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Abstract

Mast seeding, the synchronous and highly variable reproduction across years, is common among perennial plants,
enhancing reproductive success through predator satiation and improved pollination. Animal-pollinated species
generally show lower interannual variability in seed production than wind-pollinated plants, often explained by
pollinator satiation reducing selection for masting. However, numerous animal-pollinated species mast strongly,
challenging this view. We examined pollination dynamics in insect-pollinated Sorbus aucuparia over four years of
varying flowering intensity. Pollination efficiency was generally high (mean 68%) across years but declined to 35%
in the year of lowest flowering, which resulted in near-complete fruiting failure. Efficiency increased from 20%
to 80% with increasing tree-level flower abundance, showing no pollinator satiation. Instead, pollinator networks
shifted significantly: Bombus species, capable of quick numerical and functional responses, dominated during
abundant flowering years. In contrast, bees such as Andrena and Lasioglossum subg.Evylaeus, limited by univoltine
life cycles, were proportionally more important during low-flowering years. Our findings highlight that pollinator
life histories shape pollinator networks and stabilize pollination across mast cycles. More generally, our results
suggest that animal pollination does not prevent the evolution of masting but rather reduces its selective pressure,
emphasizing wind pollination as the primary driver behind the evolution of strong masting due to its high pollen

transfer requirements.

keywords: bumblebee | mast seeding | pollination efficiency | pollinator networks | reproductive efficiency | Sorbus

aucuparia |

Introduction

Numerous perennial plant species exhibit mast seeding, a reproductive phenomenon characterized by highly variable
reproduction across years synchronized among individuals within populations (Pearse et al., 2016; Journé et al.,
2023; Bogdziewicz et al., 2024b). Mast seeding influences ecosystem functioning, affecting wildlife, plant, and
fungal population dynamics, as well as carbon stocks and nutrient cycling (Miiller-Haubold et al., 2015; Clark
et al., 2019; Michaud et al., 2024; Hacket-Pain et al., 2025). At the ultimate level, mast seeding confers fitness
benefits through reproductive efficiency being enhanced by economies of scale: reduced seed predation rates and
improved pollination efficiency (Kelly & Sork, 2002; Zwolak et al., 2022; Pesendorfer et al., 2021). Specifically,
alternating periods of seed scarcity and abundance reduce seed predation by subsequently starving and satiating
seed consumers (Zwolak et al., 2022), while concentrated flowering efforts during mast events improve pollination
efficiency (Kelly et al., 2001; Rapp et al., 2013). However, mast seeding can potentially trap mutualistic partners
into similar starvation-satiation cycles, much like it does with seed consumers (Kelly & Sork, 2002; Qiu et al.,
2023). Consistent with this, interannual variability in seed production tends to be ~30% lower in animal-pollinated
species compared to wind-pollinated ones, a broad-scale pattern interpreted as selection against masting in plants
reliant on animal pollinators (Kelly & Sork, 2002; Pearse et al., 2016; Qiu et al., 2023). Yet, considerable variation
within these groups exists, with numerous animal-pollinated plants exhibiting strong masting (Pearse et al., 2020).
This variability appears contradictory, as pronounced masting cycles in these plants would be expected to reduce
pollination efficiency due to starvation and satiation of pollinators, selecting for weaker masting.

Pollinator responses to mast flowering events remain poorly understood, leaving unclear how animal-pollinated
species maintain pronounced masting (Bogdziewicz et al., 2024b). A notable exception is studies in dipterocarps,
which address why pollination efficiency does not strongly select against community-level mass flowering in these
animal-pollinated plants (Kelly & Sork, 2002). Dipterocarp species rely on thrips (Thysanoptera), small insects
with rapid reproductive cycles that quickly increase in abundance during mast events by utilizing scattered floral
resources or vegetative structures between mast years (Appanah & Chan, 1981; Ashton et al., 1988; Kondo et al.,

2
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2016). Beetles (Coleoptera) also serve as important dipterocarp pollinators, sustaining populations on vegetative
tissues during non-flowering years, then shifting rapidly to floral resources during mast events (Momose et al.,
1998). Social bees, such as Apis dorsata, maintain pollination efficiency by migrating long distances to flowering
areas during general flowering periods (Momose et al., 1998). In another system, animal-pollinated Astragalus
scaphoides maintains high pollination efficiency during mast events, as evidenced by reduced pollen limitation
in high-flowering years (Crone & Lesica, 2006). In that species, social bumblebees exhibit immediate numerical
and functional responses to flower abundance, ensuring effective pollination (Crone & Lesica, 2006; Crone, 2013).
Beyond these few systems, however, it remains uncertain how widespread or consistent such pollinator adaptations
are across animal-pollinated masting plants. Yet, understanding pollinator responses to mast flowering is essential
for predicting the occurrence and intensity of masting across species and biomes, which has significant implications
for ecosystem functioning (Pearse et al., 2020).

