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Abstract30

Background and Aims Both plants and animals display considerable variation in their phe-31

notypic traits as they grow. This variation helps organisms to adapt to specific challenges at32

different stages of development. Masting, the variable and synchronized seed production across33

years by a population of plants, is a common reproductive strategy in perennial plants that can34

enhance reproductive efficiency through increasing pollination efficiency and decreasing seed35

predation. Masting represents a population-level phenomenon generated from individual plant36

behaviors. While the developmental trajectory of individual plants influences their masting be-37

havior, the translation of such changes into benefits derived from masting remains unexplored.38

Methods and Key Results We used 43 years of seed production monitoring in European beech39

(Fagus sylvatica) to address that gap. The largest improvements in reproductive efficiency from40

masting happen in the largest trees. Masting leads to a 48-fold reduction in seed predation41

in large, compared to 28-fold in small trees. Masting yields an 6-fold increase in pollination42

efficiency in large, compared to 2.5-fold in small trees. Paradoxically, although the largest trees43

show the biggest reproductive efficiency benefits from masting, large trees mast less strongly44

than small trees.45

Conclusions That apparently suboptimal allocation of effort across years by large plants may be46

a consequence of anatomical constraints or bet-hedging. Ontogenetic shifts in individual mast-47

ing behavior and associated variable benefits have implications for the reproductive potential of48

plant populations as their age distribution changes, with applications in plant conservation and49

management.50

51
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Introduction55

Both plants and animals display considerable variation in their phenotypic traits as they grow56

(Acosta et al., 1997; Gagliano et al., 2007; Ochoa-López et al., 2020). This variation helps57

organisms to adapt to specific challenges at different stages of development and can be promoted58

by resource allocation needs to different functions (e.g. growth, reproduction, defense) and59

physiological and ecological costs inherent to developmental processes (Maherali et al., 2009;60

Watson et al., 2019; Ochoa-López et al., 2020). Masting, a variable and synchronized variation61

in the reproductive effort is a prevalent strategy among perennial plants (Pearse et al., 2016;62

Journé et al., 2023). Masting can enhance reproductive efficiency through economies of scale63

(Pearse et al., 2016; Bogdziewicz et al., 2024). These benefits include decreased seed predation,64

achieved by subjecting seed consumer populations to cycles of scarcity in low-seeding years65

followed by satiation in high-seeding years (Zwolak et al., 2022). Furthermore, the aggregation66

of flowering during substantial events increases pollination efficiency (Kelly et al., 2001; Rapp67

et al., 2013). Masting is a population-level phenomenon stemming from synchronized behavior68

among individuals of varying sizes (Pesendorfer et al., 2021). Just as resource allocation69

between growth and reproduction shifts as plants grow (Kozłowski, 1992; Genet et al., 2009),70

recent evidence points that masting behavior also changes (Minor & Kobe, 2017; Pesendorfer71

et al., 2020; Bogdziewicz et al., 2020c; Wion et al., 2023), but consequences of these changes72

remain poorly studied.73

Recent insights highlight two general patterns. First, very small plants do not mast; instead,74

they reproduce idiosyncratically with low synchrony and frequent reproductive failures, likely75

due to resource allocation favoring growth over reproduction (Bogdziewicz et al., 2020c).76

Second, larger plants experience fewer failure years, a phenomenon speculated to relate to77

reduced resource constraints in larger individuals (Bogdziewicz et al., 2020c; Wion et al., 2023).78

The translation of these ontogenic shifts in individual masting behavior into corresponding79

population-level gains from economies of scale remains unexplored. This is an important gap,80

given that variations in synchrony or failure rates at the individual level correlate with seed81

predation rates and pollination efficiency (Bogdziewicz et al., 2020a, 2021). Therefore, these82

ontogenic trajectories may influence the regenerative potential of populations in response to83
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changes in stand age structure (Pesendorfer et al., 2021).84

The influence of plant size on the benefits derived from economies of scale is not neces-85

sarily aligned with the influence of plant size on seed crop variability and synchrony (i.e. the86

strength of mast seeding). Self-fertilization often increases with plant size as a consequence87

of stronger geitonogamy, i.e. self-fertilization resulting from the transfer of pollen within the88

same plant (de Jong et al., 1993). In animal-pollinated plants, geitonogamy increases with size89

because pollinators visit more flowers in succession on large individuals (de Jong et al., 1993;90

