g. accessibility, slope,
tree cover). The total number of plots evaluated was 13,

71030 710"

including 3 in Cruzaco, 4 in Quinquén, and 6 in Mallin
del Treile. The average distance between plots per loca-
tion was 2.3 km for Cruzaco, 0.6 km for Quinquén, and
4.5 km for Mallin del Treile. At each plot, we identified
and labeled all the female trees (10-14 trees per plot),
and the monitoring and counting of the cones were
performed visually using binoculars, according to the
method used by Gallo et al. (2004) and Lizana (2009).
Because the reproductive cycle of A. araucana lasts
almost 2 years from the formation of the female cones to
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the dissemination of the seeds in the crown, both mature
cones (larger and brown in color) and immature cones
(smaller and green in color) can be distinguished (San-
guinetti et al. 2023). For this reason, we determined by
direct observation the number of cones produced in each
location per year (2004—2014). This allowed us to define
each year (2012, 2013, and 2014) as high, intermediate, or
low in terms of cone production.

To classify a year as masting, we used one of the quan-
titative methods described by LaMontagne and Boutin
(2009). For this, the following equation was considered:

Annual deviate fromthelong — termmeani =
mean seed production in year t—long—term mean seed production i
standard deviation calculated over all year i

For each location i the number of standard deviations
from the long-term mean seed production in year ¢ was
calculated (deviation from long-term mean). With the
above equation, negative values (seed production lower
than average) or positive values (seed production higher
than average) are obtained. With this information it was
determined whether or not a year was a masting year.
If the standard deviation was greater than the absolute
value of the lowest standard deviation per location, it
meant that a masting event occurred in that year.

Number of seeds per cone

To determine the number of seeds per cone, in 2012 we
selected a total of 30 trees close to the plots to avoid dis-
turbing the permanent plots and based on cone acces-
sibility for collection. The selection was distributed as
follows: 15 in Mallin del Treile, 8 in Quinquén, and 7 in
Cruzaco. We numbered, georeferenced, and measured
each tree (DBH, diameter at 1.3 m height). Every year
(2011-2013) in February we selected 2 mature cones
from each tree and wrapped each of them with a porous
mesh to prevent predation or seed loss. In March we
collected the cones previously selected in February. We
carefully labeled each cone with information on the loca-
tion and tree from which it was collected. Subsequently,
we kept the cones in bags, storing them in a cool place
to avoid moisture loss until evaluation. In early June
we counted and weighed the seeds to determine mean
weight and number of seeds per cone. Some authors indi-
cated that one cone has on average between 90 and 200
seeds (Lizana 2009).

Seed germination test

The seeds of A. araucana are short-lived or recalcitrant
and present physiological dormancy; a recommended
prior treatment is therefore cold stratification with
humid substrate (Gonzélez et al. 2013). In June of each
year we randomly selected 20 seeds per cone, leaving out
(if present) the empty seeds. It is worth mentioning that
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the seeds that do not fall to the ground do not suffer pre-
dation by insects, and only a low percentage is preyed on
by the bird Enicognathus ferrugineus (cachana), which
in turn helps in the dispersal of the seeds when trying to
obtain food.

Before sowing, we evaluated GC, for which we
hydrated the seeds for 24 h. Once the hydration period
was over, we applied a cold stratification treatment for 30
days, placing the seeds inside previously labeled plastic
bags with sterilized and moist sand, refrigerating them
at —5 °C. Once stratification was completed, we sowed
the seeds in plastic containers labeled according to their
origin, tree number, and cone. The germination substrate
was sand sterilized at 105 °C for 1 h and then moistened
with a solution of distilled water and a contact fungicide
with preventive action (Pomarzol® Forte 80% WG, Tetra-
methyl-thiuram-disulfide). We subsequently placed them
inside labeled plastic containers to finally enter a germi-
nation chamber at 25 °C.

We monitored germination every other day. After 60
days, we evaluated the following: (a) GC, the percentage
of seeds germinated at the end of the experiment; and (b)
GS, through the determination of maximum Czabator
value (maximum average daily germination) (Czabator
1962). We considered a seed germinated when its radicle
was 2 mm long. We could then compare the germination
potential of seeds based on GC and GS.