Fluctuations in flower abundance, such as those driven by mast flowering, can substantially alter the structure
of plant—pollinator interaction networks, including within populations of a single plant species. For example, in
years of high flowering, networks can expand with more pollinator species interacting with more individual plants
(Alarcén et al., 2008; CaraDonna et al., 2017). Such structural shifts may promote pollen transfer and buffer
pollination efficiency during peak reproductive output. However, high floral density can also lead to pollinator
dilution, where individual flowers receive fewer visits due to the overwhelming abundance of flowers, reducing
per-flower pollination success (Knight ez al., 2005; Mitchell et al., 2009). In contrast, poor flowering years can
show reduced pollinator interactions, as pollinators concentrate on fewer individuals, which can lead to uneven or
insufficient pollen transfer and reduced pollination efficiency at the population level (Petanidou et al., 2008; Ebeling
et al., 2008; Burkle et al., 2013). Yet, under some conditions, pollination can be maintained in low-flowering years
through, for example, the persistence of central, generalist pollinators that continue pollinating multiple plants
despite resource scarcity (Alarcon et al., 2008). These dynamics suggest that network rewiring, i.e., shifts in which
pollinators visit which plants (CaraDonna et al., 2017), can either stabilize or disrupt pollination, depending on
how foraging behavior and network structure respond to variation in floral resources. Yet, empirical evidence from
mast-seeding species remains limited, including at the within-species level, where effective pollen transfer among
individuals is critical for reproductive success.

We investigated how interannual variation in flower abundance influences pollinator abundance near flowers and
pollination efficiency within a population of the insect-pollinated tree Sorbus aucuparia. We monitored 30 marked
individuals over four consecutive years, two of which can be broadly categorized as low- and two as high-flowering
years (Fig. 1). Each tree was equipped with insect traps to quantify insect abundance and identify pollinator
assemblages. Using these data, we tested how mast flowering affects pollination dynamics at the individual and
network levels. First, we asked whether pollination efficiency exhibits a hump-shaped relationship with flower
abundance, as would be expected under positive density dependence at low flower densities and pollinator satiation
at high flower densities (Kelly & Sork, 2002). Alternatively, we hypothesized that pollinator responses—numerical,
functional, or behavioral—lead to interaction network rewiring that buffers plants from pollen limitation during
mast events, maintaining high pollination efficiency even when floral resources peak. By integrating plant-level
reproduction, pollinator identity, and network structure, our study provides rare insight into how animal-pollinated

masting species sustain reproductive success under extreme interannual variability in flowering.

Methods

Study species

Rowan (Sorbus aucuparia) is a long-lived, insect-pollinated, fleshy-fruited deciduous tree widespread across
Europe, Asia Minor, the Caucasus, western Siberia, and North Africa. Individuals can reach heights of 15-20
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meters and typically live 100—150 years. Rowan is functionally allogamous, relying primarily on insect-mediated
cross-pollination. The species exhibits strong self-incompatibility mechanisms and shows no evidence of effective
wind pollination (Pias & Guitidn, 2006). Rowan exhibits large, synchronous interannual variation in fruit production
(mean across-individuals synchrony = 0.57, mean coefficient of variation in fruit production at a tree level = 1.71;
Fig. 1), with flowering triggered by high summer temperatures in the year before reproduction (Zywiec et al.,
2012). The species is the primary host for larvae of the apple fruit moth Argyresthia conjugella, a pre-dispersal
seed predator responsible for substantial seed losses. However, in high-fruiting years that follow years of low
fruiting, predation rates drop sharply due to predator satiation followed by starvation: from an average of 75% to
below 20% (Kobro et al., 2003; Seget et al., 2022a). Seeds are dispersed by frugivorous animals, and dispersal rates
increase in high-fruiting years, likely driven by the attraction of migratory birds (Paulsen & Hogstedt, 2002; Seget
et al., 2022b). Long-term monitoring combined with parentage analysis has shown that this highly variable and
synchronized reproduction enhances seedling establishment, indicating increased reproductive efficiency driven by
masting (Bogdziewicz et al., 2024a).
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Figure 1: Temporal patterns of fruit production of Sorbus aucuparia monitored at Babia
Gora, Poland (A). Each black line is an individual tree, while the blue line shows the population-
level average fruit production in a given year. Histograms show the distribution of individual-
level (B) mean fruit production, (C) mean fruiting synchrony with other individuals, calculated
as mean pair-wise correlation in seed production across all pairs of trees, (D) coefficient of
variation at an individual-level (CVi, sd/mean). The graph shows fruit production patterns
across a larger sample of trees monitored at our population (N = 180-209 individuals depending
on the year), with the period of additional inflorescences and pollinator sampling (2017-2020)
highlighted at (A).
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Study site

The study was conducted in a 27-ha plot (564x480 m, 1170-1310 m a.s.l) located in the subalpine spruce forest in
the Babia Géra massif of the Western Carpathian Mountains in Poland. This forest has been under protection since
1930. S. aucuparia occupies mainly tree stand gaps caused by windstorms and bark beetle outbreaks (Zywiec &
Ledwon, 2008; Holeksa et al., 2017).

Field sampling

Fruit and flower production. In 2000, all S. aucuparia trees with a diameter at breast height (DBH) >4 cm
were mapped and marked (N=367), and subsequent fruit production was recorded during annual visits in September
before fruit removal by birds was initiated. To estimate the annual fruit production of each tree, we counted all the
infructescences on a tree using binoculars. This number was then multiplied by the mean number of fruits counted
on five infructescences of that individual in that year to obtain the total estimate (Pesendorfer et al., 2019).