Fuchs et al., 2003; Setsuko et al., 2013). In the case of wind-pollinated plants, larger size can91

amplify the deposition of self-pollen onto stigmas, which even in self-incompatible species can92

reduce fertilization success when stigmas receive so much self-pollen there is less space for93

outcross pollen to land (Lloyd & Webb, 1986; de Jong et al., 1993). Supporting this notion,94

pollination efficiency declines with tree size in European beech (Fagus sylvatica) (Bogdziewicz95

et al., 2023). Furthermore, this decrease in pollination efficiency with size intensifies as masting96

synchrony diminishes amid climate warming (Bogdziewicz et al., 2023). A hypothesis formu-97

lated by Bogdziewicz et al. (2023) proposes that the necessity for masting to increase pollination98

efficiency (i.e. the strength of selection pressure) is particularly pronounced in large individuals.99

This was attributed to the challenge of geitonogamy, which can potentially be mitigated through100

large and synchronized flowering events (Bogdziewicz et al., 2023). However, this hypothesis101

remains untested.102

Plant size-related variation in benefits linked to the satiation of specialist seed predators can103

be attributed to the propensity for less frequent failure years and the subsequent accumulation of104

seed consumer populations on larger individuals. Regular seeding reduces consumer starvation105

rates, rendering large trees a sanctuary for specialist seed predators (Bogdziewicz et al., 2020c,106

2021). Insect seed consumers tend to concentrate on individual plants that produce seeds when107

others do not (Bogdziewicz et al., 2018a). Consequently, predation rates during periods of low108

seed production can be disproportionately elevated in large trees, resulting in a more pronounced109

reduction of seed predation rates during years of abundant seed production. However, whether110

the decline in seed predation rates associated with population-level seed production in a given111

year is more pronounced in larger individuals remains unexplored.112

4



The potential size-related alterations in benefits gained from economies of scale could po-113

tentially drive selection for ontogenetic (size-dependent) shifts in individual masting behavior114

(Pesendorfer et al., 2021). On the one hand, a positive correlation between the reproductive115

efficiency gained from masting and plant size might result in a more pronounced selection for116

masting in larger individuals. In support, population-level interannual variation in seed pro-117

duction increased with stand age across seven major forest-forming species in Central Europe118

(Pesendorfer et al., 2020). Alternatively, there may be limitations on further concentrating119

reproduction in mast years for larger individuals due to constraints on maximum crop size.120

These constraints could be anatomical if most relevant branches are already bearing flowers121

in high-seeding years. Moreover, there are costs linked to the replacement of leaf buds with122

flower buds, impacting carbon acquisition (Innes, 1994; Vergotti et al., 2019; Mund et al.,123

2020). Furthermore, higher investment in seed crop size during mast years might result in124

elevated density-dependent seedling mortality (Visser et al., 2011; Bogdziewicz et al., 2024).125

Additionally, masting plants are predicted to incur substantial costs in terms of missed repro-126

ductive opportunities (Rees et al., 2002; Tachiki & Iwasa, 2010). If further increases in seed127

production during mast years prove unfeasible, larger trees might opt to shift some reproduction128

to intermediate or low-seeding years—a strategy akin to bet-hedging (Koenig et al., 2003; Qiu129

et al., 2023).130

Here, we used a 43-year-long monitoring of European beech (Fagus sylvatica) seed pro-131

duction to investigate the correlation between masting benefits and the size of individual trees.132

Firstly, we hypothesized that the observed decrease in pollination efficiency with increasing tree133

size (Bogdziewicz et al., 2023) could be mitigated by extensive and synchronized reproduction.134

If this holds true, we anticipated a positive correlation between tree size and a proportional135

increase in pollination efficiency across varying flowering abundance within a given year. Sec-136

ondly, we hypothesized that seed predation rates during years of low seed production would137

be higher in large trees compared to smaller ones, leading to more pronounced reductions in138

predation rates as the population-level seed crop size increases in larger trees. Subsequently,139

we examined alterations in masting behavior across different tree sizes. If the benefits stem-140

ming from economies of scale manifest most prominently in larger trees, we would anticipate141
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larger trees allocate a greater proportion of their reproductive efforts during high-seeding years.142