Data analyses

In all female trees, their cones were counted within the
plot, and the value obtained was expanded to hectare lev-
els, the information was analyzed at location level. With
the cone production dataset from the three locations, we
calculated cone production for each year and compared
them across years (2012, 2013, 2014) using an ANOVA
(¢=0.05) and Tukey test. We compared the results with
the cone production dataset (2004-2014) and estab-
lished 3 levels of production (high, medium, low). Using
the mean as an intermediate level, we classified any value
above the sum of the mean plus 0.5 standard deviations
as high-level and any value below the subtraction of the
mean minus 0.5 standard deviations as low-level. The
number of seeds per cone and seed weight was aggre-
gated for year level, because a year 2011 and 2013, we
recollect a reduced number of cones at some location,
allowing analysis only to the year level. After applying
a logarithmic transformation of the data, we also ana-
lyzed the number of seeds per cone and seed weight
using ANOVA and the Tukey test to compare among
years. Finally, we compared seed production years using
the parameters from the germination test. Here also we
transformed the data and used ANOVA followed by the
Tukey test. These comparisons allowed us to determine
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the effect of the level of cone production on the germina-
tion and viability of seeds.

Results

Cone production

Analyses of cone production showed significant differ-
ences among years. The year 2012 was in the lower level
of cone production per hectare (68+22), 2013 was a
high-level year (1548+430), and 2014 was intermediate

2000
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(211£112). Although there was a decrease in cone pro-
duction in 2014 compared to the previous year (2013), it
was still higher than in 2012 (Fig. 2A). The annual aver-
age production of cone per hectare in 2012 was similar
to other years of low cone production (2004, 2005 and
2011), in 2007 there was an increase in the production
of cones, this peak does not compare to that recorded in
2013, the amount of which greatly exceeds that of previ-
ous years. Throughout the years evaluated, it is observed
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Fig. 2 (A) Mean annual cone production per hectare in the locations of Cruzaco, Mallin del Treile and Quinquén. (B) Deviations from the long-term mean
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Table 1 Average annual cone production per hectare in the
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Table 3 Germination capacity (GC) and germination speed (GS)

study sites for the 3 years of the study

Year Cruzaco Mallin del Treile Quinquén Production level of cones (year) GC (%) GS(% day™")
2012 113 Aa 61 Aa 33 Aa Low (2012) 78.7+£3478B 22£0.168B
2013 1854 Ca 1569 BCa 1208 ABCa High (2013) 91.7£153A 3.0£0.13A
2014 298 ABa 171 Aa 185 Aa Intermediate (2014) 185+7.89C 043£0.16 C

Different uppercase letters indicate significant differences among years, and
different lowercase letters indicate significant differences among locations by
Tukey test (F=26.02, p<0.01).

that the synchrony among the locations is maintained
(Fig. 2A). Cruzaco showed the highest production for
most years with a mean value of 755 cones per hectare,
Mallin del Treile was at the intermediate level with a
mean value of 600 cones per hectare, and Quinquén was
at the lowest level in most years, with a mean value of 476
cones per hectare (F=26.02, p<0.01; Table 1).

Seeds per cone and seed weight

During the three years of the study, there has been no
evidence of seed depredation or damaged by insects or
birds. Mean seed number per cone differed significantly
across years in 2012-2014 (F=10.66, p<0.01), but the
level of cone production for each year did not correspond
with seed production per cone. At the low level of cone
production, more seeds per cone (150) were produced
in 2012 than in 2013, with only 117 seeds per cone. In
the intermediate level of cone production, 2014 saw the
least seeds per cone (8) (Table 2). Seed weight did not
differ significantly between 2012 and 2013, with only a
3.3 g difference in mean weight. The year 2014 differed
significantly from the other 2, with 2.5 g of mean weight
(F=9.71, p<0.01; Table 2).

Germination test

After carrying out the cutting tests, we observed that
only 1% of the seeds did not have an embryo. Therefore,
the seeds we selected for the different analyses (weight
and germination) were in good condition (without physi-
cal damage) with 99% viability. The 3 years differed sig-
nificantly in both germination variables evaluated (GC:
F=96.08, p<0.01; GS: F=45.41, p<0.01; Table 3). Both
GC and GS values had the best results in the year with a
high cone production level (2013).

Different letters indicate significant differences among years by the Tukey test
(p<0.05). GC: F=96.08, p<0.01; GS: F=45.41, p<0.01).