For this study, we randomly selected 30 individuals from that larger population. All inflorescences were counted
in those trees from June 2017 to 2020. Inflorescences were counted using binoculars, using similar methods as in
the case of infructescences.

Insect assemblages We installed entomological traps in the crowns of 30 selected trees in early June, several
days before the flowering period, adjusting the exact dates according to annual phenology. We suspended white
Moericke traps, matching the color of rowan flowers, on ropes approximately 4—6 meters above ground level within
the tree crowns. Each trap contained a mixture of water, glycol, and detergent. Approximately three weeks later,
once all flowers on the studied trees had faded, we removed the traps. We transferred captured insects into plastic
containers filled with alcohol and subsequently identified all collected Hymenoptera species in the laboratory.
While Moericke traps provide a standardized and widely used method for estimating insect activity in plant
canopies, they do not allow direct observation of flower visitation or pollen transfer. Therefore, we interpret
trap captures as a proxy for potential pollinator presence near flowers, rather than confirmed floral visitation or

pollination events.

Analysis

We tested for density dependence in pollination efficiency using generalized linear mixed models (GLMM). The
proportion of inflorescences producing infructescences (measured at the tree-level annually) was modeled as the
response variable, with log-transformed inflorescence counts (tree-level, annual) as the predictor. Tree ID was
included as a random intercept, whereas year was excluded to avoid blocking the comparison to within-year effects
(Fletcher et al., 2010). We used a binomial error distribution with a logit link.

To model variation in insect abundance across inflorescence production, we used a GLMM with a Tweedie
error distribution and a log link. Here, the annual, tree-level insect abundance was a response variable, and log-
transformed annual, tree-level inflorescence counts were predictors. All models were fitted using the glmmTMB
package (Brooks et al., 2017) in R version 4.2.3. In both models, predictors (inflorescences) were included in the
model as natural cubic splines to allow non-linear relationships.

To visualize pollination networks and calculate network metrics, we used the bipartite R package (Dormann
etal.,2008). We focused on two commonly used metrics (Bliithgen et al., 2008; Gonzdlez et al., 2010): connectance,
which measures the proportion of realized interactions out of all possible plant—pollinator links and reflects overall
network complexity; and interaction evenness, which quantifies how evenly interaction frequencies are distributed
across links in the network. Higher evenness indicates that interactions are more uniformly shared among pollinators
and plants, whereas lower evenness suggests dominance by a few interaction pairs. These metrics were chosen to

capture both structural and functional changes in pollinator networks across years of contrasting flowering intensity.
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Results

Flowering varied considerably across the study period, with the lowest flowering observed in 2017 (mean of 13
inflorescences per tree), moderate flowering in 2019 (mean of 68), and higher flowering in 2018 and 2020 (means
of 141 and 215 inflorescences per tree, respectively) (Fig. 2A). Pollination efficiency remained generally high
across years, averaging approximately 68%. Even during the poor flowering year of 2017, mean population-wide
pollination efficiency was around 35%, whereas in other years, it remained relatively stable at approximately 78%
(Fig. 2B). Despite substantial interannual variation in flowering abundance, the mean number of insect abundance
per tree showed less variation, with approximately 20 visits in both 2017 and 2018, 14 visits in 2019, and 9 visits
in 2020 (Fig. 20).
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Figure 2: Annual variation in flowering (A), pollination efficiency (B), and insect abundance (C). Small
points show annual, tree-level observations, while large points and associated whiskers show mean and standard
deviations. Pollination efficiency is calculated as the proportion of inflorescences that produced infructescences.
Insect abundance was estimated using Moericke traps installed at individual tree canopies. Tests of the between-year
variation in each variable are provided in Table S1.

Positive density-dependence in pollination efficiency was evident (Fig. 3A, Table 1). Efficiency increased
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markedly from about 15% at low flowering levels (few inflorescences per tree) to approximately 90% when
inflorescence counts reached around 90 per tree. Above this threshold, pollination efficiency stabilized and remained
at about 85-90%, even when flowering intensity reached as high as 750 inflorescences per tree (Fig. 3A). Thus, there
was no evidence of pollinator saturation leading to a decrease in pollination efficiency. Notably, across the entire
23-year monitoring period, only one year (2013) exhibited substantially higher fruiting intensity, approximately
twice the reproductive effort of 2020 (Fig. 1), suggesting that pollinator saturation is likely uncommon in our study
population.

Insect abundance per tree declined with increasing flowering intensity (Fig. 3B, Table 1). Insect abundance at
trees that produced very few inflorescences was estimated as 14, an abundance that was sustained up to approximately
80 inflorescences per tree. In trees producing more than 80 inflorescences, insect abundance tarted to decline, down
to approximately 5 insects per tree if inflorescences exceeded 600 (Fig. 3B). Despite this decrease, pollination
efficiency did not diminish (Fig. 3A), indicating that pollination rates remained sufficient to sustain effective
pollination even at high flowering levels. The decline in insect abundance is supported by a non-linear model
fitted with natural cubic splines, which provided a substantially better fit than a linear alternative (AAIC = 99.9;
likelihood ratio test: y2 = 103.94, p < 0.001).
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Figure 3: Positive density-dependence in pollination efficiency is sustained despite a decrease in insect
abundance at high flowering intensity. Pollination efficiency (A) and insect abundance (B) across tree-level
(log-transformed) inflorescence production. Each dot shows annual, tree-level observations. The fitted lines and
associated 95% CI are derived from a GLMMs that included treeID as a random intercept.