Alternatively, the presence of limitations on maximum crop size could prompt a shift in the143

distribution of reproductive allocation towards years of intermediate and low seed production.144

Methods145

Study system and data European beech is a major forest-forming species in temperate Europe.146

Beech is a model masting species, with seed production characterized by large interannual147

variation and synchrony (Nilsson & Wastljung, 1987; Ascoli et al., 2017; Mund et al., 2020;148

Gratzer et al., 2022). Pollination efficiency can be estimated from seed production data because149

fruit and seed coats develop if pollination occurs, while unpollinated fruits lack a seed (kernel)150

(Nilsson & Wastljung, 1987). We sampled seed production in beech trees located at 15 sites151

spaced across England annually between 1980 and 2022. Detailed descriptions of sites are152

given in Packham et al. (2008) and Bogdziewicz et al. (2023). The ground below each tree was153

searched for seeds for 7 minutes and seeds were later classified as viable, unpollinated (empty154

but with formed pericarps), or predated by Cydia sp. moth larvae.155

In 2017, 2020, and 2022, we measured the tree diameter at the breast height (dbh) of all156

living trees within the network (n = 152). To estimate the past dbh, we cored 38 trees across 5157

sites in 2022. The growth rate was ∼2-4 cm diameter per tree per decade (Bogdziewicz et al.,158

2023). Based on this estimate, we assumed that each tree grows an average of 0.3 cm per year,159

and reconstructed the size of trees in the past (Bogdziewicz et al., 2023) (see Fig. S1 for median160

tree size distribution).161

Analysis We first tested the hypothesis that masting gains associated with pollination efficiency162

are positively correlated with tree size. To this end, we examined the effects of conspecific163

flower abundance and tree size on individual-level pollination efficiency using a generalized164

linear mixed model (GLMM) with a binomial error structure and logit link. The model included165

the proportion of pollinated seeds as a response (empty vs. filled seeds; filled seeds also included166

those predated), while log-transformed population-level conspecific flower abundance, tree size167

(dbh), and their interaction were explanatory terms. To obtain population-level flower abundance168

6



in a particular year, we summed all seeds produced in trees at a focal site (filled and empty),169

excluding a focal individual. Because unpollinated flowers do not develop kernels, such a sum170

represents an index of flowering effort.171

Next, we tested the hypothesis that masting gains associated with predator satiation are172

positively correlated with tree size. Using an analogous model, we examined the effects of173

population-level crop size and tree size on individual-level pre-dispersal seed predation rates.174

The model included the proportion of predated seeds as a response and annual, (log-transformed)175

population-level seed production (i.e. crop size) in interaction with tree size as explanatory terms.176

In that model, we summed filled seeds to obtain population-level crop size in a particular year177

(this time, including the focal tree). Both models included tree ID, site ID, and year as random178

intercepts.179

We also examined how the distribution of reproductive allocation across varying levels of180

annual seed production depends on tree size using GLMMs. To this end, we ranked the annual181

seed production of each individual tree from the minimum to the maximum and normalized the182

ranks between 1 and 43 (i.e. the maximal length of a seed production series in our dataset)183

(see Fig. 2). The ranks were normalised as some trees entered the monitoring network later.184

Ranking allowed us to test whether most reproduction is concentrated in large years (high ranks)185

or is more evenly distributed (includes more seeding in lower-ranked years). In other words,186

we considered how each tree had allocated its reproduction between high-effort and low-effort187

years, ignoring the degree of synchrony with other trees. First, we examined absolute allocation188

across years. We fitted a model in which the response was focal-year annual seed counts per189

tree, fitted with a zero-inflated negative binomial error distribution and log-link. Zero inflation190

was included due to an excess of zeroes (22% of all observations), while the negative binomial191

error was used due to the response overdispersion. In a second model, we examined the relative192

reproductive allocation, i.e. the percentage of seeds produced by a tree in a given year in relation193

to the total number of seeds produced by that tree across the whole monitoring period. That194

model was fitted with a beta error distribution and logit link. Here, the beta error was used195

as the response was bounded between 0 and 1. Both models included normalized rank, tree196

size (median dbh), and their interactions as explanatory terms, while tree ID and site ID were197
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included as random intercepts.198

