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Abstract28

Pulsed resources arise when environmental forcing synchronizes biological responses. This29

synchrony generates episodic booms and busts that structure food webs. Mast seeding is a30

major example, yet climate warming is increasingly disrupting the synchrony that underpins31

these pulses. Importantly, the ecological consequences of masting depend on which tail is32

synchronized: spatially coherent seed failures (synchrony in the lower tail) create trophic bot-33

tlenecks, whereas coherent mast peaks (upper tail) generate resource pulses that fuel consumer34

outbreaks. Climate-driven changes in synchrony may be tail-specific, reshaping not only the35

strength but also the character of resource pulses. Here, we test how warming-driven changes in36

European beech (Fagus sylvatica) masting translate into tail-specific shifts in spatial synchrony37

and whether these shifts arise from altered coupling between weather cues and reproduction.38

Using 45 years of individual-tree seed production data from the United Kingdom and 33 years39

of seed harvest records from Poland, we found that, as predicted, synchrony declined strongly in40

mast peaks (44% locally; 50% regionally). However, synchrony also declined in failure years,41

though to a lesser extent (35% locally; 25% regionally) than in mast peaks. This asymmetry42

was not explained by increasing heterogeneity in responses to the warm-summer cue preceding43

flowering. Instead, reproductive dynamics shifted toward dominance of the cold-summer cue44

two years before seedfall, while sensitivity to the warm-summer cue weakened. This flattened45

previously nonlinear cue–reproduction relationships: reproduction increasingly occurred under46

conditions that formerly produced synchronized failure, and amplification during favourable47

years was reduced. Our findings show that warming alters the cue structures that generate48

masting-driven pulses, weakening and desynchronizing both failures and peaks, and reducing49

their predictability.50

Introduction51

Resource pulses, brief and infrequent episodes of strongly elevated resource availability, occur52

across terrestrial and aquatic ecosystems and arise from climatic forcing, temporal or spatial53

accumulation and release, and population outbreaks (Ostfeld & Keesing, 2000; Yang et al.,54
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2008, 2010). These pulses alter consumer behaviour, drive population responses, and generate55

indirect effects that propagate through food webs and across ecosystem boundaries (Yang et al.,56

2010; Walter et al., 2024). Pulses often emerge from spatially coherent environmental forcing57

and synchronized responses of primary producers, such as in El Niño–driven productivity58

boosts, insect outbreaks, or region-wide mast crops (Yang et al., 2010; Anderson et al., 2020;59

Bogdziewicz et al., 2025). Climate change is expected to alter the spatial synchrony of both60

weather drivers and ecological phenomena, which can strengthen or weaken pulsed resources61

(Hansen et al., 2020; Reuman et al., 2025). Therefore, understanding how climate change62

reshapes synchrony within pulsed-resource systems is important for predicting how resource63

pulses will propagate through food webs and across landscapes.64

Mast seeding is a major example of a pulsed-resource driver (Ostfeld & Keesing, 2000).65

Masting plants produce interannually variable seed crops that are synchronized within popu-66

lations and often across large spatial scales (Pearse et al., 2016; Bogdziewicz et al., 2023a).67

Masting is prevalent especially in temperate and boreal zones, but present across all vegetated68

continents (Pearse et al., 2020; Journé et al., 2023). A recently described feature of ecological69

synchrony, including in masting, is its tail-dependence (Szymkowiak et al., 2025), in which70

spatial synchrony varies between the lower tail (years of seed failure) and the upper tail (years71

of high seed production) of an ecological variable’s distribution (Ghosh et al., 2020; Walter72

et al., 2022). In masting, synchrony is generally higher in the lower tail, i.e., synchrony of seed-73

ing failures among seed-producing individuals or populations is higher and extends over larger74

spatial scales compared to such synchrony in high-seeding years (Szymkowiak et al., 2024,75

2025). This asymmetry matters because famines and abundance generate different ecological76

dynamics (Holt, 2008). Seed-crop failures impose trophic constraints and trigger threshold77

responses: once resources fall below tolerable levels, survival and reproduction of consumers78

decline rapidly, often triggering emigration (Sears et al., 2004; Holt, 2008; Tonelli et al., 2026).79