Analysis of pollinator identity across years demonstrates shifts in pollinator networks associated with flowering
intensity. In high-flowering years (2018, 2020), a number of Bombus species (B. lucorum, B. pratorum, B.
pascuorum, B. pyrenaeus, B. soroeenis) dominated insect assembleges, accounting for approximately 91% (2018)
and 65% (2020) of total abundance at trees. The extensive presence of Bombus is clearly evidenced by wide, dense
connections between trees and Bombus species nodes (Fig. 4).

In contrast, during low-flowering years (2017, 2019), Bombus presence decreased to roughly 40% of total
abundance. During these periods, Andrena (including A. carantonica, A. haemorrhoa, A. helvola, A. lapponica, A.
subopaca) and Lasioglossum (including L. calceatum, L. albipes, E. fratellum) species showed increased presence
(Fig. 5). Specifically, Andrena proportional abundance increased to around 30% from 2-10%, and Lasioglossum
to approximately 15-20% from 5%, making both genera more important than in high-flowering years. Finally,
Apis mellifera displayed variable presence, noted in 2017, 2018, and 2019 but was completely absent in 2020.
When present, A. mellifera played a secondary role, accounting for about 5-10% of relative abundance, indicating

a relatively minor but consistent contribution to pollination dynamics in those years.
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Table 1: Summary of the generalized linear mixed model testing the effects of flowering
intensity on pollination efficiency and insect abundance. The models included the proportion of
inflorescenses producing infructescences (pollination efficiency model) or the insect abundance
per tree (pollinator abundance model) as the response, and the log-transformed number of
inflorescence fitted as a natural cubic spline as a predictor. Both models included tree ID as
random intercept.

Effect B SE Z p

Pollination efficiency
Intercept -1.70 091 -1.86 0.062
log(no. of inflorescence)  4.20 0.53 7.98 <0.001
log(no. of inflorescence?) 5.15 1.81 2.84 <0.001
log(no. of inflorescence’) 2.70 0.38 7.08 <0.001

Pollinator abundance
Intercept 281 030 9.50 <0.001
log(no. of inflorescence) 0.07 026 0.27 0.789
log(no. of inflorescence?) -1.02 0.71 -1.44  0.150
log(no. of inflorescence®) -1.11 0.37 -3.05 <0.001

The rewiring of the pollination network was also evident from changes in network metrics. Connectance,
the proportion of realized interactions out of all possible interactions between plant and pollinator species, varied
between low- and high-flowering years. Specifically, connectance was lower in high-flowering years (0.17 in 2018
and 0.19 in 2020) and higher in low-flowering years (0.27 in 2017 and 0.24 in 2019). This pattern reflects the
increased dominance of Bombus species in the pollination network during periods of high flowering. Similarly,
interaction evenness decreased from 0.74 (2017) and 0.73 (2019) in low-flowering years, to 0.58 (2018) and 0.64
(2020) in high-flowing years.

Discussion

Our study shows that pollination efficiency in Sorbus aucuparia increases with flower abundance and stabilizes,
with no evidence of a decline at high floral densities. This pattern indicates that even during high-flowering
years plants are not subject to pollinator satiation. Instead, pollination efficiency remains high, suggesting that
the pollinator community responds in ways that maintain reproductive success; through behavioral flexibility and
interaction network rewiring. Despite limited per-plant insect abundance, effective pollen transfer is sustained,
highlighting the capacity of the pollinator community to adjust to fluctuating floral resources. Insect abundance
per tree declined slightly at the highest flowering intensities, suggesting a weak signal of pollinator dilution under
extreme flower densities, but one that does not translate into reduced pollination efficiency. These findings challenge
the assumption that mast flowering in animal-pollinated plants inherently risks mutualist disruption (Kelly & Sork,
2002; Pearse et al., 2020; Qiu et al., 2023) and support the idea that flexible foraging behavior and dynamic
interaction structures enable the maintenance of reproductive function across mast cycles.

Pollinator network structure differed between high- and low-fruiting years. During high-fruiting years, key
pollinators such as Bombus spp. established extensive connections across the plant population, likely facilitating
widespread and consistent pollen transfer (Crone, 2013). Low-fruiting years exhibited a greater diversity of insect
species visiting individual trees, resulting in relatively stable insect abundance across trees and years despite large
interannual fluctuations in fruit production. These structural variations indicate that mast flowering events trigger
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Bipartite networks of S. aucuparia and pollinators interactions in 2017 (A) and

Figure 5

Bottom bars indicate 30 trees at which

2019 (B), characterized by low flowering intensity.

insect visitations were monitored, while upper panels represent different pollinator species, with

different colors delineating different genus.

10



242

243

244

245

246

247

248

249

250

251

252

254

255

256

257

259

260

261

262

264

265

266

267

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

287

288

functional and numerical responses among pollinators, causing network reorganization that enhances connectivity
and boosts pollination efficiency (CaraDonna et al., 2017). However, during exceptionally poor flowering periods,
such as 2017, the limited availability of outcross pollen likely reduced pollination efficiency, highlighting that
positive density dependence is an important driver of pollination efficiency in our system.