We conducted all analyses using R 4.2.2 and fitted the models using glmmTMB 1.1.5 (Brooks199

et al., 2017).200

Results201

Large trees required a higher conspecific flower abundance to achieve comparable pollination202

efficiency as smaller individuals (Tree size × Flower abundance interaction term; Table 1,203

Fig. 1A, C). With a minor flowering effort, the estimated pollination efficiency for a large204

tree (∼140 cm dbh) was approximately 7%, in contrast to the 17% observed in a relatively205

small tree (∼60 cm dbh) (Fig. 1C). Notably, only during the largest mast flowering events206

did the pollination efficiency of larger individuals attain similar levels as that of their smaller207

counterparts, reaching 42% (Fig.1C). Consequently, a significant disparity emerged in the208

proportional benefits derived from economies of scale across various sizes. Masting resulted in209

a 2.5-fold increase in pollination efficiency for the small individuals, while the large individuals210

experienced a 6.1-fold increase (Fig. 1A).211

Likewise, the decrease in pre-dispersal seed predation rates with increasing crop size was212

stronger in larger trees (Tree size × Crop size interaction term; Table 2, Fig. 1B,D). Larger trees213

experienced higher predation rates during years of low population-level crop sizes (Fig. 1B,D).214

Concurrently, estimated predation rates decreased substantially to their lowest levels in larger215

trees. This phenomenon gave rise to a large variation in the proportional benefits stemming216

from predator satiation across different tree sizes. Masting led to a predicted 28-fold decrease in217

seed predation rates for relatively small trees (60 cm dbh, from approximately 85% during low218

seed production years to 3% during peak seed production years), and an even more substantial219

48-fold decrease in large trees (140 cm dbh, from 96% to 2%) (Fig. 1B).220

The distribution of reproductive allocation across varying levels of annual seed production221

exhibited distinct variations among different tree sizes. For absolute reproductive effort, large222

individuals consistently produced a greater absolute quantity of seeds across all years (Fig.223

2A,C, Table 2). Nevertheless, the difference was more pronounced in low and intermediate seed224

production years. For example, in a year characterized by minor seed investment (the lowest year225
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for each plant), the absolute seed production by a large tree (140 cm DBH) was 4.1-fold higher226

than that of a small tree (60 cm DBH) (Fig. 2C). In a year characterized by intermediate seed227

investment (ranked as middle), the difference was 1.5-fold, whereas in years featuring maximum228

seed investment, seed production in such a large tree was 1.2-fold larger compared to a small229

tree (Fig. 2C).230

Considering relative reproductive allocation, the shift in relative allocation towards years of231

lower and intermediate seed production in larger individuals is evident in Fig. 2B and D which232

illustrates the investment in reproduction for a specific year as a proportion of the total seeds233

produced by a tree throughout the entire monitoring period. For example, in a year characterized234

by minor seed investment (the lowest year for each plant), the predicted relative reproductive235

allocation for a large tree was 2.5-fold higher than that of a small tree (Fig. 2D). In a year236

characterized by intermediate seed investment (ranked 20th), the difference was 1.4-fold. In a237

year featuring maximum seed investment, the difference reversed, and relative investment was238

1.2-fold higher in the small trees (20% of total reproductive effort in the biggest year, compared239

to 16% for large trees; Fig. 2B, D). Comparatively, smaller trees have more extreme masting:240

they allocate a higher proportion of their overall reproductive effort to years of abundant seed241

production, whereas larger trees invest proportionally more in years of lower and intermediate242

seed production (Fig. 2B).243

Discussion244

Our study reveals that patterns of reproductive allocation change as plants grow and so do the245

gains associated with masting-generated economies of scale. The largest trees get larger benefits246

with increasing crop size, primarily due to larger individuals having very high pollen limitation247

and seed predation rates during years of low seed production. In years characterized by minor248

flowering, larger trees experience pronounced pollen limitation, and their pollination efficiency249

rises when an ample supply of out-crossing pollen becomes available. Similarly, to facilitate250

a decline in seed predation rates in larger trees, a substantial population-level seed production251

becomes necessary.252

Paradoxically, however, while large trees benefit most from the rare large reproductive events,253
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their distribution of effort across years is less concentrated into large years than the comparable254

distribution of effort by small trees. While all sizes of trees have similar absolute seed densities255

in their biggest year (about 340 seeds per 7-minute count, which is not due to saturation of256