Mast peaks, in contrast, create resource surges that trigger graded and saturating increases80

in consumer numbers (Sears et al., 2004; Holt, 2008; Yang et al., 2010). Because scarcity81

and abundance involve different mechanisms, the two tails of masting drive distinct ecological82

cascades.83
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Recent evidence shows that masting dynamics are sensitive to climate change (Hacket-84

Pain & Bogdziewicz, 2021), including in species such as Japanese oak (Quercus crispula)85

(Shibata et al., 2020), tawa (Beilschmiedia tawa) (Yukich-Clendon et al., 2023), or blue oak86

(Q. douglasii) (Koenig, 2019). In European beech (Fagus sylvatica), a well-studied species87

in this context, among-tree synchrony of seed production variation has declined, reducing the88

interannual variability in seed production (Bogdziewicz et al., 2020). This breakdown has89

been linked to rising summer temperatures, which provide the weather cues for flowering while90

internal resource dynamics modulate the strength of the flowering response (Bogdziewicz et al.,91

2021; Kelly et al., 2025). Cold summers two years before seedfall (T2) are believed to prime92

flowering, possibly by triggering molecular pathways, and warm summers one year before93

seedfall (T1) then facilitate flower initiation in a manner that depends on the tree’s resource94

state (Piovesan & Adams, 2001; Vacchiano et al., 2017; Kelly et al., 2025). As warm summers95

become more frequent, reproduction is cued more often, resources remain chronically depleted,96

and weather cues lose their coordinating function (Bogdziewicz et al., 2021; Hacket-Pain et al.,97

2025). The desynchronization is now evident across much of the species’ range and is strongest98

at locations where summer warming has been most pronounced (Foest et al., 2024, 2025b). Yet,99

it remains unclear how these changes in synchrony map onto tail dependence: whether climate100

change is weakening synchrony in mast peaks, failures, or both, and to what extent.101

Tail-dependent synchrony in masting arises from non-linear responses of reproduction to102

weather cues (Szymkowiak et al., 2024). Variation and synchrony in seed production are103

driven by weather cues that regulate flowering and seed maturation (Kelly et al., 2013; Koenig104

et al., 2015; Journé et al., 2024). Spatial synchrony of masting reflects the Moran effect acting105

through these cues (Koenig & Knops, 2013; Ascoli et al., 2017; LaMontagne et al., 2020;106

Wion et al., 2020). Masting plants often respond weakly or not at all across a broad range107

of unfavourable cue values, and show strong reproductive responses once cues cross induction108

thresholds (Kelly et al., 2013; Fernández-Martínez et al., 2017; Schermer et al., 2020). Such109

non-linear relationships generate many years of seed failure and create an asymmetric effect110

of weather variation on reproduction (Szymkowiak et al., 2024). When cues are low, seed111

production remains suppressed across a wide range of cue values, so spatial variation in weather112
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produces little variation in reproduction, promoting high synchrony of failures (Szymkowiak113

et al., 2024). When cues are high, small spatial differences in weather translate into large114

differences in seed production, reducing synchrony in peaks (Szymkowiak et al., 2024).115

In this study, we test how the climate-change-induced disruption in European beech masting116

(Bogdziewicz et al., 2020; Foest et al., 2025b) translates into tail-specific changes in spatial syn-117

chrony, and how these changes arise from altered coupling between weather cues and individual118

reproductive responses. Climate warming increases the frequency of cues, which repeatedly119

trigger flowering but progressively deplete internal resources (Hacket-Pain et al., 2025; Kelly120

et al., 2025). The consequences should be asymmetric across the masting distribution: when121

cues are high, resource depletion should dampen and diversify individual responses, weaken-122

ing cue–reproduction coupling and reducing synchrony in the upper tail. When cues are low,123

reproduction is not initiated, and synchrony in the lower tail should show little temporal change.124

To test these predictions, we combine two datasets that capture different levels at which125

masting synchrony emerges. First, we use 45 years of individual-tree seed-production records126

from 17 sites in UK (Hacket-Pain et al., 2025), which enable us to quantify how the coupling127

between weather cues and reproduction varies among trees and changes over time. These data128

provide direct insight into the individual-level processes from which population-level synchrony129

arises (Koenig et al., 2003; Pesendorfer et al., 2021). Second, we use spatially extensive,130

population-level seed harvest records from Poland spanning 33 years (Foest et al., 2025b).131