Discussion

The 3 locations studied showed a trend toward syn-
chrony in the production of cones, that is, when produc-
tion increased, we observed the increase in all 3 locations
independent of the number of cones. When production
decreased, we recorded a reduction in cone produc-
tion in all locations. Other authors confirmed this pat-
tern, concluding that A. araucana has a high variability
in annual cone production (Sanguinetti and Kitzberger
2008, 2009; Sanguinetti 2014). We explained this pattern
with the hypothesis of the economy of scale, where by
concentrating reproductive efforts in a few events is more
efficient (Silvertown 1980; Bogdziewicz et al. 2020; Ascoli
et al. 2021; Zhang et al. 2022). We know that the costs of
reproduction are defined in terms of losses in potential
future reproductive success that current investments in
reproduction causes (Seget et al. 2022). If resources are
limited, the organisms can only acquire a limited num-
ber of resources and energy for which processes compete
directly, and an increase in energy allocated to one must
then result in a decrease in energy allocated to the others.
This is the principle of allocation (Levins 2020), by which
plants have to distribute energy in direct costs (somatic
costs of reproduction during the current reproductive
season) and indirect costs (demographic consequences
of resource investment in the reproductive process such
as mortality rate and frequency of future reproduction).
Other authors have found differences in the variability in
costs of reproduction due to habitat (Biere 1995; Hem-
borg and Karlsson 1998). Therefore, the costs of repro-
duction would be most apparent in habitats with low
resource availability or other stress conditions (Wion et
al. 2020). These data are particularly interesting because
they reveal the role of environmental factors in costs of
reproduction expression in some patterns (Biere 1995;
Wion et al. 2020).

Table 2 Number of seeds per cone and per kilogram in the 3 years of the study

Production level of cones (year) Number of seeds per cone

Number of seeds per kilogram

Mean Maximum Minimum Mean Maximum Minimum
Low (2012) 150 A 206 103 297 A 473 193
High (2013) 117B 208 53 305A 475 190
Intermediate (2014) 83C 141 36 4208 538 261

Different letters indicate significant differences between years by the Tukey test (p<0.05).
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Depending on several factors, after years of low and
intermediate production of cones, A. araucana had an
intense reproductive year in 2013, significantly higher
than in 2012 and 2014. The quantitative method of stan-
dard deviation was applied to all datasets. As indicated
by LaMontagne and Boutin (2009), 2013 was classified
as a masting year because the calculated long-term value
per location was much higher than the absolute value of
the lowest long-termper location (Fig. 2B). According to
the previous method, 2007 was classified as a masting
year for the locations of Quinquén and Mallin del Treile,
but not for Cruzaco.

Mast seeding (masting) is a common reproductive
strategy exhibited by some species of perennials (Yang
et al. 2020), defined as the synchronous production of
seeds at irregular intervals by a plant population (Sil-
vertown 1980; Herrera et al. 1998; Koenig and Knops
2005). Among tree species, synchronous alternate seed
production is well described (Herrera et al. 1998; Koe-
nig and Knops 2005; Hacket-Pain et al. 2018), although
the intervals between masting years can also be highly
irregular (Silvertown 1980). Hadad et al. (2021) reported
synchrony in the A. araucana forests, where we observed
great cone production in 2013. Other studies showed a
similar reproductive pattern in A. araucana from other
areas. In the National Park Lanin (Argentina), in 2000,
135+8 seeds cone™! were produced (high production),
followed by 90+12 seeds cone™' in 2001 (intermediate
production) (Sanguinetti 2014). In addition, 2007 was a
high cone production year, followed by a significant drop
in 2008 (Sanguinetti and Kitzberger 2008), a similar trend
was observed in this research.

Differences in cone production between locations may
be because of factors such as topography, forest struc-
ture, tree size/age and the composition of forest species
(Obeso 2002; Lizana 2009; Sanguinetti 2014), but mast
seeding events could display patterns like high temporal
variability and high synchrony in seed production among
individuals of a population (LaMontagne and Boutin
2009; Liebhold et al. 2004a; Ostfeld and Keesing 2000).
For instance, if more daylight reaches its crowns, A.
araucana trees produce more cones (Lizana 2009; San-
guinetti 2014). The higher cone production we found in
Cruzaco and Mallin del Treile could be the result of more
open canopy than in Quinquén. Liebhold et al. (2004b)
suggested that the spatial variation in mast years between
plots and variability in individual synchrony could reflect
varied habitat conditions.

A classic example of large variability in reproductive
output is the masting of tree species and the responses to
seed-eating species that present eruptive behavior when
exploited as a food source (Speziale et al. 2018). Among
tree species, synchronous alternate seed production is
well described (Herrera et al. 1998; Koenig and Knops
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2005), but intervals between masting years can also be
highly irregular (Silvertown 1980). The reproductive
cycle of A. araucana takes almost 2 years. In the same
year, a tree can display mature cones and produce new
cones that will reach maturity the following year (Lizana
2009). A. araucana cones have 55% of their weight in
woody tissue (Sanguinetti and Kitzberger 2008). Seeds
are composed of approximately 96% carbohydrates, while
the remaining 4% is made up of other elements such as
lipids and proteins (Henriquez et al. 2008). Therefore, the
formation of reproductive structures implies high energy
expenditure in the tree. This would explain why after an
extremely high production of cones, as was the case in
2013, the following year’s cones were smaller and pro-
duced fewer seeds, despite producing more cones than in
2012.