While reduced pollination efficiency likely contributed to reproductive failure in 2017, it is important to note
that flower production in that year was extremely low to begin with (Fig. 2C), suggesting that the lack of floral input,
rather than solely pollen limitation, was the main proximate cause of fruiting failure. This distinction underscores
the need to consider both flower and fruit dynamics when interpreting the drivers of reproductive variability (Fleurot
et al., 2023; Bogdziewicz et al., 2025).

The rewiring observed in pollination networks between high and low-flowering years can be largely explained
by the life histories of the insect species involved. In high-flowering years, Bombus species dominated. Their
social structure, large size and mobility, and generalist diet allow both functional and numerical responses to pulsed
flowering (Westphal et al., 2006; Crone, 2013; Spiesman et al., 2017). In contrast, solitary bees such as Andrena
and Lasioglossum, which are univoltine (Packer, 1991; Bossert et al., 2024), are marginalized in high-flowering
years. Their one-generation-per-year life cycles appear to limit their ability to mount rapid demographic responses
to floral pulses. Thus, in low-flowering years, Bombus remain key pollinators, but Andrena and Lasioglossum play
a proportionally larger role. With overall flower density reduced, even low-density solitary bee populations can
cover a greater share of available resources, increasing their relative importance in the network. Apis mellifera
showed variable presence, the causes of which may be due to anthropogenic factors (e.g., translocation of apiaries
in the vicinity of Babia Géra).

Our results, together with limited evidence from other systems, suggest that the prevailing paradigm, i.e.,
that animal-pollinated plants exhibit lower interannual variability in reproduction (CVp) due to selection against
pollinator satiation (Kelly & Sork, 2002; Pearse et al., 2016; Qiu et al., 2023; Bogdziewicz et al., 2024b), may
need to be reconsidered. Rather than selecting against masting per se, animal pollination may reduce the need for
the extreme reproductive variability observed in wind-pollinated species. In wind-pollinated plants, high flower
densities are required to ensure successful pollen transfer, which favors strong reproductive synchrony and high
CVp (Kelly et al., 2001; Bogdziewicz et al., 2020a). For example, in European beech (Fagus sylvatica) or black
beech (Nothofagus solandri), population-wide pollination efficiency declines to 5% in poor flowering years but can
exceed 60-80% in years characterized by large and synchronous flowering effort (Kelly ez al., 2001; Szymkowiak
et al., 2024b; Pesendorfer et al., 2024). In contrast, animal-pollinated species can maintain effective pollination
even at relatively low floral densities due to the targeted delivery of pollen by animal vectors. In our system, even
the very poor flowering year (2017) was characterized by a mean pollination efficiency of 35%, and estimated
pollination efficiency reached 65% when tree-level flowering was still relatively low (20 inflorescences).

Growing evidence, including our findings, shows that pulsed flowering often triggers numerical or behavioral
responses in pollinator communities that buffer against pollinator satiation and pollen limitation (Momose et al.,
1998; Crone, 2013; Kondo et al., 2016). Moreover, pollen addition experiments in several animal-pollinated
masting species report no signs of pollen limitation during mast years, indicating that pollination remains effective
even under highly variable flowering (e.g., Pias & Guitidn, 2006; Brookes & Jesson, 2007; Griffiths et al., 2010;
Crone, 2013). That contrasts with wind-pollinated masting species that show pollen limitation when flowering
is low (Pearse et al., 2015; Bogdziewicz et al., 2020b). Therefore, the generally lower CVp observed in animal-
pollinated species may reflect a reduced reliance on extreme flowering variation, made possible by inherently higher
pollination efficiency (Isagi et al., 1997; Venner et al., 2016), rather than selection against masting itself.

One limitation of our study is that conclusions regarding pollination dynamics are based on insect abundance
estimated from passive traps, without direct observation of flower visits or pollen loads. Future work should
validate these patterns with direct behavioral observations or pollen transport assays. However, our central finding,
that pollination efficiency increases with flowering intensity and remains high at peak flowering, relies on direct

measurements of flower and fruit production. This result demonstrates that pollinators are not overwhelmed during
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mast years, countering common assumptions about pollinator satiation in animal-pollinated masting species.

In summary, our findings help clarify how animal-pollinated species can sustain pronounced masting without
compromising pollination success. This sheds light on a key uncertainty in the literature: how mutualistic
interactions persist under extreme flowering variability. Careful generalization based on available evidence suggests
that pollinators are not satiated by masting events (Ashton et al., 1988; Crone & Lesica, 2006; Pias & Guitian, 2006;
Brookes & Jesson, 2007; Griffiths et al., 2010; Crone, 2013). To the extent that this holds, the baseline expectation
shifts: rather than interpreting low CVp in animal-pollinated species as a trade-off imposed by mutualism, we
may instead interpret high CVp in wind-pollinated species as an adaptation to inefficient pollen transfer. This
repositions animal-pollinated species within masting theory: they are not exceptions constrained by pollinator
dynamics, but taxa in which selection for masting is simply weaker. If wind pollination is the key enabler of strong
selection for high CVp, then the evolution of wind pollination itself may represent a macroevolutionary precondition
for the emergence of pronounced masting. This would make masting a more clade-specific trait, contingent on
particular evolutionary innovations such as abiotic pollen dispersal (Dale et al., 2021). Where masting does occur
in animal-pollinated lineages, it may be better explained by other selective agents, such as economies of scale in
seed predation or environmental prediction (Ascoli et al., 2020; Satake et al., 2021; Szymkowiak et al., 2024a),
operating independently of pollination mode. Comparative analyses might, therefore, shift from treating pollination
mode as a constraint to testing whether wind pollination acts as a precursor to the evolution of strong masting (high
CVp).