Although based on annual harvest data rather than direct counts, this dataset offers broad132

spatial coverage and enables us to test whether tail-specific changes in synchrony detected at133

the individual level are replicated across landscape scales. These datasets allow us to link134

mechanistic changes in cue responsiveness to emergent, tail-dependent patterns of synchrony135

under climate warming.136
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Methods137

Study species138

European beech (Fagus sylvatica L.) is a dominant forest-forming species in temperate Europe139

(Leuschner & Ellenberg, 2017). It is a masting species with large interannual variation and spatial140

synchrony in seed production (Nilsson & Wastljung, 1987; Ascoli et al., 2017). Specifically,141

a combination of cold summer two years before seedfall (T2) and then warm summer one142

year before seedfall (T1) leads to a large flowering commitment and high seed production143

(Vacchiano et al., 2017; Journé et al., 2024). Masting in beech improves pollination efficiency144

and decreases pre- and post-dispersal seed predation rates (Zwolak et al., 2016; Pesendorfer145

et al., 2024). Recent warming-related disruption of masting has increased pre-dispersal seed146

predation from 2–3% of seeds to over 40%, reduced pollination efficiency by about 20%, and,147

consequently, halved viable seed production (Bogdziewicz et al., 2023b; Foest et al., 2025b). In148

England, the decline in variability, increased regularity of reproduction, and resulting resource149

depletion under warming have been linked to a 28% reduction in annual tree ring increments150

(Hacket-Pain et al., 2025).151

Seed production data152

Individual-level seed production was quantified for 229 trees and 17 sites spaced across England153

annually between 1980 and 2024 (45 years) (Bogdziewicz et al., 2023b). The ground below154

each tree was searched for seeds for 7 minutes, and all seeds found were counted (Foest et al.,155

2025a). The other dataset included spatially extensive, population-level records of European156

beech seed production obtained from the Polish State Forests and is based on annual harvest157

rates by the state forests inspectorates (Foest et al., 2025b). This dataset provides information158

on the amount (kg) of seeds collected in each district per year and the focal sampling effort.159

The data have been collected from 1987 to 2022 across 238 sites. Seeds are collected from160

the ground by local companies on behalf of the Polish State Forest, and each inspectorate has161

assigned seed collection sites. In both datasets, a decline in synchrony and interannual variation162

of seed production linked to summer temperature increases has been detected (Bogdziewicz163
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et al., 2020, 2021; Foest et al., 2025b). The seeding time series are provided in Figure 1.164

Figure 1: Seed production patterns of European beech in UK and Poland. A) For the UK each line shows
individual tree seed production (229 trees, 17 sites), while a black thick line shows the country-level mean (orange
points) and associated 95% confidence intervals (blue whiskers). Note that the number of trees and sites varies
across analyses due to data filtering (see Methods). B) Country-level, annual mean (±95% CI, blue whiskers) seed
output in Poland, based on harvest records from 238 sites. Means and confidence intervals were estimated using a
Tweedie GLM with intercept set at zero, with year fitted as a factor variable. Panels C) and D) show the locations
of study sites in the UK and Poland, respectively.

Analysis165

Masting–weather cue coupling To quantify temporal changes in the coupling between weather166

cues and reproduction, we used the UK seed-production dataset, which is based on long-term167

ecological monitoring at the individual-tree level. Because population-level synchrony emerges168
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from the aggregation of individual reproductive responses (Koenig et al., 2003), we estimated169

cue–reproduction relationships separately for each tree. We fitted tree-specific zero-inflated170

Tweedie models with a log link function, using annual seed production as the response vari-171

able, while mean June-July maximum temperatures two years (T2) and one year (T1) before172

seedfall, and seed production in the previous year (log-transformed), were used as predictors.173