the count that can exceed 400, see Fig. S1 and Fig. S2), this is a much smaller percentage of257

their total reproductive output for large trees (14%) than for small trees (24%). Thus, instead258

of making larger mast years, the ontogenetic shift in masting behavior sees large trees putting259

more effort into years of intermediate seed production, and having fewer reproductive failures,260

relative to smaller trees. This is a paradox because, based on the pollination and predator261

satiation benefits listed above, any large tree that concentrated more of its reproductive effort262

into the largest mast years would produce more viable seeds.263

We suggest three possible reasons for the apparently suboptimal allocation of reproduction264

effort across years in large trees. First, anatomical constraints may limit the maximum crop265

size. It could be that in a mast year, nearly all potential sites for flower buds already produce266

flowers, and further increases are not physically possible. Second, large trees may be practicing267

bet-hedging under imperfect synchrony. If a tree concentrated its flowering effort into a few very268

high years, but imperfect synchrony meant those years were not high years for neighboring trees,269

the focal tree would have relatively low pollination success and high seed predation. In European270

beech, synchrony among trees within a site (mean pairwise Pearson correlation) ranged between271

0.85 and 0.60 over time (Bogdziewicz et al., 2020b). Thus, under imperfect synchrony, there272

could be a selection to have multiple moderately high years rather than a few extremely high273

ones.274

Third, benefits from economies of scale can plateau as mast years become very large, whereas275

the costs of masting probably do not. Pollination efficiency tends to reach an asymptote at about276

70% of maximum flowering effort in species like Pinus albicaulis (Rapp et al., 2013), Dacrydium277

cupressinum and Nothofagus solandri (Kelly et al., 2001), and even earlier in Fagus sylvatica278

(Bogdziewicz et al., 2020b). Therefore, two big years could get similar pollination efficiency279

as one massive year. Asymptotes have also been observed for reductions in seed predation with280

crop size, for example in Chionochloa pallens where predation never fell below 10% (Kelly281

et al., 2008). But such asymptotes are less likely in predator satiation than in pollination due282
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to the diversity of potential seed consumer communities (Curran & Webb, 2000; Gripenberg283

et al., 2019; Xi et al., 2020; Bogdziewicz et al., 2022). If economies of scale plateau, the284

relative balance between economies of scale and opposing dis-economies of scale may shift into285

net disadvantage in very high-seed years. Dis-economies include factors like strong density-286

dependent seedling mortality (Hett, 1971; Visser et al., 2011), which is likely to get stronger at287

very high seed crops rather than leveling out, and missed opportunities for reproduction. More288

regular seed production could increase the chances of reproduction in favorable years, such as289

after disturbance (Vacchiano et al., 2021). Overall, the diminishing increases in pollination290

efficiency could mean the costs exceed the benefits in very high-seed years, favoring a greater291

reproductive allocation in intermediate years. A further factor could be that tree size might292

correlate with stand-level attributes such as stand density, which could influence competition293

and affect pollen supply. While we control for such factors using the site as a random effect294

in our models, such effects could also influence masting during stand development. Thus,295

the ontogenic trajectory of masting in the largest trees seems to be an outcome of the interplay296

between bet-hedging and variations in economies and dis-economies of scale, ultimately leading297

to changes in the relative allocation of reproduction across years as trees grow.298

Together with a few recent studies exploring how masting changes with plant size (Minor &299

Kobe, 2017; Pesendorfer et al., 2020; Bogdziewicz et al., 2020c; Wion et al., 2023), our study300

sheds new light into the overall ontogenetic development of mast seeding (Pesendorfer et al.,301

2021). Three stages of masting across different sizes emerge (Table 3). The first stage (Stage302

1) includes very small individuals, not covered by our data. These very small plants reproduce303

infrequently: over 70% of years have no seed set (Bogdziewicz et al., 2020c). In trees, these could304

correspond to small individuals racing to reach the canopy, prioritizing growth over reproduction305

(Suzuki et al., 2019). These small trees sporadically reproduce as resource availability increases,306

being under selection against delayed reproduction due to elevated mortality rates. Consequently,307

their involvement in reproduction is idiosyncratic, failing to achieve synchrony in which years308

have high seed crops — an attribute contrasting with synchronized masting failures shared309

among larger trees (Pesendorfer et al., 2016; Bogdziewicz et al., 2018b).310

In Stage 2, the trees reach canopy status. These trees experience reduced yet still frequent311