References

Alarcén, R., Waser, N.M. & Ollerton, J. (2008). Year-to-year variation in the topology of a plant—pollinator
interaction network. Oikos, 117, 1796-1807.

Appanah, S. & Chan, H.T. (1981). Thrips: the pollinators of some dipterocarps. Malaysian Forester, 44, 234-252.

Ascoli, D., Hacket-Pain, A., LaMontagne, J.M., Cardil, A., Conedera, M., Maringer, J. ef al. (2020). Climate
teleconnections synchronize picea glauca masting and fire disturbance: Evidence for a fire-related form of

environmental prediction. Journal of Ecology, 108, 1186-1198.

Ashton, P.S., Givnish, T.J. & Appanah, S. (1988). Staggered flowering in the dipterocarpaceae: New insights into

floral induction and the evolution of mast fruiting in the aseasonal tropics. The American Naturalist, 132, 44—66.

Bliithgen, N., Friind, J., Vazquez, D.P. & Menzel, F. (2008). What do interaction network metrics tell us about
specialization and biological traits? Ecology, 89, 3387-3399.

Bogdziewicz, M., Chybicki, 1., Szymkowiak, J., Ulaszewski, B., Burczyk, J., Szarek-Lukaszewska, G. et al.
(2024a). Masting and efficient production of seedlings: Balancing costs of variation through synchronised
fruiting. Ecology letters, 27, e14514.

Bogdziewicz, M., Kelly, D., Ascoli, D., Caignard, T., Chianucci, F., Crone, E.E. et al. (2024b). 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.A., Lageard, J.G. & Hacket-Pain, A. (2020a). Climate
change strengthens selection for mast seeding in european beech. Current Biology, 30, 3477-3483.e2.

Bogdziewicz, M., Kelly, D., Zwolak, R., Szymkowiak, J. & Hacket-Pain, A. (2025). Dynamics, mechanisms, and

consequences of mast seeding. Annual Reviews in Ecology, Evolution, and Systematics.

12



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

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

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

Bossert, S., Hung, K.L. & Neff, J. (2024). Evolutionary history and ecology of andrena (foveoandrena) androfovea:
A new nearctic mining bee (hymenoptera, andrenidae) species and subgenus. Ecology and Evolution, 14,
€70453.

Brookes, R.H. & Jesson, L.K. (2007). No evidence for simultaneous pollen and resource limitation in aciphylla
squarrosa: A long-lived, masting herb. Austral Ecology, 32, 370-377.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A. et al. (2017). glmmTMB
balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. The R
Journal, 9, 378-400.

Burkle, L.A., Marlin, J.C. & Knight, T.M. (2013). Plant-pollinator interactions over 120 years: loss of species,
co-occurrence, and function. Science, 339, 1611-1615.

CaraDonna, P.J., Petry, W.K., Brennan, R.M., Cunningham, J.L., Bronstein, J.L., Waser, N.M. et al. (2017).
Interaction rewiring and the rapid turnover of plant—pollinator networks. Ecology Letters, 20, 385-394.

Clark, J.S., Nufiez, C.L. & Tomasek, B. (2019). Foodwebs based on unreliable foundations: spatiotemporal masting
merged with consumer movement, storage, and diet. Ecological Monographs, 89, e01381.

Crone, E.E. (2013). Responses of social and solitary bees to pulsed floral resources. American Naturalist, 182,
465-473.

Crone, E.E. & Lesica, P. (2006). Pollen and water limitation in astragalus scaphoides, a plant that flowers in

alternate years. Oecologia, 150, 40-49.

Dale, E.E., Foest, J.J., Hacket-Pain, A., Bogdziewicz, M. & Tanentzap, A.J. (2021). Macroevolutionary con-
sequences of mast seeding. Philosophical Transactions of the Royal Society B: Biological Sciences, 376,
20200372.

Dormann, C.F., Gruber, B. & Fruend, J. (2008). Introducing the bipartite package: Analysing ecological networks.
R News, 8, 8-11.

Ebeling, A., Klein, A.M., Schumacher, J., Weisser, W.W. & Tscharntke, T. (2008). How does plant richness affect
pollinator richness and temporal stability of flower visits? Oikos, 117, 1808-1815.

Fletcher, Q.E., Boutin, S., Lane, J.E., Lamontagne, J.M., Mcadam, A.G., Krebs, C.J. et al. (2010). The functional
response of a hoarding seed predator to mast seeding. Source: Ecology, 91, 2673-2683.

Fleurot, E., Lobry, J.R., Boulanger, V., Debias, F., Mermet-Bouvier, C., Caignard, T. ef al. (2023). Oak masting

drivers vary between populations depending on their climatic environments. Current Biology.

Gonzélez, A.M.M., Dalsgaard, B. & Olesen, J.M. (2010). Centrality measures and the importance of generalist
species in pollination networks. Ecological Complexity, 7, 36-43.