The zero-inflated formula included log-transformed previous year seed production. We fitted174

separate models for each tree rather than mixed-effects models with random slopes, to avoid175

shrinkage of individual responses toward the population-level mean. To assess temporal changes176

in cue coupling, models were fitted separately for two periods: 1980-2006 and 2007-2024. This177

division reflects the documented abrupt decline in masting synchrony in the UK, with a clear178

transition around 2006 (Bogdziewicz et al., 2020; Hacket-Pain et al., 2025). In each period,179

we included only trees with at least 𝑛 = 10 years of seed-production records to ensure reliable180

estimation of individual cue responses. As a result, we used 84 trees (11 sites) in the 1980-2006181

subset, and 96 trees (11 sites) in the 2007-2024 subset.182

In addition to the tree-specific models, we fitted generalized linear mixed models (GLMMs)183

to characterise the aggregate relationship between seed production and weather cues at the184

dataset level (UK). These models used a Tweedie error distribution with a log link, included185

mean June-July maximum temperatures at T1 and T2, and previous year seed production (log-186

transformed) as fixed effects, and incorporated tree ID and site ID as random intercepts. As187

above, models were fitted separately for the periods 1980-2006 and 2007-2024. Moreover,188

in addition to models with separate T1 and T2 predictors, we also fitted models using the189

temperature difference between summers one and two years before seedfall (Δ𝑇 = 𝑇1 − 𝑇2) as190

a single predictor. This formulation captures the established cueing system of European beech191

reproduction, in which cold summers two years before seedfall, followed by warm summers one192

year before seedfall, promote flowering (Vacchiano et al., 2017). Δ𝑇 provides a parsimonious193

representation of the combined effect of T1 and T2 and facilitates visualisation and interpretation194

of changes in cue dependence (Kelly et al., 2013; Szymkowiak et al., 2024). This analysis was195

based on 106 trees (11 sites) in the 1980-2006 data subset, and 169 trees (15 sites) in the196

2007-2024 subset.197
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Tail-dependent synchrony and its temporal change198

Categorization of masting data into tails Our framework follows that of Walter et al. (2022),199

modified by Szymkowiak et al. (2024). For seed production scaled at individual tree (UK data)200

or site (Polish data) to values between 0 and 1, masting lower tail includes annual values of seed201

production ≤ 0.5, while upper those > 0.5. The thresholds are arbitrary in the sense that masting202

is not a categorical variable, but they enable analysis of tail-dependence (Ghosh et al., 2021;203

Walter et al., 2022; Szymkowiak et al., 2024). We also tested other thresholds (0.2/0.8, 0.4/0.6,204

0.6/0.4, 0.8/0.2), and these provided qualitatively similar results.205

Tail-dependent masting synchrony We estimated the synchrony in masting tails using a206

partial Spearman correlation, defined as the portion of the standard Spearman rank correlation207

arising due to the range of values in the two variables being bounded by tails thresholds (Walter208

et al., 2022). Pairwise correlations were calculated separately for the lower (≤ 0.5) and upper (>209

0.5) tails of the seed production time series. In cases when the annual value of seed production for210

the two time series falls into opposite tails, the value was included in both tails when calculating211

the partial Spearman correlation (Szymkowiak et al., 2024, 2025). Thus, if one individual or site212

experienced a mast peak and the other a year of seed scarcity in the same year, synchrony was213

reduced in both tails. This approach ensures that mismatches across individuals or sites reduce214

synchrony in both tails, reflecting the ecological interpretation that opposite outcomes indicate215

asynchrony. Note that scaling of the mast data does not affect the correlations calculated via216

Spearman correlation, as these are calculated on ranked data.217

The tail-dependent synchrony was estimated at two levels: among trees, within populations218

(UK data), and among-sites, regional (Polish data). The within-site synchrony has been summa-219

rized as mean (±SD) lower/upper synchrony across all trees within a given population. In the220

case of regional synchrony, we calculated the distance-decay of within-tail seed production syn-221

chrony using non-parametric spatial covariance functions (Bjørnstad & Falck, 2021). We used222

the matrices of partial Spearman correlations within the lower and upper tails as the response223

(synchrony variables), explained by the matrices of pairwise geographical distances between224

sites (Szymkowiak et al., 2024). To calculate 95% confidence bands for each function, we used225

9



the standard bootstrapping procedure (Bjørnstad & Falck, 2021).226

Temporal changes in tail-dependent synchrony To quantify temporal shifts in tail-dependent227

masting synchrony, we divided the datasets into time periods reflecting documented or expected228

changes in masting dynamics. In the UK, the decline in synchrony occurred abruptly, with a229

clear transition around 2006 (Bogdziewicz et al., 2020; Hacket-Pain et al., 2025); we therefore230

analysed two periods, 1980-2006 (84 trees, 11 sites) and 2007-2024 (96 trees, 11 sites). In231

