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Abstract

Climate change is reducing the supply of sound seeds available for forest regeneration, creating a need
to identify management strategies that can counteract these losses. Managing local tree density offers
one potential approach, as neighbouring trees can enhance pollination but also increase losses to seed
predators. In masting species, which produce highly variable but synchronised seed crops, the balance
between these benefits and costs may depend on annual reproductive effort. Here, using seeds collected
beneath 314 European beech (Fagus sylvatica) trees across three stands in Poland and the United Kingdom
over three years, we examined how conspecific density within 5-50 m buffers influenced pollination
efficiency, pre-dispersal seed predation, sound seed production, and seed mass. During the high-seed
year, predicted sound seed production increased almost 2-fold from low to high conspecific density,
coinciding with a tendency for seed predation to decline with increasing density. In contrast, during
low-seed years, seed predation increased with density, while pollination efficiency increased with density
in one of two years. Mean seed mass decreased by approximately 9% with density in a high-seed year.
These findings suggest that dense neighbourhoods can increase the number of sound seeds available
for regeneration when their predation costs are weakened by high seed production. Future studies
should determine whether greater seed supply outweighs reduced seed mass in its effects on seedling
establishment and survival. Maintaining higher local densities of reproductive trees may therefore help
sustain sound seed supply during mast events and partly buffer the consequences of masting breakdown

for European beech regeneration.

Introduction

Mast seeding, or masting, is a widespread reproductive strategy among perennial plants (Kelly, 1994;
Bogdziewicz et al., 2024). Masting is a highly variable but strongly synchronised seed production among
conspecifics and increases reproductive success through two positive density-dependent mechanisms:
enhanced pollination efficiency and predator satiation (Kelly, 1994; Zwolak et al., 2022; Pesendorfer
et al., 2024). Both mechanisms depend on the temporal pattern of reproduction: enhanced pollination
requires synchronous flowering, while predator satiation relies on pronounced differences between low-
and high-seed years. However, growing evidence suggests that climate change is altering the magnitude
and temporal pattern of seed production across mast-seeding species, a change referred to as masting

breakdown (Shibata et al., 2020; Yukich Clendon et al., 2023; Bogdziewicz et al., 2023; Foest et al., 2024).
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These changes are expected to weaken both positive density-dependent processes, reducing pollination
efficiency while increasing seed predation. Consequently, the production of sound seeds may decline,
potentially limiting seed availability for forest regeneration and the trophic interactions supported by mast
crops (Foest et al., 2026). For example, declines in seed supply associated with masting disruptions in
European beech can exceed 50% (Bogdziewicz et al., 2023; Jantzen et al., 2026). However, pollination
and seed predation depend not only on temporal patterns of reproduction but also on the spatial distribution
of reproductive trees. Local conspecific density may influence pollen availability (Nilsson & Wastljung,
1987; Knapp et al., 2001) as well as the distribution and activity of seed predators (Jones & Comita, 2010;
Xiao et al.,2017; Bogdziewicz et al., 2018). Unlike regional climatic conditions, local tree density can be
modified through silvicultural practices. Whether maintaining denser neighbourhoods could buffer some
of the consequences of masting breakdown therefore may depend on how local density affects successive
stages of reproduction (Nilsson & Wastljung, 1987).

The first mechanism through which masting is thought to increase reproductive success is enhanced
pollination efficiency. At the population level, synchronous flowering during mast years increases pollen
availability and promotes outcrossing, as receptive flowers are more likely to receive compatible pollen
when large quantities are released simultaneously (Satake & Iwasa, 2000; Kelly, 1994; Crone & Rapp,
2025; Bogdziewicz et al., 2020). This mechanism is particularly important in wind-pollinated species
(Kelly et al., 2001). However, pollen dispersal ultimately occurs among neighbouring trees, suggesting
that local conspecific density should also influence pollination success (Pearse et al., 2026). Trees growing
in denser neighbourhoods may therefore experience reduced pollen limitation and greater reproductive
success than more isolated individuals (Knapp et al., 2001). Consistent with this prediction, wind
pollination is generally more efficient at higher conspecific densities (Kelly, 1994; Crone & Rapp, 2025),
and studies of wind-pollinated oaks have shown that trees surrounded by more conspecifics produce larger
acorn crops than isolated trees (Pearse et al., 2026). Similar patterns have been reported in European
beech, in which larger stands exhibit lower proportions of empty seeds (i.e. unpollinated flowers) than
smaller stands (Nilsson & Wastljung, 1987).

The relationship between conspecific density and seed predation is more complicated because tempo-
ral and spatial density dependence can generate opposing effects. Predator satiation, one of the economies
of scale proposed to explain masting, arises primarily from temporal variation in seed production: low-
seed years limit predator populations, while subsequent large crops overwhelm the remaining predators

and reduce the proportion of consumed seeds (Zwolak et al., 2022). In contrast, the Janzen—Connell hy-
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pothesis predicts lower seed and seedling survival near conspecific adults or in areas of high conspecific
density because host-specific enemies are locally concentrated (Janzen, 1970; Connell, 1971; Comita
et al., 2014). Greater seed abundance can therefore reduce proportional predation through predator sa-
tiation, while greater local conspecific density may increase predation by concentrating specialised seed
predators (Jones & Comita, 2010; Xiao et al., 2017; Bogdziewicz et al., 2018).