Griffiths, M.E., Tsvuura, Z., Franklin, D.C. & Lawes, M.J. (2010). Pollination ecology of isoglossa woodii, a
long-lived, synchronously monocarpic herb from coastal forests in south africa. Plant Biology, 12, 495-502.

13



362

363

364

365

366

367

368

369

370

371

372

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

Hacket-Pain, A., Szymkowiak, J., Journé, V., Barczyk, M.K., Thomas, P.A., Lageard, J.G.A. et al. (2025). Growth
decline in european beech associated with temperature-driven increase in reproductive allocation. Proceedings
of the National Academy of Sciences, 122.

Holeksa, J., Jaloviar, P., Kucbel, S., Saniga, M., Svoboda, M., Szewczyk, J. et al. (2017). Models of disturbance

driven dynamics in the west carpathian spruce forests. Forest Ecology and Management, 388, 79-89.

Isagi, Y., Sugimura, K., Sumida, A. & Ito, H. (1997). How does masting happen and synchronize? Journal of
Theoretical Biology, 187, 231-239.

Journé, V., Hacket-Pain, A. & Bogdziewicz, M. (2023). Evolution of masting in plants is linked to investment in

low tissue mortality. Nature Communications, 14, 7998.

Kelly, D., Hart, D.E. & Allen, R.B. (2001). Evaluating the wind pollination benefits of mast seeding. Ecology, 82,
117-126.

Kelly, D. & Sork, V.L. (2002). Mast seeding in perennial plants: Why, how, where? Annual Review of Ecology
and Systematics, 33, 427-447.

Knight, T.M., Steets, J.A., Vamosi, J.C., Mazer, S.J., Burd, M., Campbell, D.R. ef al. (2005). Pollen limitation of
plant reproduction: pattern and process. Annual Review of Ecology, Evolution, and Systematics, 36, 467-497.

Kobro, S., Sgreide, L., Djgnne, E., Rafoss, T., Jaastad, G. & Witzgall, P. (2003). Masting of rowan sorbus aucuparia
1. and consequences for the apple fruit moth argyresthia conjugella zeller. Population Ecology 2003 45:1, 45,
25-30.

Kondo, T., Otani, T., Lee, S.L.. & Tani, N. (2016). Pollination system of shorea curtisii, a dominant species in hill
dipterocarp forests. Journal of Tropical Forest Science, 28, 318-323.

Michaud, T.J., Pearse, L.S., Kauserud, H., Andrew, C.J. & Kennedy, P.G. (2024). Mast seeding in european beech
(fagus sylvatica 1.) is associated with reduced fungal sporocarp production and community diversity. Ecology
Letters, 27, €14460.

Mitchell, R.J., Flanagan, R.J., Brown, B.J., Waser, N.M. & Karron, J.D. (2009). New frontiers in competition for
pollination. Annals of Botany, 103, 1403—-1413.

Momose, K., Yumoto, T., Nagamitsu, T., Kato, M., Nagamasu, H., Sakai, S. et al. (1998). Pollination biology in a
lowland dipterocarp forest in sarawak, malaysia. i. characteristics of the plant-pollinator community in a lowland

dipterocarp forest. American Journal of Botany, 85, 1477-1501.

Miiller-Haubold, H., Hertel, D. & Leuschner, C. (2015). Climatic drivers of mast fruiting in european beech and
resulting ¢ and n allocation shifts. Ecosystems, 18, 1083—1100.

Packer, L. (1991). Behavioral ecology and sociobiology the evolution of social behavior and nest architecture
in of the subgenus evylaeus (hymenoptera: Halictidae): a phylogenetic approach. Behavavioral Ecology and
Sociobiology, 29, 153-160.

Paulsen, T.R. & Hogstedt, G. (2002). Passage through bird guts increases germination rate and seedling growth in
sorbus aucuparia. 16, 608—616.

Pearse, 1.S., Koenig, W.D., Funk, K.A. & Pesendorfer, M.B. (2015). Pollen limitation and flower abortion in a
wind-pollinated, masting tree. Ecology, 96, 587-593.

14



399

400

401

402

403

404

405

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

Pearse, 1.S., Koenig, W.D. & Kelly, D. (2016). Mechanisms of mast seeding: resources, weather, cues, and
selection. New Phytologist, 212, 546-562.

Pearse, 1.S., LaMontagne, J.M., Lordon, M., Hipp, A.L. & Koenig, W.D. (2020). Biogeography and phylogeny of
masting: do global patterns fit functional hypotheses? New Phytologist, 227, 1557-1567.

Pesendorfer, M.B., Ascoli, D., Bogdziewicz, M., Hacket-Pain, A., Pearse, I.S. & Vacchiano, G. (2021). The ecology
and evolution of synchronized reproduction in long-lived plants. Philosophical Transactions of the Royal Society
B: Biological Sciences, 376, 20200369.

Pesendorfer, M.B., Bogdziewicz, M., Koenig, W.D., Ledwon, M. & Zywiec, M. (2019). Declining fruit production
before death in a widely distributed tree species, sorbus aucuparia l. Annals of Forest Science, 76, 1-7.

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.