Poland, the spatially extensive dataset and the heterogeneous pattern of summer warming did232

not permit identification of a single transition period (Foest et al., 2025b). Instead, we parti-233

tioned the time series into three equal 12-year periods (1987-1998, 1999-2010, and 2011-2022).234

Tail-specific synchrony was estimated separately within each period following the procedures235

described above.236

Results237

Spatial synchrony in European beech seed production declined in both tails of the masting238

distribution, but the decline was consistently stronger in the upper tail. Local (UK) upper-tail239

synchrony decreased by approximately 50%, i.e., from 0.38 (± 0.07; mean partial Spearman240

cross-correlation among trees within site ± SD) in the first period (1980–2006) to 0.21 (± 0.14)241

in the second period (2007-2024; Fig. 2). Lower-tail synchrony also declined, but to a lesser242

extent, i.e., by 36%, i.e., from 0.56 (± 0.09) to 0.37 (± 0.16) (Fig. 2).243

In the case of regional synchrony (Poland), the decline in synchrony was similarly asymmetric244

as in the case of local synchrony. The upper tail synchrony decline was also stronger compared245

to the lower tail, i.e., the upper tail decreased by over 50% from 0.26 (±0.005; mean partial246

Spearman cross-correlation among sites ±SD) to 0.12 (±0.007) (Fig. 3). In contrast, the lower247

tail synchrony declined by about 25%, from 0.37 (±0.01) to 0.30 (±0.02) (Fig. 3). Thus,248

although the asymmetry in decline matched our prediction of a stronger decrease of synchrony249

in mast peaks than in failures, the magnitude of change was substantial in both tails.250
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Figure 2: The temporal decline in local (within-site) masting synchrony is stronger in upper-tail (high-
seeding years) years, than in lower-tail (poor-seeding years). Density plots show local (among trees, within-site)
synchrony in A) lower, and B) upper tail of masting, estimated separately for two periods, before the masting
breakdown (i.e., the abrupt decline in interannual variation and synchrony of seed production; 1980-2006; n = 84
trees at 11 sites), and after breakdown (2007-2024; n = 96 trees at 11 sites). The vertical line shows tail- and
period-level means. C) Site-level tail-dependence. Points show site-level mean tail-dependent synchrony, while
whiskers show SDs. Synchrony for each site was calculated for the two time periods (1980-2006, and 2007-2024);
these points are joined by a line. The estimates are based on partial Spearman correlations, with the lower tail being
seed production below 0.5, while the upper being above, for annual seed production values scaled within each site
to between 0 and 1 (see Methods).

Figure 3: The temporal decline in regional (among-sites) masting synchrony is stronger in upper-tail
(high-seeding) years than in lower-tail (poor-seeding years). Distance decay of beech masting synchrony in
the upper and lower tail, estimated separately for the three periods (1987-1998, 1999-2010, and 2011-2022). The
estimates are based on partial Spearman correlations and seed production records from 238 sites in Poland. The
lower tail is seed production below 0.5, while the upper is above, for annual values scaled within each site to
between 0 and 1 (see Methods).

The decline in synchrony reflected changes in the coupling between seed production and251

weather cues that differed from our expectations. The association between seed production252

and the T1 temperature cue weakened markedly and, in many cases, nearly disappeared. The253
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mean slope of the tree-level responses to the T1 cue was 0.53 ±0.42 (SD) in the first studied254

period (1980-2006), and declined 3-fold to 0.19 ±0.25 (SD) in the second period (2007-2024;255

Fig. 4). In contrast, the decline in responses to the T2 cue was smaller; the mean slope in the256

first period was -0.31 ±0.28 (SD), which declined to -0.21 ±0.21 (SD). Visual inspection of257

these relationships further reveals that the decline in the response to the T1 cues was not due to258

weakening and diversification of responses specifically under high cue values (Fig. S1). Instead,259

seed production responses to the T1 cue generally flattened across the whole gradient of cues.260

While cold T1 summers largely prevented seed production in the first period of the study, that261

was no longer the case in the second period.262

Figure 4: Masting dynamics are increasingly dominated by a summer T2 cue. Density plots of slopes of
the tree-level relationships between seed production and summer T1 (A), and summer T2 (B) cues. Summer is
June-July mean maximum temperature in one (T1) and two (T2) years before seedfall. Models were fitted for each
tree individually, and included this and this. Models were fitted for two time periods, i.e., 1980-2006 (yellow; n =
84 trees at 11 sites), and 2007-2024 (purple; n = 96 trees at 11 sites). Estimated relationships are visualized in Fig.
S1.