Temporal predator satiation and spatial Janzen—Connell effects may also interact, causing the effect
of conspecific density to vary with annual seed production. In Quercus serrata, for example, the direction
and magnitude of density-dependent pre-dispersal seed predation differed between high- and low-seed
years (Xiao ef al., 2017). A high density of reproductive trees reduced insect attack at the population
scale during the high-seed year, while greater seed production by individual trees was associated with
increased predation during the low-seed year (Xiao ef al., 2017). In Quercus ilex, temporal variation in
acorn production affected predation differently depending on local conspecific density. Predator satiation
was evident in isolated trees but weakened in dense oak patches (Bogdziewicz et al., 2018).

Conspecific density may consequently affect successive stages of reproduction in opposing directions.
Greater conspecific density may improve pollination while simultaneously increasing losses to seed
predators, particularly during low-seed years, making its net effect on sound seed production difficult to
predict. The advantages arising early in reproduction may be offset during later stages and therefore fail to
increase final reproductive output. For example, Fedriani ef al. (2015) found that greater local conspecific
density increased fruit initiation but reduced subsequent fruit development, effectively neutralizing the
initial positive density effect in Pyrus bourgaeana. However, effects operating at successive reproductive
stages do not always offset one another. In Jacaranda copaia, the positive effect of conspecific density
on fruit set persisted through fruit development, and the number of mature fruits increased with local
conspecific density (Jones & Comita, 2010).

Seed mass represents an additional component of reproductive success, alongside the number of
sound seeds produced, as it can also influence regeneration. In European beech, heavier seeds produce
larger seedlings, and early differences in seedling size are associated with long-term seedling survival
(Pawtowski et al., 2024; Ammer et al., 2026). Local conspecific density may affect seed mass by
intensifying competition among adult trees for resources required during seed development. It may also
influence the genetic composition of received pollen. Because European beech exhibits fine-scale spatial
genetic structure, nearby pollen donors may be closely related, meaning that high local pollen availability

does not necessarily ensure genetically diverse or compatible pollen (Chybicki et al., 2009). Mating
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among related individuals can reduce offspring quality and has been associated with lower seed mass in
wind-pollinated trees (Seltmann et al., 2009). Conversely, a larger number of neighbouring trees could
increase the diversity of potential pollen donors. Seed mass may therefore capture neighbourhood effects
on reproduction that are not reflected in the number of sound seeds alone.

Here, we investigated whether local conspecific density — a component of stand structure that can
be modified through silvicultural practices — could help buffer declines in sound seed supply associated
with masting breakdown. This question is increasingly relevant because masting breakdown is occurring
across the geographical range of European beech and is projected to intensify, including at colder range
margins of the species (Foest et al., 2024, 2025b). Long-term studies in the United Kingdom indicate
associated declines in sound seed production of approximately 50-80% owing to reduced pollination
efficiency and increased seed predation (Bogdziewicz et al., 2021b, 2023). Similarly, following masting
breakdown in a Dutch beech population, seed predation increased from approximately 6% to 20%,
while pollination efficiency declined by 30% (Jantzen et al., 2026). To determine whether denser
neighbourhoods could mitigate these losses, we quantified how conspecific density affected pollination
success, pre-dispersal seed predation, sound seed production, and seed mass across spatial scales and
over three years differing markedly in seed production. We expected pollination success to increase with
neighbourhood density because of greater local pollen availability. In contrast, we expected the effect of
conspecific density on seed predation to depend on annual seed production: dense neighbourhoods could
concentrate seed predators during low-seed years, whereas predator satiation could weaken or reverse this
relationship during high-seed years. Consequently, we expected the net effect of conspecific density on
sound seed production to depend on the balance between its effects on pollination and seed predation. We
additionally explored whether conspecific density was associated with mean seed mass, either negatively
due to increased competition in denser stands or positively due to greater diversity of potential pollen

donors.

Methods

Study species European beech (Fagus sylvatica L.) is one of the dominant forest tree species in Europe.
It is a wind-pollinated masting species that reproduces predominantly through outcrossing (Wang, 2003;
Packham et al., 2012). Flower buds are initiated during the growing season preceding seed production,

while flowering and pollination occur the following spring. Female flowers become receptive before
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male flowers release pollen, promoting cross-pollination (Packham et al., 2012). Although beech pollen
can be dispersed over long distances (Sjolund et al., 2019), parentage analyses indicate that successful
mating is predominantly mediated by nearby trees, with mean pollen dispersal distances ranging from
approximately 24 to 184 m depending on stand structure (Chybicki er al., 2009; Piotti et al., 2012).
Following pollination, developing beech seeds are dispersed by a range of vertebrates but are also subject
to pre-dispersal seed predation, primarily by a moth, Cydia fagiglandana Z.(Tortricidae), whose larvae
consume the seed contents before dispersal. Pre-dispersal infestation can remove a substantial proportion

of the seed crop, especially in low-seeding years (Bogdziewicz et al., 2021b; Jantzen et al., 2026).

Study sites and data collection The study was conducted at three mature, beech-dominated forest
stands in Europe: one in Wielkopolski National Park, Poland, and two in Buckholt Woods, United
Kingdom (Fig. S1. Data were collected over three consecutive reproductive seasons (2023-2025) at two
sites (Poland, Buckholt Woods I), and over two years (2024-2025) at the second Buckholt Woods site.We
monitored 314 focal trees across the three sites: 114 in Wielkopolski National Park, 101 in Buckholt
Woods I, and 99 in Buckholt Woods II. Trees were selected from among dominant or co-dominant canopy
individuals, with a DBH (diameter at breast height) of > 20 cm to ensure reproductive maturity.