The limited resources hypothesis proposes that fruit
and seed production is limited by available resources
(Obeso 2002; Journé et al. 2023). In the case of ane-
mophilous species such as A. araucana, reducing the
number of seeds per cone and their cost (seed weight)
allows them to achieve maximum reproductive efficiency
(Journé et al. 2023). This would explain the low num-
ber of seeds per cone and the number of seeds per kilo-
gram observed in 2014. Hadad et al. (2021) found in A.
araucana a negative trade-off between tree ring width
and cone production in mast years, as observed in this
research with high seed production (2013). In this par-
ticular year (2013), the formation of immature cones had
fewer resources for seed formation, and this is reflected
in the lower number of seeds and smaller seeds as well
as lower GC and GS values observed in 2014. Seed size
(and weight) seems essential to the survival of seedlings
in early stages in sites under environmental stress (Lusk
et al. 2006; Sanguinetti and Kitzberger 2009); high energy
expenditure in 2013 should thus have consequences for
population recruitment.

Parameters such as GC and GS are good indicators
of seed quality and germination throughout the years
with different cone production. In our study, in the year
of high production (2013), both GC and GS had higher
values than in the other 2 years (Table 3). Similar results
were found in Abies alba Mill. in a mast year with bet-
ter seed quality and higher germination potential com-
pared to lower fruiting years (Milesi et al. 2017). In 2014
we found the lowest GC and GS values. This could be
related to previous high reproductive efforts (2013) that
influenced the development of seeds, decreasing their
GC and GS. According to Gutiérrez-Soto (2023) report,
seed weight is closely linked to the viability, germination,
and vigor of seedlings in certain oak species. Duplancic
et al. (2015) concluded that smaller seeds of A. araucana
are less adapted to stressful conditions, and therefore, its
GC in the field would be lower. All these results point out
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that a high reproductive effort in mast years considerably
decreases resources available for subsequent reproduc-
tive events. This implies smaller seeds with less germina-
tion potential, as we observed in 2014 in the A. araucana
forests. However, and as mentioned by Bogdziewicz et
al. (2020) masting events are beneficial for this and other
species that reproduce especially by anemophily, since
increasing the density of cones produces an increase in
pollination, and therefore, a lower number of cones with
empty seeds. Understanding the relationship between
the quantity and quality of the seeds and the plant energy
expenditure is a key element in estimating production of
cones and consequently the potential for human extrac-
tion of pine nuts under sustainable use of these forests
(Donoso et al. 2010; Sanguinetti 2014). Pine nuts are an
important component of the human diet of those living
around the forest. Additionally, wild fauna and domestic
cattle consume the nuts (Aagesen 1998; Lizana 2009). A
gathering family of 3 adults can harvest a sack of 65 to
85 kg of pine nuts per day. In a highly productive year,
families can harvest near 2500 kg of pine nuts (Cortés
et al. 2019). This consumption negatively influences the
natural population recruitment of A. araucana (Donoso
et al. 2010).

Synchronous cone production is well described for A.
araucana, however the time interval between the differ-
ent masting events is not yet known. It is certainly true
that the long-term stability of forests depends on the
reproduction of trees, which generates the next genera-
tion of plants and determines the composition of future
communities. The information obtained allows us to
understand that years with intermediate cone production
have the lowest CG and CS; therefore, it can be inferred
that maximum production events (masting) could be
the main source of sexual reproduction. It is even more
important in the context of global climate change to
understand whether reproduction can balance increased
mortality (Senf et al. 2021). Our results undoubtedly
allow a better understanding of the regeneration process
of A. araucana forests and could improve the sustain-
able use of seeds and actions for the conservation of this
species.

Conclusions

Production of cones per hectare was synchronous in all
3 studied locations. A. araucana is a mast species with
years of great reproductive output with high energy
expenditure, followed by years of decreased production
of fruits and seeds. Compared to a year with lower fruit
production, the cones in the higher reproductive year
bear fewer seeds but with similar weight. In a year of high
production, the cones have fewer seeds per cone than
in a year of low production, but the seeds have a simi-
lar weight. In our study, in the year 2014 (intermediate
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production), the cones carried fewer and smaller seeds.
This is possibly the consequence of the high energy
expenditure of the previous mast year (2013), which
left fewer resources available for reproductive invest-
ment. GC and GS are related to seed weight but not to
the number of cones produced in a given year. In other
words, seeds of lower weight are less likely to germinate,
thereby affecting population regeneration. These annual
fluctuations in seed production determine the population
dynamics of forest species, and understanding these pro-
cesses is important to managing the sustainable human
use of these resources.