Consequently, before the breakdown of masting synchrony (1980-2006), large seed crops263

followed the canonical sequence of weather cues, with cold summers two years before seedfall264

(T2) followed by warm summers one year before seedfall (T1). When expressed as the tem-265

perature contrast between these two summers (Δ𝑇 = 𝑇1 − 𝑇2), seed production was generally266

suppressed for negative Δ𝑇 values and increased sharply once Δ𝑇 became positive, that is, when267

the summer preceding flowering (T1) was warmer than the priming summer (T2) (Fig. 5).268

After 2006, this relationship changed markedly. Seed production was no longer strongly269
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suppressed at negative Δ𝑇 values, and high seed crops occurred even when T1 summers were270

relatively cool. In other words, cold summers in T2 increasingly appeared sufficient to trigger271

reproduction, largely independent of conditions in T1 (Fig. 5). As a result, the steep, non-linear272

increase in seed production with increasing Δ𝑇 observed before the breakdown was replaced273

by a flatter relationship (Fig. 5). Together, these changes indicate a shift toward reproductive274

dynamics dominated by the T2 cue, with diminished modulation by T1.275

Figure 5: Population-level relationship between weather cues and masting indicates flattening of responses
in recent times. Plots show relationships between seed production and ΔT (A and D), summer T1 (B and E), and
summer T2 (C and F) cues. Summer is June-July mean maximum temperature in one (T1) and two (T2) years
before seedfall. Prediction lines and associated 95% confidence intervals were estimated with GLMM models with
Tweedie error distributions and log links that included tree identity and site as random intercepts. Points show
annual, tree-level seed production records. Models were fitted for two time periods, i.e., 1980-2006 (top row; n =
106 trees at 11 sites) and 2007-2024 (bottom row; n = 169 trees at 15 sites). Model summaries are provided in
Table S1 and Table S2.

Discussion276

Our analyses show a tail-dependent decline in masting synchrony in European beech, consistent277

across spatial scales and datasets. Synchrony weakened more in the upper tail compared278

to the lower tail. This concordance indicates that the tail-dependent decline of synchrony279

is a general feature of beech reproduction under warming. However, contrary to expectations,280
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lower-tail synchrony also declined substantially. Thus, climate-driven disruption extends to both281

extremes of the seed-production distribution. This pattern can be linked to a restructuring of282

cue–reproduction relationships. Rather than increased heterogeneity in responses to the warm-283

summer cue (T1), we found that reproductive dynamics became increasingly dominated by the284

cold-summer cue two years before seedfall (T2), with the influence of T1 markedly weakened.285

Consequently, the steep, non-linear response to combined cues that previously induced years of286

widespread failure and synchronized peaks was replaced by a flatter response across a broad287

range of cue conditions. This flattening of cue dependence translates directly into a flattening of288

masting-driven resource pulses: failures are no longer uniformly severe across space, and peaks289

are less synchronous both locally and regionally.290

The erosion of tail-dependent masting synchrony has direct consequences for ecosystems291

structured by pulsed seed resources. Desynchronization of failures weakens the trophic bottle-292

necks that underpin many cascade effects. For example, in boreal North America, synchronous293

conifer cone production failures drive large-scale southward irruptions of granivorous birds294

(Strong et al., 2015; Widick et al., 2025), triggering downstream ecological and epidemiological295

consequences, including elevated transmission of avian salmonellosis (Tonelli et al., 2026). To296

the extent that climate warming disrupts lower-tail synchrony, such irruptive dynamics may cease297

to operate, because seed failure no longer occurs coherently across space. At the opposite end298

of the distribution, mast peaks generate short-lived resource surges that fuel outbreaks of seed299

consumers, with consequences for rodent populations, tick abundance, and human exposure to300

Lyme disease (Jones et al., 1998; Bregnard et al., 2021). The observed weakening of upper-tail301

synchrony implies that these outbreaks may become less spatially extensive and less episodic.302