The spatial position of study trees was determined using a Leica total station in the Polish stand and one
Buckholt stand, whereas a 1 x 1 m grid was used in the second Buckholt stand. To avoid underestimating
neighbourhood density near the study site boundaries, all European beech trees within each study site
and an additional 50-m buffer surrounding its boundaries were mapped. This distance encompasses the
local reproductive neighbourhood expected to contribute most strongly to effective pollination (Chybicki
et al., 2009; Piotti et al., 2012). Across the three study sites, 965 beech trees were mapped, including
314 focal trees monitored for seed production and DBH, as well as 651 additional trees included in the
neighbourhood analyses (trees in the buffer zone). Within a 10-m radius, focal trees had a median of 6
neighbouring beech trees (25th—75th percentile: 4-8). This increased to 13 neighbours (range: 10-17)
within 15 m and 23 neighbours (range: 19-28) within 20 m. Other measurements, including DBH and
seed collection, were restricted to the study trees.

Seeds were collected from the forest floor beneath the crown of each tree shortly after seed fall using
a standardised 3.5-minute search (Foest er al., 2025a; Kondrat ef al., 2026a). Timed counts are strongly
related to seed density (seeds m~2) rather than total seed production per tree, allowing comparisons of
seed production that are less dependent on differences in crown size (Foest et al., 2025a). Following

collection, seeds were classified as sound, empty with fully formed pericarps (not pollinated), or damaged
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by Cydia fagiglandana. For seed mass measurements, only sound (pollinated) seeds that were not infested
by C. fagiglandana were retained. All retained seeds were air-dried at room temperature for four weeks
and weighed individually to the nearest 0.001 g, following a protocol previously validated against oven
drying (Kondrat et al., 2026a). Because only 67 sound seeds were available for weighing in 2025, seed
mass analyses were restricted to 2023 and 2024. Pollination, seed predation, and sound seed analyses
included data from all three years and were based on all collected seeds (2023: N = 3,714; 2024: N =

14,223; 2025: N = 1,487; total N = 19,424).

Analysis To investigate the spatial scale over which conspecific density influenced reproduction, we
quantified conspecific density as the number of reproductive beech trees within buffers ranging from 5 to
50 m around each focal tree (5-m increments). Generalized linear mixed models (GLMMs) were fitted
separately for each buffer radius to examine how the effects of conspecific density varied across spatial
scales. Based on these analyses (Fig.1), the 10-, 15-, and 20-m buffers were selected for subsequent
analyses.

For each buffer, pollination success, seed predation, sound seed production, and mean seed mass were
analysed separately using GLMMs. Conspecific density was included in interaction with seed collection
year to test whether neighbourhood effects varied among years. DBH was included in each model as a
fixed effect. Tree ID and site ID were included as random intercepts in all models. Within-year effects
of conspecific density were tested using year-specific slopes estimated with the emtrends() function from
the emmeans package (Lenth & Piaskowski, 2026).

Pollination success was modelled using a binomial error distribution based on the numbers of
pollinated and empty seeds. The model included conspecific density and population-level flowering as
fixed effects. Population-level flowering was calculated as the total seed production of all other focal trees
within the same site and year, excluding the focal tree, and was included as a proxy for population-level
masting intensity and associated pollen availability, accounting for differences in reproductive effort
among sites and years.

Seed predation was analysed using binomial error distributions including conspecific density and
log-transformed total (i.e. including empty, predated, and sound) seed production of the focal tree as
fixed effects. Focal-tree seed production was included to account for the effect of local seed abundance
on predation rates independently of conspecific density.

Sound seed production was modelled as the number of sound seeds using a negative binomial error

distribution with a log link. The model included conspecific density and population-level flowering as

7



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

fixed effects.

Mean seed mass was analysed using a Gaussian distribution and included conspecific density and
population-level flowering as fixed effects.

DBH, population-level flowering and total seed production of the focal tree were fitted using natural
spline functions. We assessed potential multicollinearity using variance inflation factors (VIFs) and found
no evidence of problematic collinearity (all VIFs < 4). All analyses were conducted in R version 4.6.1
(R Core Team, 2025), and the models were implemented using the glmmTMB package version 1.9.23

(Brooks et al., 2017).

Results

Overall effects of conspecific density Greater local conspecific density increased sound seed
production in the high-seed year (2024), with predicted seed production rising 1.78-fold, from 9 to 16
seeds, between trees with two and ten neighbours within 10 m. During this year, mean seed mass
decreased by approximately 9% with increasing neighbourhood density, while seed predation tended
to decrease with density (Fig.1). In contrast, predation increased with conspecific density during both
low-seed years, when no corresponding increase in sound seed production was detected. Pollination
efficiency increased with conspecific density only in 2023.

Seed production varied markedly among sites and years (Fig. S2). Production was particularly high
in Wielkopolski National Park in 2024, while 2025 was characterised by relatively low production across

sites.

Pollination success only locally moderated by density in low seeding year Conspecific
density had a weak effect on pollination success (Fig.1A). In 2023 (a low-seeding year, Fig. S2),
pollination success increased with conspecific density within the 5- and 10-m buffers, but no significant
relationship was detected beyond the 10-m buffer (Fig.1A). Within the 10-m buffer, predicted pollination
success increased from 66.5% to 74.5% between trees with 2 and 10 neighbouring trees, respectively,
corresponding to an increase of 8.05 percentage points (Fig. 1A). No significant relationship between
conspecific density and pollination success was observed in 2024 or 2025 (Table S1). Population-level
flowering was consistently and positively associated with pollination success across the retained 10-, 15-,

and 20-m buffers, whereas tree DBH had no detectable effect (Table 1, S2).
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Seed predation strongly interacts with conspecific density Conspecific density had the strongest
effect on seed predation, with positive relationships extending across the full range of spatial scales
examined (Fig.1B). In both 2023 and 2025 (poor seeding years, Fig. S2), the proportion of predated
seeds increased with conspecific density. For example, within the 10-m buffer, predicted seed predation
doubled from 31.9% to 63.1% between trees with 2 and 10 neighbouring trees in 2023. In 2025,
predicted seed predation increased from 59.3% to 81.1% (Fig.1B, 2B). In contrast, seed predation tended
to decrease with conspecific density in 2024, when seed production was particularly high in the Polish
stand (p = 0.088), declining from 45% to 38.4% between trees with 2 and 10 conspecifics at 10 m range.
Total seed production by focal tree and tree DBH were positively associated with seed predation across

10-, 15-, and 20-m buffers (Tablel, S2).