11



reproductive failures, but these are shared among other individuals, fostering synchrony (Pe-312

sendorfer et al., 2016; Bogdziewicz et al., 2018b; Wion et al., 2023). During Stage 2, limitations313

on maximum seed crop size in mast years have yet to take effect, leading intermediate-sized314

trees to predominantly allocate their reproductive efforts to years of large seed production when315

economies of scale ensure efficient reproduction. The third stage (Stage 3) is when large trees316

have similar high-seed years as plants in Stage 2, but these trees have a larger total resource for317

reproduction, so they also increase investment in years of lower and intermediate seed production318

as discussed above.319

In summary, the increase in reproductive efficiency linked to masting exhibits a positive320

correlation with tree size. Large trees can only achieve high pollination efficiency by flowering321

when conspecifics flower heavily, yet this does not translate into large trees concentrating322

relatively more effort into their biggest reproduction events. Instead, compared to small trees,323

the larger trees allocate relatively more of their efforts toward years of intermediate and lower324

seed production. Further research will be needed to clarify the roles of size-related selection325

(such as asymptotes in benefits and costs of very high-seed years) versus constraints (anatomical326

limits on flower density) in shaping the ontogenetic effects described here.327

The implications resulting from the ontogenic trajectories described here are diverse and328

encompass effects on regeneration potential and the resilience of forest ecosystems to climate329

change. On one hand, forests dominated by older or larger trees may exhibit robust regeneration330

potential due to their efficient reproduction during mast years and bet-hedging during other331

periods. On the flip side, dominance by regularly seeding large trees might lead to increased332

seed losses to seed consumers (Soler et al., 2017; Ruiz-Carbayo et al., 2018). Additionally, our333

results have implications for the climate change resilience of forests dominated by masting trees.334

Large trees need synchronized, population-level flowering to achieve efficient pollination and335

mitigate seed predation. If increasing temperatures associated with global warming decrease336

interannual variation and synchrony of masting, as observed in European beech (Bogdziewicz337

et al., 2020b) or Quercus crispula (Shibata et al., 2020), then large trees suffer the most338

(Bogdziewicz et al., 2023). Consequently, the examination of the interactive effects of stand339

size structure and masting on recruitment potential, in the context of masting alterations driven340
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by climate warming, becomes warranted.341
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Table 1: Results of generalized linear mixed models testing the effects of tree size and conspecific
flower abundance on individual-level pollination efficiency and crop size on seed predation rate.
These are binomial family models with tree ID (N = 152), site ID (N = 16), and year (N =
43) used as random intercepts. The year was used as a random intercept to allow testing for
within-year, among tree differences in reproductive efficiency.

Predictor 𝛽 SE z p

Pollination efficiency
Intercept -0.899 0.472 -1.91 0.057
Tree size -0.012 0.003 -3.44 <0.001
Flower abundance 0.079 0.024 3.35 <0.001
Tree size * Flower abundance 0.001 0.0003 5.23 <0.001

Random effects Variance
Tree ID 0.31
Site ID 1.86
Tree ID 0.92

Pre-dispersal seed predation rate
Intercept 0.757 0.657 1.51 0.250
Tree size 0.017 0.005 3.49 <0.001
Crop size -0.472 0.041 -11.48 <0.001
Tree size * Crop size -0.003 0.001 -6.29 <0.001

Random effects Variance
Tree ID 0.48
Site ID 3.53
Tree ID 1.92
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Table 2: Results of generalized linear mixed models testing the effects of tree size on tree-level
seed production and reproductive allocation across years. These were zero-inflated negative
binomial and beta family generalized linear mixed models, respectively, both including tree
identity and site as random intercepts (N trees = 96, N sites = 11, N years = 43). Only trees
observed for at least 10 years were included in that analysis. Seed production rank is based on
annual seed production of each individual tree, ranked from the minimum to the maximum.