However, reduced pulsing does not necessarily imply reduced disease risk: more regular but303

moderate seed production may sustain consistently higher consumer populations, potentially in-304

creasing long-term disease exposure even as extreme outbreaks become rarer. Higher consumer305

populations may also translate into a decrease in tree recruitment (Zwolak et al., 2024). Similar306

dependencies on pulsed reproduction occur in other systems, such as specialist frugivores whose307

breeding is tightly coupled to mast events (Fidler et al., 2008), raising the possibility that flattened308

resource pulses could disrupt animal reproductive cycles. Two important research directions309
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emerge: first, quantifying how flattened pulsed resources alter interaction strength across trophic310

levels in systems already undergoing change (Shibata et al., 2020; Yukich-Clendon et al., 2023;311

Bush et al., 2020; Foest et al., 2025b). Second, determining how general this restructuring is312

across masting species, climates, and reproductive strategies.313

We expected climate warming to decrease masting synchrony, particularly in the upper tail, by314

increasing heterogeneity in individual responses to the warm-summer cue preceding flowering315

(T1). Instead, our results indicate a shift in the relative importance of cues: reproductive316

dynamics became increasingly governed by the priming effect of cold summers two years before317

seedfall (T2), while modulation by T1 weakened substantially. Past work has focused primarily318

on T1, showing that the responses to this cue are strongly contingent on internal resource319

levels: when resources have accumulated over several years since the last reproductive event,320

even moderate T1 warming can trigger large flowering, whereas depleted reserves suppress321

reproduction despite strong cues (Kelly et al., 2025). As summer warming has increased the322

frequency of T1 cueing, repeated flowering has led to chronic resource depletion (Hacket-Pain323

et al., 2025), reducing the sensitivity of trees to T1 and flattening the response that previously324

structured mast peaks. In contrast, the T2 cue is not expected to depend on resource state,325

as it precedes seedfall by three growing seasons and therefore cannot reliably index resource326

availability at the time of reproduction (Kelly et al., 2025). Instead, T2 likely acts through327

developmental priming or epigenetic “summer memory”, initiating regulatory pathways that328

condition the plant’s subsequent response to later cues (Samarth et al., 2020, 2021; Satake329

& Kelly, 2021). We hypothesize that because this mechanism is decoupled from short-term330

resource depletion, the effectiveness of T2 has been less eroded by warming. As a result,331

reproduction increasingly occurs following cold T2 summers even when T1 conditions are weak,332

producing seed crops under negative ΔT values. What remains unresolved is why reproduction333

is no longer consistently suppressed when internal resources are depleted, as predicted by334

resource–cue interaction models in which a low resource state constrains flowering responses335

(Kelly et al., 2025). Resolving that issue will require experimental and molecular approaches336

that track resource state alongside cue perception.337

The reweighting of cues provides a mechanistic explanation for why synchrony declined in338
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both tails of the masting distribution. Under the former cue structure, reproduction was largely339

vetoed across wide areas whenever ΔT was negative, because cold T2 summers not followed340

by warm T1 conditions suppressed flowering. This produced high synchrony in the lower tail,341

as spatial variation in weather had little effect as long as ΔT remained negative. In contrast,342

cold T2 summers have increasingly become sufficient to induce reproduction regardless of T1,343

allowing some trees and populations to reproduce under conditions that previously produced344

synchronized failure. The consequence is a loss of spatially coherent seed scarcity. At the same345

time, the weakening of T1 reduced the amplification of reproductive effort under favourable346

conditions, replacing steep, nonlinear responses with flatter ones. This diminished the spatial347

coherence of mast peaks and led to a stronger decline in upper-tail synchrony.348

The same logic suggests that climate-driven flattening of tail-dependent synchrony may349

extend beyond European beech. Masting systems differ in how strongly reproductive cues are350

coupled to internal resource dynamics; as suggested by variation in sensitivity to cues across351

species (Kelly et al., 2013; Journé et al., 2025). Species in which flowering responses are352

strongly gated by resource accumulation and amplified by rare, high-magnitude cues should353

be particularly sensitive to increases in cue frequency, as chronic depletion will weaken cue354

responsiveness. In contrast, systems dominated by relative cues, such as differential-temperature355

cues (Kelly et al., 2013; LaMontagne et al., 2021), may retain stronger non-linear behaviour356

and more stable tail dependence under warming. Testing this prediction across species will be357

required for understanding when climate change will reorganize the synchrony structure that358