Denser plots have more sound seeds Conspecific density had strong effects on the number of
sound seeds, and these effects differed among years (Fig.1C). In 2024 (high-seeding year), the number of
sound seeds increased with conspecific density, whereas no significant relationship was observed in 2023
and 2025. Within the 10-m buffer in 2024, the estimated number of sound seeds increased 1.78-fold,
from 9 seeds (per 3.5 min search) for a tree with two neighbouring trees to 16 seeds for a tree with 10
neighbouring trees (Fig. 2C). Population-level flowering and tree DBH were consistently and positively

associated with the number of sound seeds across the retained 10-, 15-, and 20-m models.(Tables 1, S2).

Flowering promotes seed mass, but high density constrains it in high seeding years Con-
specific density had modest and year-dependent effects on seed mass (Fig. 1D). In 2024, seed mass
decreased with conspecific density within the 5- and 10-m buffers, whereas no significant relationship
was detected in 2023 at these scales. Within the 10-m buffer in 2024, predicted mean seed mass de-
creased from 0.265 g for trees with two neighbouring trees to 0.241 g for trees with 10 neighbouring
trees, corresponding to a decrease of 9.2% (Fig. 2D). Population-level flowering was consistently and
positively associated with seed mass across the retained 10-, 15-, and 20-m models, whereas tree DBH

had no detectable effect (Tables 1, S2).
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Figure 1: Conspecific density has the strongest effect on seed predation, with weaker effects on pollination,
sound seed production, and seed mass. Panels show the estimated effect of conspecific density on (A) pollination
efficiency, (B) seed predation, (C) number of sound seeds, and (D) mean seed mass across buffer radii (5-50 m)
in 2023, 2024, and 2025 (2024: high-seed year; 2023 and 2025: low-seed years). The horizontal dashed line
highlights 0. Estimates were obtained from generalized linear mixed models fitted separately for each buffer radius
and included an interaction between conspecific density and year. All models included tree ID and site ID as
random intercepts.
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Table 1: Type II Wald y? tests for the models fitted using the 10-m conspecific buffer.
Population-level flowering refers to the number of pollinated seeds in the population, whereas
total seed production refers to the total number of seeds collected from the focal tree, including
empty, predated, and sound seeds, and was included in the predation model. Results for 15-,
and 20-m buffers can be found in Table S2.

Response Predictor df P p
Population-level flowering 578.64 < 0.001
DBH 1.44 0.230
Pollination Conspecific density (10 m) 0.02 0.896
Year 57.34 < 0.001
Conspecific density X Year 7.00 0.030
Total seed production 300.18 < 0.001
DBH 9.11 0.003
Predation Conspecific density (10 m) 3.42 0.064

1
1
1
2
2
1
1
1
Year 2 137.50 <0.001
Conspecific density X Year 2 77.95 < 0.001
1
1
1
2
2
1
1
1
1
1

Population-level flowering 370.28 < 0.001

DBH 10.41 0.001
Sound seed count Conspecific density (10 m) 0.55 0.456
Year 103.40 < 0.001
Conspecific density X Year 10.86 0.004
Population-level flowering 16.88 < 0.001
DBH 1.68 0.195
Seed mass Conspecific density (10 m) 5.60 0.018
Year 5.16 0.023

Conspecific density X Year 1.49 0.222

11
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Discussion

Higher conspecific density increased sound seed production during the high-seed year. Within 10 m,
predicted production increased from 9 to 16 sound seeds between trees with two and ten neighbours,

representing a 78% increase.
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predation rates tended to decrease with higher conspecific density. Thus, the reproductive consequences
of conspecific density depended on annual seed production, with dense neighbourhoods increasing final
sound seed output when their associated predation costs were weakened. This 78% increase is notable
given that masting breakdown has been associated with declines in sound seed production of 50—83%
in UK beech populations (Bogdziewicz et al., 2021b, 2023). Although these estimates are not directly
equivalent, they suggest that maintaining higher local densities of reproductive trees could partly offset
declining sound seed supply during high-seeding years.

Pollination in our study stands appears to depend primarily on pollen availability across the wider
population, with immediate conspecifics providing an additional benefit only in 2023. In that low-seed
year, reduced flowering may have made pollen from nearby trees relatively more important, resulting in
higher pollination efficiency in denser neighbourhoods. During the high-seed year of 2024, widespread
and synchronised flowering likely generated abundant pollen across the population, reducing the impor-
tance of immediate neighbours for pollination success (Bogdziewicz et al., 2021a). However, conspecific
density also had no effect in the low-seed year of 2025, showing that low annual seed production does
not necessarily imply insufficient local pollen. This may reflect the spatial scale over which beech pollen
is exchanged. Mean effective pollen-dispersal distances range from approximately 24 to 184 m (Chy-
bicki et al., 2009; Piotti et al., 2012), so trees with few conspecifics within our maximum 50-m buffer
could still receive pollen from more distant conspecifics. Pearse et al. similarly found that isolation
affected seed production in wind-pollinated oaks over distances of approximately 100 m (Pearse et al.,
2026). Conspecific density within 50 m may therefore capture only part of the pollen pool contributing
to fertilisation.