Predictor 𝛽 SE z p

Tree-level annual seed production
Intercept 0.894 0.257 3.47 <0.001
Seed production rank 0.115 0.004 26.93 <0.001
Tree size 0.015 0.003 5.12 <0.001
Tree size * Seed production rank 0.0003 4.7e-05 -6.99 <0.001

Random effects Variance
Tree ID 2.45e-08
Site ID 0.15

Reproductive allocation
Intercept -6.049 0.198 -30.59 <0.001
Seed production rank 0.115 0.003 39.94 <0.001
Tree size 0.009 0.002 4.48 <0.001
Tree size * Seed production rank -3.2e-04 3.2e-05 -9.88 <0.001

Random effects Variance
Tree ID 0.11
Site ID 0.04
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Table 3: Summary of proposed ontogenic stages of masting development. Stage 1 follows from
past studies, whereas Stage 2 and 3 are from the results presented here. Note that the particular
stages are defined by the tree status and behavior, and thus we have not assigned specific dbh of
trees to each stage.

Stage Seeding patterns Comment
Stage 1: Very frequent, idiosyncratic failures Growth prioritized

sub-canopy trees over reproduction
Stage 2: Frequent, but synchronized failures; Dis-economies of scale

canopy trees of intermediate size reproductive allocation or anatomical constraints of limited importance
concentrated in large-seeding years

Stage 3: Infrequent failures; Dis-economies of scale
canopy trees of large size reproductive allocation shifts towards or anatomical constraints substantial;

low- and intermediate-seeding years regular reproduction allows bet-hedging
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Figure 1: The relationship between (A, C) conspecific flower abundance and individual-level pollination
efficiency and (B, D) between crop size and pre-dispersal seed predation rate. Surface plots show estimated
(A) pollination efficiency and (B) pre-dispersal seed predation rates across combinations of population-level
reproductive effort and tree size, with the convex hulls defined by observations (black points). Black dashed lines
at A) and B) indicate the transects plotted in C) and D), i.e., the conditional relationship between pollination
efficiency/seed predation and reproductive effort for selected tree sizes. Prediction lines at C) and D) are sections
through surfaces highlighted by transects at A) and B). The predictions and corresponding 95% confidence intervals
are derived from binomial generalized linear mixed models that included tree identity (N = 152), site (N = 16),
and year (N = 43) as random intercepts. Pollination efficiency is the % of total seeds that are filled; seed predation
is the % of seeds destroyed by pre-dispersal seed predators. The x-axis on (A, C) is log(e) of overall conspecific
flowering (i.e. pollinated plus unpollinated seeds) at the population level in a particular year. The x-axis on (B, D)
is log(e) seed production at the population level in a particular year (excludes unpollinated seeds).
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Figure 2: Reproductive allocation across years and tree sizes. Relationship between (A, C) tree-level annual seed
production (unpollinated and pollinated) and year rank, (B, D) and relative reproductive allocation (% investment
in a particular year based on the sum of all seeds produced by a tree across the whole monitoring period) and year
rank. Surface plots show estimated (A) tree-level annual seed production and (B) relative reproductive allocation
across combinations of tree size and year rank, with the convex hulls defined by observations (black points). Black
dashed lines at A) and B) indicate the transects plotted in C) and D), i.e., the conditional relationship between
seed production/relative reproductive allocation and year rank for selected tree sizes. The year rank is based on
the annual seed production for each tree, sorted from the minimum to the maximum. The lines are predictions and
corresponding 95% confidence intervals derived from (A, C) zero-inflated negative binomial or (B, D) beta family
generalized linear mixed models that included tree identity (N = 96) and site (N = 11) as random intercepts. Colors
show predictions for trees of different sizes. These models included only trees that were monitored for at least 10
years, thus the smaller sample size compared to Fig. 1.
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Figure S1: The distributions of median tree size (A), seed production (B) and population-level
conspecific flowering (C) data used in this study.
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Figure S2: The relationship between tree-level annual seed production and ranked years. Points
are observations (per tree per year) linked by the ID of the tree. The color shows the tree’s size.
For the analysis that examined how reproductive allocation changes across years (e.g. whether
larger trees invest a similar proportion of their overall reproductive effort into large-seeding
years as smaller trees), we ranked the annual seed production of each tree from the minimum
to maximum. Some trees were monitored for less than 43 years (they entered monitoring later
or died). Therefore, the ranks were normalized between 1 and 43, to allow comparisons among
trees. Thus, for example, rank 43 is the rank for a year when seed production was the largest,
irrespective of how many years the tree was monitored. We excluded trees monitored for less
than 10 years in that analysis (see Methods).
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