underpins resource pulses and their ecological effects.359

To summarize, our results show that climate warming is altering the nonlinear cue structures360

that generate masting-driven pulsed resources, reducing synchrony in both seed failures and361

mast peaks, with a stronger decline in the latter. Pulsed-resource systems shape ecological dy-362

namics because strong environmental events trigger synchronized biological responses, creating363

predictable booms and busts that spread through food webs (Yang et al., 2010). By flattening364

cue–reproduction relationships, warming weakens this alignment, replacing spatially coherent365

pulses with weaker and less predictable dynamics. This shift has implications for ecological366

processes, including for ecological forecasting (Dietze et al., 2018; Pearse et al., 2021). When367
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relationships between climatic cues, masting, and consumer responses are preserved, climate368

information can be used to anticipate downstream effects such as bird irruptions, zoonotic dis-369

ease outbreaks, and to plan conservation and management actions (Pearse et al., 2021; Journé370

et al., 2023; Oberklammer et al., 2025). Our results suggest that such forecasting frameworks371

may become less reliable as cue responses and synchrony decline, because weather signals lose372

predictive power. Determining whether similar cue reweighting and synchrony asymmetric373

synchrony decline occur in other masting species is important for assessing how broadly climate374

change is reshaping pulsed-resource dynamics and their predictability.375
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Table S1: Summary of the GLMMs testing the population-level relationship between a com-
posite weather cue (Δ𝑇) and annual variation in seed production, separately for the two periods,
i.e., 1980-2006 and 2007-2024. The models were fitted with a Tweedie error distribution and a
log link function, and included tree identity and site as random intercepts. The previous year’s
seed production was included as a covariate.

Model term Slope Std. Error z value p value
1980–2006 period
Conditional part
Intercept 4.60 0.12 39.56 < 0.001
Δ𝑇 0.40 0.02 23.74 < 0.001
Seed production T−1 -0.15 0.01 -11.78 < 0.001
Zero-inflated part
Intercept -11.42 1.55 -7.35 < 0.001
Seed production T−1 2.07 0.29 7.03 < 0.001

2007–2024 period
Conditional part
Intercept 4.97 0.11 45.95 < 0.001
Δ𝑇 0.19 0.01 15.77 < 0.001
Seed production T−1 -0.11 0.01 -8.21 < 0.001
Zero-inflated part
Intercept -4.81 2.258 -2.13 0.033
Seed production T−1 -16.16 1152.80 -0.01 0.989
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Table S2: Summary of the GLMMs testing the population-level relationship between weather
cues (summer temperatures in year T1 and T2) and annual variation in seed production, separately
for the two periods, i.e., 1980-2006 and 2007-2024. The models were fitted with a Tweedie error
distribution and a logit link function, and included tree identity and site as random intercepts.
The previous year’s seed production was included as a covariate. Summer temperature is the
mean maximum temperature in June and July.

Model term Slope Std. Error z value p value
1980–2006 period
Conditional part
Intercept 3.17 0.67 4.72 < 0.001
Summer temperature T−1 0.43 0.02 19.62 < 0.001
Summer temperature T−2 -0.36 0.03 -14.14 < 0.001
Seed production T−1 -0.15 0.01 -11.97 < 0.001
Zero-inflated part
Intercept -11.32 1.51 -7.48 < 0.001
Seed production T−1 2.06 0.29 7.18 < 0.001

2007–2024 period
Conditional part
Intercept 6.02 0.50 11.94 < 0.001
Summer temperature T−1 0.17 0.02 9.04 < 0.001
Summer temperature T−2 -0.22 0.02 -13.00 < 0.001
Seed production T−1 0.10 0.01 -6.57 < 0.001
Zero-inflated part
Intercept -5.25 3.63 -1.45 0.147
Seed production T−1 -2.66 7.43 -0.36 0.720
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Figure S1: Tree-level weather-cue and seed production relationships indicate that sensitivity to T1 cue
weakened more than to the T2 cue. Tree-level relationships between annual seed production and summer (June-
July) mean maximum temperatures one (T1) and two years (T2) preceding seedfall. Relationships were estimated
with tweedie models, separately for the two time periods, i.e., 1980–2006 (top row; n = 84 trees at 11 sites), and
2007–2024 (bottom row; n = 96 trees at 11 sites). Slopes of these relationships are summarized in Fig. 4.
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