Petanidou, T., Kallimanis, A.S., Tzanopoulos, J., Sgardelis, S.P. & Pantis, J.D. (2008). Long-term observation
of a pollination network: fluctuation in species and interactions, relative invariance of network structure and

implications for estimates of specialization. Ecology Letters, 11, 564-575.

Pias, B. & Guitidn, P. (2006). Breeding system and pollen limitation in the masting tree sorbus aucuparia 1.
(rosaceae) in the nw iberian peninsula. Acta Oecologica, 29, 97-103.

Qiu, T., Aravena, M.C., Ascoli, D., Bergeron, Y., Bogdziewicz, M., Boivin, T. et al. (2023). Mutualist dispersers
and the global distribution of masting: mediation by climate and fertility. Nature Plants, 9, 1044—-1056.

Rapp, J.M., Mcintire, E.J. & Crone, E.E. (2013). Sex allocation, pollen limitation and masting in whitebark pine.
Journal of Ecology, 101, 1345-1352.

Satake, A., Yao, T.L., Kosugi, Y. & Chen, Y.Y. (2021). Testing the environmental prediction hypothesis for

community-wide mass flowering in south-east asia. Biotropica, 53, 608-618.

Seget, B., Bogdziewicz, M., Holeksa, J., Ledwori, M., Milne-Rostkowska, F., Lukasz Piechnik et al. (2022a). Costs
and benefits of masting: economies of scale are not reduced by negative density-dependence in seedling survival
in sorbus aucuparia. New Phytologist, 233, 1931-1938.

Seget, B., Bogdziewicz, M., Holeksa, J., Ledwor, M., Lukasz Piechnik, Milne-Rostkowska, F. et al. (2022b).
Masting increases seedling recruitment near and far: Predator satiation and improved dispersal in a fleshy-
fruited tree. Journal of Ecology, 110, 2321-2331.

Spiesman, B.J., Bennett, A., Isaacs, R. & Gratton, C. (2017). Bumble bee colony growth and reproduction depend
on local flower dominance and natural habitat area in the surrounding landscape. Biological Conservation, 200,
217-223.

Szymkowiak, J., Bogdziewicz, M., Marino, S. & Steele, M.A. (2024a). Community-wide masting improves

predator satiation in north american oaks. Forest Ecology and Management, 569, 122172.

Szymkowiak, J., Hacket-Pain, A., Kelly, D., Foest, J., Kondrat, K., Thomas, P.A. et al. (2024b). Masting ontogeny:
the largest masting benefits accrue to the largest trees. Annals of Botany, 135, 697-706.

15



435

436

437

439

440

441

442

443

444

445

446

Venner, S., Siberchicot, A., Pélisson, P.F., Schermer, E., Bel-Venner, M.C., Nicolas, M. et al. (2016). Fruiting
strategies of perennial plants: A resource budget model to couple mast seeding to pollination efficiency and

resource allocation strategies. American Naturalist, 188, 66-75.

Westphal, C., Steffan-Dewenter, I. & Tscharntke, T. (2006). Foraging trip duration of bumblebees in relation to
landscape-wide resource availability. Ecological Entomology, 31, 389-394.

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,
€2105655119.

Zywiec, M., Holeksa, J. & Ledwon, M. (2012). Population and individual level of masting in a fleshy-fruited tree.
Plant Ecology, 213, 993-1002.

Zywiec, M. & Ledwori, M. (2008). Spatial and temporal patterns of rowan (sorbus aucuparia 1.) regeneration in
west carpathian subalpine spruce forest. Plant Ecology, 194, 283-291.

16



« Supporting Information

xs  Dynamic pollinator networks maintain pollination efficiency during mast flowering in an
uo insect-pollinated tree

17



Table S1: Between-year differences in flowering, pollination efficiency, and insect abun-
dance. Table shows the results of year-to-year post-hoc comparisons from GLMMs that included
year as a fixed effect, while treeID was a random intercept. The model testing for differences in
pollination efficiency was fitted with a binomial error structure and a logit link function. At the
same time, those that included the number of inflorescences and insect abundance as responses
had a negative binomial error distribution and a log link function. The main effect of year
was significant for all three responses, i.e., flowering: (Wald’s x> = 210.5, df = 3, p < 0.001),
pollination efficiency (Wald’s x2=140.2, df = 3, p < 0.001), and insect abundance (Wald’s x2=
21.1,df =3, p < 0.001).

Contrast Z p

Number of inflorescences

2017 vs. 2018 -12.48 <0.001
2017 vs. 2019 -7.69  <0.001
2017 vs. 2020 -12.87 <0.001
2018 vs. 2019  5.13  <0.001
2018 vs. 2020 -0.87  0.819
2019 vs. 2020 -6.36  <0.001
Pollination efficiency

2017 vs. 2018  -9.75 <0.001
2017 vs. 2019 -4.12  <0.001
2017 vs. 2020 -5.68 <0.001
2018 vs. 2019  8.36  <0.001
2018 vs. 2020  7.88  <0.001
2019 vs. 2020 -2.30  0.099
Insect abundance

2017 vs. 2018  -0.16  0.998
2017 vs. 2019 142  0.484
2017 vs. 2020  4.07  <0.001
2018 vs. 2019  1.56  0.401
2018 vs. 2020  4.11  <0.001
2019 vs. 2020  2.69  0.037
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