Seed predation increased with conspecific density during both low-seed years, but this relationship
disappeared during the high-seed year. Our results suggest that pre-dispersal seed predation depends on
the interaction between spatial and temporal density dependence. During low-seed years, greater local
conspecific density was associated with higher seed predation by Cydia fagiglandana, consistent with the
negative density dependence in seed survival predicted by the Janzen—Connell hypothesis (Janzen, 1970;
Connell, 1971). During the high-seed year, however, the positive relationship between conspecific density
and seed predation disappeared, probably because the abundant seed crop satiated seed predators and
reduced proportional seed losses. A similar weakening of density-dependent predation during a high-seed
year was observed in Quercus serrata (Xiao et al., 2017), while positive local density dependence in pre-

dispersal seed predation has also been reported in the tropical tree Jacaranda copaia (Jones & Comita,

13
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2010). This supports the prediction that predator satiation can weaken the effect of local conspecific
density on seed predation when seeds are abundant.

Sound seed production increased with conspecific density during the high-seed year, showing that
the balance between pollination and seed predation favoured greater final seed output in denser neigh-
bourhoods. Because sound seeds constitute the pool of seeds potentially available for germination, their
greater production in denser neighbourhoods could increase seed supply for regeneration. For European
beech, the concentration of the sound-seed benefit in the high-seed year is particularly relevant because
high seeding events can generate pulses of seedling establishment (Gratzer et al., 2022). Maintaining
denser reproductive neighbourhoods may therefore increase the regeneration potential of high-seed years,
and partly compensate for the seed supply decline associated with climate change.

Mean seed mass decreased with conspecific density during the high-seed year. Trees in denser
neighbourhoods produced more sound seeds, but these seeds were approximately 9% lighter than those
produced in less dense neighbourhoods. Nevertheless, mean seed mass was higher overall in 2024 than
in 2023, consistent with previous evidence that European beech generally produces heavier seeds in
high-seed years (Kondrat et al., 2026a). Thus, the negative relationship with conspecific density occurred
within a year in which seeds were comparatively large overall. It may still partly reduce the regeneration
benefit of greater sound seed production in dense neighbourhoods, as heavier beech seeds produce larger
seedlings and early size advantages are associated with higher subsequent survival (Pawlowski et al.,
2024; Ammer et al., 2026). Competition among neighbouring adult trees for light, water, and nutrients
may limit resource allocation to seed development and explain the within-year decline in seed mass. In
European beech, competition effects can be strongest in dense stands, although their magnitude depends
on tree size and site-level resource availability (Fichtner et al., 2012). Whether this relationship recurs
during other high-seed years remains unclear, as seed mass was measured in only two years and the effect
was detected only in 2024.

Our findings have implications for thinning practices intended to increase seed production. By
reducing competition, thinning can increase seed production by retained trees, as reported in oaks and
Korean pine (Healy ef al., 1999; Nguyen et al., 2019). However, higher production per tree does not
necessarily mean higher production per hectare, because fewer trees remain. In Korean pine, the strongest
thinning produced the highest cumulative cone yield per tree, whereas moderate thinning produced the
highest yield per hectare (Nguyen et al., 2019). In a Norway spruce seed orchard, thinning did not increase

cone production per tree and consequently reduced production per hectare (Almqvist, 2024). Benefits
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may also differ across regeneration stages: thinning in European beech reduced seedling emergence
and only temporarily improved seedling survival (Toranj et al., 2026). In our study, trees with more
reproductive neighbours produced more sound seeds during the high-seed year. This suggests that
removing reproductive trees could affect seed supply both by reducing their number and by altering the
reproductive success of those remaining. Thinning decisions should therefore consider the retention of
reproductive neighbours alongside the potential benefits of reduced competition. Because we did not
manipulate tree density, the consequences of thinning for sound seed supply remain to be tested. Since
thinning also alters light availability and soil moisture, its effects on seed production should be considered
alongside those on seedling establishment and survival when planning stand management.

The temporal and spatial extent of our study should be considered when interpreting these findings.
The three study years included both low- and high-seed conditions and span the typical 2—-3-year masting
period reported for European beech (Kondrat ef al., 2026b). Thus, the dataset contained only one high-
seed event,largely restricted to the Polish site, preventing us from determining whether the year-specific
conspecific effects recur during subsequent high-seeding events. Long-term declines in masting have
been documented in both English and Polish beech populations (Bogdziewicz et al., 2021b; Foest et al.,
2026). However, seed production at our Polish site varied markedly over the three study years, with a
pronounced high-seed event in 2024. We therefore interpret the observed effects of conspecific density as
evidence that stand structure can influence sound seed supply under contrasting reproductive conditions,
but further monitoring will be important.

In summary, our results demonstrate that conspecific density influences final seed output through
its effects on predation and pollination rates. Higher local densities of reproductive beech within 10 m
supported greater sound seed production during the high-seed year, with the highest seed supply observed
at approximately ten neighbours within this radius. This finding has management implications: retaining
groups of reproductive beech at high densities may help maximise sound seed supply during high seeding
events. Maintaining such dense reproductive neighbourhoods could therefore support forest regeneration

and partly buffer the negative effects of masting breakdown in European beech.