Abbreviations

ANOVA  Analysis of variance
GC Germination capacity
GS Germination speed

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513717-024-00497-6.

[ Supplementary Material 1 J

Acknowledgements

We thank Jorge Zavala and Evelyn Galdames, who helped and supported us in
collecting data in the field and the subsequent processing of the information
and to ANID-Subdireccién de Capital Humano/Doctorado Nacional/
2022-21222054.

Author contributions

SD and KPR contributed to the research, conceptualization, and methodology.
CE and CB analyzed and interpreted the data. RSM and ACA contributed to
writing the original draft. All authors read and approved the final manuscript.

Funding

We conducted this research with the financial support of the following
project: Uso sustentable de hojas de boldo y pifiones de araucaria 052-2010
del Fondo de Investigacion del Bosque Nativo (Chile).

Data availability

The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ information (optional)
No additional information.

Received: 25 September 2023 / Accepted: 19 February 2024
Published online: 05 March 2024


https://doi.org/10.1186/s13717-024-00497-6
https://doi.org/10.1186/s13717-024-00497-6

Donoso et al. Ecological Processes (2024) 13:19

References

Aagesen DL (1998) Indigenous resource rights and conservation of the monkey-
puzzle tree (Araucaria araucana, Araucariaceae): a case study from southern
Chile. Econ Bot 52:146-160. https://doi.org/10.1007/BF02861203

Aguilera-Betti I, Mufioz A, Stahle D, Figueroa G, Duarte F, Gonzélez-Reyes A,
Christie D, Lara A, Gonzélez ME, Sheppard PR, Sauchyn D, Moreira-Mufioz A,
Toledo-Guerrero |, Olea M, Apaz P, Fernandez A (2017) The first millennium-
age Araucaria araucana in Patagonia. Tree-Ring Res 73:53-56. https://doi.
0rg/10.3959/1536-1098-73.1.53

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

Biere A (1995) Genotypic and plastic variation in plant size: effects on fecundity
and allocation patterns in Lychnisflos-cuculi along a gradient of natural soil
fertility. J Ecol 83(4):629-642. https://doi.org/10.2307/2261631

Bogdziewicz M, Kelly D, Tanentzap A, Thomas P, Lageard J, Hacket-Pain A (2020)
Climate change strengthens selection for mast seeding in European beech.
Curr Biol 30(17):3477-3483. https://doi.org/10.1016/j.cub.2020.06.056

Chechina M, Hamann A (2019) Climatic drivers of dipterocarp mass-flowering
in South-East Asia. J Trop Ecol 35(3):108-117. https://doi.org/10.1017/
$0266467419000087

Cortés J, Ugalde I, Caviedes J, Ibarra JT (2019) Semillas De montafa: recoleccion,
usos y comercializacién del pifdn de la Araucaria (Araucaria araucana) por
comunidades mapuche Pewenche Del sur de Los Andes. Pirineos 174:e048.
https://doi.org/10.3989/pirine0s.2019.174008

Czabator FJ (1962) Germination value: an index combining speed and complete-
ness of pine seed germination. Forest Sci 8:386-396. https://doi.org/10.1093/
forestscience/8.4.386

Donoso S, Pefa-Rojas K, Pacheco C, Perry F, Espinoza C (2010) Evolucién De
La Sustentabilidad De Los bosques de Araucaria araucana: Produccion,
colecta y consumo de pifiones. Span J Rural Dev 1:99-112. https://doi.
0rg/10.5261/2010.GEN2.08

Duplancic M, Martinez E, Cavagnaro B, Herrera M, Navas A (2015) Factores que
inciden en la germinacién de Araucaria araucana (Araucariaceae) Del bosque
xérico. Revista de la Facultad de Ciencias Agrarias, UNcuyo, pp 71-82

Gallo L, Izquierdo F, Sanguinetti J, Pinna A, Siffredi G, Ayesa J, Lopez C, Pelliza A,
Strizler N, Gonzélez Pefalba M, Maresca L, Chauchard L (2004) Araucaria
araucana forest genetic resources in Argentina. In: Vinceti B, Amaral W, Meil-
leur B (eds) Challenges in managing forest genetic resources for livelihoods:
examples from Argentina and Brazil. IPGRI, Rome, pp 105-131

Gonzélez M, Cortés M, Izquierdo F, Gallo L, Echeverria C, Bekkesy S, Montaldo P
(2013) Araucaria araucana (Molina) K. Koch. In: Zengers CD (ed) Las especies
arboreas de Los Bosques Templados De Chile Y Argentina — Autoecologia.
Marisa Cuneo Ediciones. Valdivia, Chile

Gutiérrez-Soto M, Meoro-Piedra S, Guerrero-Barrantes M, Rocha OJ (2023) Acorn
characteristics, seed germination, seedling development, and leaf traits of
three oak species from Talamanca, Costa Rica. J Torrey Bot Soc 148(2):85-96.
https://doi.org/10.3159/TORREY-D-20-00030.1

Hacket-Pain A (2021) Masting. Curr Biol 31(14):884-885. https://doi.org/10.1016/j.
cub.2021.06.007

Hacket-Pain AJ, Ascoli D, Vacchiano G, Biondi F, Cavin L, Conedera M, Drobyshev |,
Lif&n ID, Friend AD, Grabner M, Hartl C, Kreyling J, Lebourgeois F, Levani¢ T,
Menzel A, van der Maaten E, van der Maaten-Theunissen M, Muffler L, Motta
R, Roibu C, Popa I, Scharnweber T, Weigel R, Wilmking M, Zang CS (2018)
Climatically controlled reproduction drives interannual growth variability in
a temperate tree species. Ecol Lett 21:1833-1844. https://doi.org/10.1111/
ele.13158

Hadad M, Roig F, Arco Molina J, Hacket-Pain A (2021) Growth of male and female
Araucaria araucana trees respond differently to regional mast events, creating
sex-specific patterns in their tree-ring chronologies. Ecol Indic 122:107245.
https://doi.org/10.1016/j.ecolind.2020.107245

Hemborg AM, Karlsson PS (1998) Altitudinal variation in size effects on plant repro-
ductive effort and somatic costs of reproduction. Ecoscience 5(4):517-525.
https://doi.org/10.1080/11956860.1998.11682495

Henriquez C, Escobar B, Figuerola F, Chiffelle I, Speisky H, Estévez AM (2008)
Characterization of pifion seed (Araucaria araucana (Mol) K. Koch) and
the isolated starch from the seed. Food Chem 107(2):592-601. https://doi.
0rg/10.1016/j.foodchem.2007.08.040

Herrera CM, Jordano P, Guitian J, Traveset A (1998) Annual variability in seed 507
production by woody plants and the masting concept: reassessment of
principles 508 and relationship to pollination and seed dispersal. Am Nat
152:576-594. https://doi.org/10.1086/286191

Page 9 of 10

Journé V, Hacket-Pain A, Bogdziewicz M (2023) Evolution of masting in plants is
linked to investment in low tissue mortality. Nat Commun 14:7998. https://
doi.org/10.1038/541467-023-43616-1

Koenig WD, Knops JMH (2005) The mystery of masting in trees. Am Sci 93:340-347.
https://doi.org/10.1511/2005.4.340

LaMontagne JM, Boutin S (2009) Quantitative methods for defining mast-seeding
558 years across species and studies. J Veg Sci 20:745-753. https://doi.
0rg/10.1111/j.1654-1103.2009.01068.x

Levins R (2020) Evolution in changing environments. Princeton University Press,
New Jersey, USA

Liebhold A, Koenig WD, Bjernstad ON (2004a) Spatial synchrony in population
dynamics. Annu Rev Ecol Evol Syst 35:467-490. https://doi.org/10.1146/
annurev.ecolsys.34.011802.132516

Liebhold A, Sork V, Peltonen M, Koenig W, Bjornstad ON, Westfall R, Elkinton J,
Knops JHM (2004b) Within-population spatial synchrony in mast seed-
ing of North American oaks. Oikos 104:156-164. https.//www.jstor.org/
stable/3548326

Lizana A (ed) (2009) Araucaria araucana (Mol.) K. Koch: Un recurso promisorio. Serie
Ciencias Agrondmicas no 14. Santiago, Chile

Lusk CH, Falster DS, Pérez-Millaqueo M, Saldafa A (2006) Ontogenetic variation
in light interception, self-shading and biomass distribution of seedlings of
the conifer Araucaria araucana. Rev Chil Hist Nat 79:321-328. https://doi.
0rg/10.4067/50716-078X2006000300004