Acknowledgments

This study was funded by the European Union (ERC, ForestFuture, 101039066). Views and opinions

expressed are however, those of the authors only and do not necessarily reflect those of the European

15



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

Union or the European Research Council. Neither the European Union nor the granting authority can
be held responsible for them. JF was supported by the MSCA Postdoctoral Fellowship FECUND (ID:
101244227). We are grateful to Lewis Hall, Macey Mears, Lulu McDade, Isabella Jones, Ben Miller,
Reece Walsh and Miranda McEvedy, Thomas Caignard and Martin Hadad for help with fieldwork at

Buckholt.

Author Contributions Statement
KK, AHP, and MB designed the study; all authors collected the data; KK analyzed the data; KK wrote

the first draft of the manuscript. All authors interpreted the data and revised the paper.

Declaration of interests

No competing interests to declare.

Data availability statement

The data supporting the results are archived in the Open Science Framework and are available at: .

References

Almgpvist, C. (2024). High stand density improves seed production in seed orchards of the masting species

Picea abies. Silva Fennica, 58.

Ammer, C., Schall, P., Miitze, D., Weber, D. & Pierick, K. (2026). Get out of the starting block
quickly—Small initial differences in seed and seedling size affect tree survival and growth over 25

years. Journal of Ecology, 114, €70407.

Bogdziewicz, M., Espelta, J.M., Muiioz, A., Aparicio, J.M. & Bonal, R. (2018). Effectiveness of predator

satiation in masting oaks is negatively affected by conspecific density. Oecologia, 186, 983-993.

Bogdziewicz, M., Hacket-Pain, A., Ascoli, D. & Szymkowiak, J. (2021a). Environmental variation drives

continental-scale synchrony of European beech reproduction. Ecology, 102, e03384.

Bogdziewicz, M., Hacket-Pain, A., Kelly, D., Thomas, P.A., Lageard, J. & Tanentzap, A.J. (2021b).
Climate warming causes mast seeding to break down by reducing sensitivity to weather cues. Global

Change Biology, 27, 1952-1961.

16



373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

Bogdziewicz, M., Kelly, D., Ascoli, D., Caignard, T., Chianucci, F., Crone, E. et al. (2024). Evolutionary
ecology of masting: mechanisms, models, and climate change. Trends in Ecology & Evolution, 39,

851-862.

Bogdziewicz, M., Kelly, D., Tanentzap, A.J., Thomas, P., Foest, J., Lageard, J. et al. (2023). Reproductive
collapse in European beech results from declining pollination efficiency in large trees. Global Change

Biology, 29, 4595-4604.

Bogdziewicz, M., Pesendorfer, M., Crone, E.E., Pérez-I1zquierdo, C. & Bonal, R. (2020). Flowering

synchrony drives reproductive success in a wind-pollinated tree. Ecology Letters, 23, 1820-1826.

Brooks, M.E., Kristensen, K., Benthem, K.J.v., Magnusson, A., Berg, C.W., Nielsen, A. ef al. (2017).
The r journal: glmmtmb balances speed and flexibility among packages for zero-inflated generalized

linear mixed modeling. The R Journal, 9, 378-400.

Chybicki, 1.J., Trojankiewicz, M., Oleksa, A., Dzialuk, A. & Burczyk, J. (2009). Isolation-by-distance

within naturally established populations of European beech (Fagus sylvatica). Botany, 87, 791-798.

Comita, L.S., Queenborough, S.A., Murphy, S.J., Eck, J.L., Xu, K., Krishnadas, M. et al. (2014). Testing
predictions of the Janzen—Connell hypothesis: a meta-analysis of experimental evidence for distance-

and density-dependent seed and seedling survival. Journal of Ecology, 102, 845-856.

Connell, J.H. (1971). On the role of natural enemies in preventing competitive exclusion in some marine
animals and in rain forest trees. Dynamics of populations, (eds P.J. den Boer, G.R. Gradwell), 289-312.

Centre for Agricultural Publishing and Documentation, Wageningen, The Netherlands.

Crone, E.E. & Rapp, J.M. (2025). Mast years increase wind pollination and reduce seed predation in

sugar maple (Acer saccharum). American Journal of Botany, 2, €70046.

Fedriani, J.M., Wiegand, T., Calvo, G., Sudrez-Esteban, A., Jicome, M., Zywiec, M. et al. (2015).
Unravelling conflicting density- and distance-dependent effects on plant reproduction using a spatially

explicit approach. Journal of Ecology, 103, 1344—1353.

Fichtner, A., Sturm, K., Rickert, C., Hérdtle, W. & Schrautzer, J. (2012). Competition response of
European beech Fagus sylvatica L. varies with tree size and abiotic stress: minimizing anthropogenic

disturbances in forests. Journal of Applied Ecology, 49, 1306—1315.

17



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

Foest, J.J., Bogdziewicz, M., Caignard, T., Hadad, M., Thomas, P.A. & Hacket-Pain, A. (2025a).
Comparing two ground-based seed count methods and their effect on masting metrics. Forest Ecology

and Management, 581, 122551.

Foest, J.J., Bogdziewicz, M., Pesendorfer, M.B., Ascoli, D., Cutini, A., Nussbaumer, A. et al. (2024).
Widespread breakdown in masting in European beech due to rising summer temperatures. Global

Change Biology, 30, e17307.

Foest, J.J., Szymkowiak, J., Dyderski, M.K., Jastrzebowski, S., Fuchs, H., Ratajczak, E. et al. (2025b).
No refuge at the edge for European beech as climate warming disproportionately reduces masting at

colder margins. Ecology Letters, 28, €710284.