Milesi FA, Guichon ML, Monteverde MJ, Piudo L, Sanguinetti J (2017) Ecological
consequences of an unusual simultaneous masting of Araucaria araucana
and Chusquea culeou in North-West Patagonia, Argentina. Austral Ecol
42(6):711-722. https;//doi.org/10.1111/aec.12489

Navarro-Cerrillo R, Olave F, Moreno F, De Miguel S, Clemente M (2014) Stand
structure and regeneration of harvested Araucaria araucana-Nothofagus
stands in central Chile. South For 76:11-19. https://doi.org/10.2989/2070262
0.2013.870394

Obeso J (2002) The costs of reproduction in plants. New Phytol 155:321-348.
https://doi.org/10.1046/}.1469-8137.2002.00477 x

Ostfeld RS, Keesing F (2000) Pulsed resources and community dynamics of
consumers in terrestrial ecosystems. Trends Ecol Evol 15:232-237. https://doi.
0rg/10.1016/50169-5347(00)01862-0

Ramirez-Santiago D, De La Cruz-Guzman GH, Espitia-Rangel E, Sampayo-Maldo-
nado S, Mandujano-Pifia M, Arriaga-Frias A (2020) Velocidad De germinacién
Y temperaturas cardinales en Chenopodium quinoa Suyana Y Tunkahuan.
Revista Bio Ciencias 7:e880. https://doi.org/10.15741/revbio.07.e880

Rozas V, Le Quesne C, Rojas-Badilla M, Gonzélez-Reyes A, Donoso S, Olano JM
(2019) Climatic cues for secondary growth and cone production are sex-
dependent in the long-lived dioecious conifer Araucaria araucana. Agric
Meteorol 274:132-143. https://doi.org/10.1016/j.agrformet.2019.05.003

Sanguinetti J (2014) Produccion De semillas de Araucaria araucana (Molina) K.
Koch Durante 15 afos en diferentes poblaciones del Parque Nacional Lanin
(Neuquén-Argentina). Ecol Austral 24:265-275. https://doi.org/10.25260/
EA14.243.03

Sanguinetti J, Kitzberger T (2008) Patterns and mechanisms of masting in the
large-seeded southern hemisphere conifer Araucaria araucana. Austral Ecol
33:78-87. https://doi.org/10.1111/}.1442-9993.2007.01792.x

Sanguinetti J, Kitzberger T (2009) Efectos de la produccién de semillas y la hetero-
geneidad vegetal Sobre La Supervivencia De Semillas Y El patron espacio-
temporal de establecimiento de plantulas en Araucaria araucana. Rev Chil
Hist Nat 82(3):319-335. https://doi.org/10.4067/50716-078X2009000300001

Sanguinetti J, Ditgen R, Donoso S, Hadad M, Gallo L, Gonzélez M, Ibarra JT, Ladio
A, Lambertucci S, Marchelli P, Mundo |, Nufiez M, Pauchard A, Puchi P, Relva
M, Skewes O, Shepherd J, Speziale K, Vélez M, Salgado M, Zamorano-Elgueta
C(2023) Informacion cientifica clave para la gestion y conservacion del eco-
sistema biocultural del Pewén en Chile Y Argentina. Bosque 44(1):179-190.
https://doi.org/10.4067/50717-92002023000100179

Seget B, Bogdziewicz M, Holeksa J, Ledwon M, Milne-Rostkowska F, Piechnik t,
Rzepczak A, Zywiec M (2022) Costs and benefits of masting: economies of
scale are not reduced by negative density-dependence in seedling survival
in Sorbus aucuparia. New Phytol 233:1931-1938. https://doi.org/10.1111/
nph.17887

Senf C, Sebald J, Seidl R (2021) Increasing canopy mortality affects the future
demographic structure of Europe's forests. One Earth 4(5):749-755. https:/
doi.org/10.1016/j.oneear.2021.04.008

Silvertown J (1980) The evolutionary ecology of the mast seeding in trees. Biol J
Linn Soc 14(2):235-250. https://doi.org/10.1111/j.1095-8312.1980.tb00107 x


https://doi.org/10.1007/BF02861203
https://doi.org/10.3959/1536-1098-73.1.53
https://doi.org/10.3959/1536-1098-73.1.53
https://doi.org/10.1098/rstb.2020.0380
https://doi.org/10.2307/2261631
https://doi.org/10.1016/j.cub.2020.06.056
https://doi.org/10.1017/S0266467419000087
https://doi.org/10.1017/S0266467419000087
https://doi.org/10.3989/pirineos.2019.174008
https://doi.org/10.1093/forestscience/8.4.386
https://doi.org/10.1093/forestscience/8.4.386
https://doi.org/10.5261/2010.GEN2.08
https://doi.org/10.5261/2010.GEN2.08
https://doi.org/10.3159/TORREY-D-20-00030.1
https://doi.org/10.1016/j.cub.2021.06.007
https://doi.org/10.1016/j.cub.2021.06.007
https://doi.org/10.1111/ele.13158
https://doi.org/10.1111/ele.13158
https://doi.org/10.1016/j.ecolind.2020.107245
https://doi.org/10.1080/11956860.1998.11682495
https://doi.org/10.1016/j.foodchem.2007.08.040
https://doi.org/10.1016/j.foodchem.2007.08.040
https://doi.org/10.1086/286191
https://doi.org/10.1038/s41467-023-43616-1
https://doi.org/10.1038/s41467-023-43616-1
https://doi.org/10.1511/2005.4.340
https://doi.org/10.1111/j.1654-1103.2009.01068.x
https://doi.org/10.1111/j.1654-1103.2009.01068.x
https://doi.org/10.1146/annurev.ecolsys.34.011802.132516
https://doi.org/10.1146/annurev.ecolsys.34.011802.132516
https://www.jstor.org/stable/3548326
https://www.jstor.org/stable/3548326
https://doi.org/10.4067/S0716-078X2006000300004
https://doi.org/10.4067/S0716-078X2006000300004
https://doi.org/10.1111/aec.12489
https://doi.org/10.2989/20702620.2013.870394
https://doi.org/10.2989/20702620.2013.870394
https://doi.org/10.1046/j.1469-8137.2002.00477.x
https://doi.org/10.1016/S0169-5347(00)01862-0
https://doi.org/10.1016/S0169-5347(00)01862-0
https://doi.org/10.15741/revbio.07.e880
https://doi.org/10.1016/j.agrformet.2019.05.003
https://doi.org/10.25260/EA.14.24.3.0.3
https://doi.org/10.25260/EA.14.24.3.0.3
https://doi.org/10.1111/j.1442-9993.2007.01792.x
https://doi.org/10.4067/S0716-078X2009000300001
https://doi.org/10.4067/s0717-92002023000100179
https://doi.org/10.1111/nph.17887
https://doi.org/10.1111/nph.17887
https://doi.org/10.1016/j.oneear.2021.04.008
https://doi.org/10.1016/j.oneear.2021.04.008
https://doi.org/10.1111/j.1095-8312.1980.tb00107.x

Donoso et al. Ecological Processes (2024) 13:19

Speziale K, Lambertucci S, Gleiser G, Tella J, Hiraldo F, Aizen M (2018) An over-
looked plant-parakeet mutualism counteracts human overharvesting on an
endangered tree. Royal Soc Open Sci 5(1):171456. https://doi.org/10.1098/
rs0s.171456

Wion AP, Weisberg PJ, Pearse IS, Redmond MD (2020) Aridity drives spatiotemporal
patterns of masting across the latitudinal range of a dryland conifer. Ecogra-
phy 43:569-580. https://doi.org/10.1111/ecog.04856

Yang X, Zhang H, Zhang Z (2020) Mast seeding and its relationship to animal
hoarding behaviour. Biodiv Sci 28:821-832. https://doi.org/10.17520/
biods.2019312

Yu F,Wei S, Wang Y, LiY, Ma J, Zhang L, Yi X (2020) Asymmetric effects of rodent-
mediated seed dispersal on co-existence of tree species via seed-seed

Page 10 of 10

interactions. For Ecol Manag 475:118396. https://doi.org/10.1016/j.
foreco.2020.118396

Zhang H, Yan C, Niu H, Li H, Zhang Z (2022) Masting benefits seedling recruitment
of Armeniaca sibirica through directed dispersal by rodents. For Ecol Manag
513:120200. https://doi.org/10.1016/j.foreco.2022.120200

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1098/rsos.171456
https://doi.org/10.1098/rsos.171456
https://doi.org/10.1111/ecog.04856
https://doi.org/10.17520/biods.2019312
https://doi.org/10.17520/biods.2019312
https://doi.org/10.1016/j.foreco.2020.118396
https://doi.org/10.1016/j.foreco.2020.118396
https://doi.org/10.1016/j.foreco.2022.120200

	﻿Reproductive patterns in ﻿Araucaria araucana﻿ forests in the Andean range, Chile
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study area
	﻿Cone production
	﻿Number of seeds per cone
	﻿Seed germination test
	﻿Data analyses

	﻿Results
	﻿Seeds per cone and seed weight
	﻿Germination test

	﻿Discussion
	﻿Conclusions
	﻿References