Foest, J.J., Szymkowiak, J., Dyderski, M.K., Kelly, D., Kunstler, G., Jastrzgbowski, S. et al. (2026).

Forest tree fecundity declines as climate shifts. Nature Climate Change, 16, 719-727.

Gratzer, G., Pesendorfer, M.B., Sachser, F., Wachtveitl, L., Nopp-Mayr, U., Szwagrzyk, J. et al. (2022).
Does fine scale spatiotemporal variation in seed rain translate into plant population structure? Oikos,

2022.

Healy, WM., Lewis, A.M. & Boose, E.F. (1999). Variation of red oak acorn production. Forest Ecology

and Management, 116, 1-11.

Jantzen, C.C., Burant, J.B., Gamelon, M., Bakker, E.S. & Visser, M.E. (2026). Masting breakdown in
European beech reduces fitness benefits of masting, partly explained by climate change. Ecology and

Evolution, 16, e73809.

Janzen, D.H. (1970). Herbivores and the number of tree species in tropical forests. The American

Naturalist, 104, 501-528.

Jones, F.A. & Comita, L.S. (2010). Density-dependent pre-dispersal seed predation and fruit set in a

tropical tree. Oikos, 119, 1841-1847.

Kelly, D. (1994). The evolutionary ecology of mast seeding. Trends in Ecology & Evolution, 9, 465—470.

Kelly, D., Hart, D.E. & Allen, R.B. (2001). Evaluating the wind pollination benefits of mast seeding.

Ecology, 82, 117-126.

18



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

Knapp, E.E., Goedde, M.A. & Rice, K.J. (2001). Pollen-limited reproduction in blue oak: implications

for wind pollination in fragmented populations. Oecologia, 128, 48-55.

Kondrat, K., Jerzynska, P., Eichert, U., Szymkowiak, J., Hacket-Pain, A., Adami¢, T. et al. (2026a). No
seed size—number trade-off in European beech: climate governs investment per seed. New Phytologist,

251, 1567-1577.

Kondrat, K., Szymkowiak, J., Hacket-Pain, A., Shibata, M., Saitoh, T., Foest, J. et al. (2026b). Short

periods dominate mast seeding across diverse tree species. Journal of Ecology, 114, €70343.

Lenth, R.V. & Piaskowski, J. (2026). emmeans: Estimated Marginal Means, aka Least-Squares Means.

R package version 2.0.4.

Nguyen, T.T., Tai, D.T., Zhang, P., Razaq, M. & Shen, H.L. (2019). Effect of thinning intensity on tree
growth and temporal variation of seed and cone production in a Pinus koraiensis plantation. Journal

of Forestry Research, 30, 835-845.

Nilsson, S.G. & Wastljung, U. (1987). Seed predation and cross-pollination in mast-seeding beech (Fagus

sylvatica) patches. Ecology, 68, 260-265.

Packham, J.R., Thomas, P.A., Atkinson, M.D. & Degen, T. (2012). Biological flora of the british isles:

Fagus sylvatica. Journal of Ecology, 100, 1557-1608.

Pawlowski, T.A., Suszka, J., Mucha, J., Zadworny, M., Alipour, S., Kurpisz, B. et al. (2024). Climate
legacy in seed and seedling traits of European beech populations. Frontiers in Plant Science, 15,

1355328.

Pearse, 1.S., Baty, J.H., Pesendorfer, M.B., Olson, R. & Koenig, W.D. (2026). Oak masting breaks down
in a highly fragmented, pollen-limited landscape. Proceedings of the National Academy of Sciences,

123, €2533900123.

Pesendorfer, M.B., Bogdziewicz, M., Oberklammer, 1., Nopp-Mayr, U., Szwagrzyk, J. & Gratzer, G.
(2024). Positive spatial and temporal density-dependence drive early reproductive economy-of-scale

effects of masting in a European old-growth forest community. Journal of Ecology, 112, 1872—1884.

Piotti, A., Leonardi, S., Buiteveld, J., Geburek, T., Gerber, S., Kramer, K. ef al. (2012). Comparison
of pollen gene flow among four European beech (Fagus sylvatica L.) populations characterized by

different management regimes. Heredity, 108, 322-331.

19



454

455

456

457

458

459

460

461

462

464

465

466

467

468

469

470

471

472

473

474

476

477

478

479

R Core Team (2025). R: A Language and Environment for Statistical Computing. R Foundation for

Statistical Computing, Vienna, Austria.

Satake, A. & Iwasa, Y. (2000). Pollen coupling of forest trees: forming synchronized and periodic

reproduction out of chaos. Journal of Theoretical Biology, 203, 63-84.

Seltmann, P., Cocucci, A., Renison, D., Cierjacks, A. & Hensen, 1. (2009). Mating system, outcrossing
distance effects and pollen availability in the wind-pollinated treeline species Polylepis australis BITT.

(Rosaceae). Basic and Applied Ecology, 10, 52-60.

Shibata, M., Masaki, T., Yagihashi, T., Shimada, T. & Saitoh, T. (2020). Decadal changes in masting

behaviour of oak trees with rising temperature. Journal of Ecology, 108, 1088—1100.

Sjolund, M.J., Gonzdlez-Diaz, P., Moreno-Villena, J.J. & Jump, A.S. (2019). Gene flow at the leading
range edge: The long-term consequences of isolation in European beech (Fagus sylvatica L. Kuhn).

Journal of Biogeography, 46, 2787-2799.

Toranj, S., Miranda Garcia-Rovés, J.C., G. Gordaliza, G., Cruces, P., Aroca, M.J., Lopez, R. et al. (2026).
Thinning and tree vigor shape seed production and regeneration dynamics in a beech stand dominated

by multi-centennial trees. Forest Ecology and Management, 621, 124235.

Wang, K.S. (2003). Relationship between empty seed and genetic factors in European beech (Fagus

sylvatica L.). Silva Fennica, 37, 419-428.

Xiao, Z., Mi, X., Holyoak, M., Xie, W., Cao, K., Yang, X. et al. (2017). Seed—predator satiation
and Janzen—Connell effects vary with spatial scales for seed-feeding insects. Annals of Botany, 119,

109-116.

Yukich Clendon, O.M.M., Carpenter, J.K., Kelly, D., Timoti, P., Burns, B.R., Boswijk, G. ef al. (2023).
Global change explains reduced seeding in a widespread New Zealand tree: indigenous Tuhoe knowl-

edge informs mechanistic analysis. Frontiers in Forests and Global Change, 6, 1172326.

Zwolak, R., Celebias, P. & Bogdziewicz, M. (2022). Global patterns in the predator satiation effect of
masting: A meta-analysis. Proceedings of the National Academy of Sciences of the United States of

America, 119.

20



480

481

482

483

484

485

Supporting Information

Authors: K. Kondrat, J. Szymkowiakl, M. Barczykl, U. Eichert!, P. Jerzyr’lskal, M. Bogdar’lskal, 1.

Foest!, P. Ryczkowskil, A. Hacket-Pain2, M. Bogdziewicz1

Title: Conspecific density enhances sound seed production during high-seed years in European beech

Table S1: Year-specific effects of conspecific density on pollination efficiency, seed predation,
number of sound seeds, and mean seed mass at the 10-m conspecific buffer. Estimates represent
the slope of each response with increasing conspecific density within each year. SE denotes the
standard error and CI the 95% confidence interval.

Response Year Estimate SE Lower 95% CI  Upper 95% CI p
2023 0.057 0.029 0.001 0.114 0.047
Pollination efficiency 2024 -0.013  0.020 -0.052 0.025 0.500
2025 0.015 0.033 -0.048 0.079 0.636
2023 0.198 0.029 0.141 0.255 < 0.001
Seed predation 2024 -0.034 0.020 -0.073 0.005 0.088
2025 0.167 0.044 0.081 0.253 < 0.001
2023 -0.066 0.050 -0.164 0.031 0.181
Number of sound seeds 2024 0.062 0.028 0.006 0.118 0.030
2025 -0.106 0.061 -0.225 0.013 0.080
Mean seed mass 2023 0.001 0.001 -0.001 0.003 0.394
2024 -0.003 0.001 -0.005 -0.001 0.002
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Table S2: Type IT Wald y? tests for the final models fitted using the retained 15- and 20-m
conspecific buffers. Population-level flowering refers to the number of pollinated seeds produced
by all other focal trees within the same site and year. Total seed production refers to the total
number of seeds collected from the focal tree, including empty, predated, and sound seeds, and
was included in the predation model.

Response Buffer Predictor df X2 p
Population-level flowering 1 403.61 < 0.001

DBH 1 1.36 0.243

I5m  Conspecific density 1 0.12 0.734

Year 2 57.67 <0.001

Pollination Conspecific density X Year 2 3.61 0.164
Population-level flowering 1 427.56 < 0.001

DBH 1 1.28 0.259

20m  Conspecific density 1 0.30 0.582

Year 2 57.82 <0.001

Conspecific density X Year 2 1.45 0.484

Total seed production 1 214770 <0.001

DBH 1 7.17 0.007

I5m  Conspecific density 1 3.63 0.057

Year 2 141.32 <0.001

Predation Conspecific density X Year 2 136.92 < 0.001
Total seed production 1 192.02 <0.001

DBH 1 6.37 0.012

20m  Conspecific density 1 3.15 0.076

Year 2 137.34 <0.001

Conspecific density X Year 2 148.15 < 0.001

Population-level flowering 1 308.68 < 0.001

DBH 1 10.28 0.001

I5m  Conspecific density 1 0.74 0.391

Year 2 10448 <0.001

Sound seed count Conspecific density X Year 2 7.81 0.020
Population-level flowering 1 301.88 < 0.001

DBH 1 6.97 0.008

20m  Conspecific density 1 2.03 0.154

Year 2 106.14 < 0.001

Conspecific density X Year 2 1444 < 0.001

Population-level flowering 1 12.03 < 0.001

DBH 1 1.30 0.254

I5m  Conspecific density 1 2.23 0.135

Year 1 540 0.020

Seed mass Conspecific density X Year 1 3.75 0.053
Population-level flowering 1 1490 < 0.001

DBH 1 1.12 0.291

20m  Conspecific density 1 1.29 0.256

Year 1 5.49 0.019

Conspecific density X Year 1 3.97 0.046
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Figure S1: Location of the three study stands within the European beech distribution. Study stands were
located in Wielkopolski National Park, Poland, and Buckholt Woods, United Kingdom. Two stands were sampled
at Buckholt Woods; their markers were displaced slightly to prevent overlap at the geographical scale shown. Grey
shading indicates the natural distribution of Fagus sylvatica.
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Figure S2: Annual variation in seed production across study sites. Boxes denote the 25th, 50th, and 75th
percentiles, whiskers extend to the most extreme observations within 1.5 times the interquartile range, and points
represent seed production by individual trees. Total seed production refers to the total number of seeds collected
from the focal tree, including empty, predated, and sound seeds during 3.5 minute search. No seed data were
collected at Buckholt Woods 2 in 2023. 100 trees were monitored at each site.
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