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Abstract

Questions: Mast seeding, i.e. synchronous highly variable seed production

among years, occurs in many perennial plant species and across diverse plant

communities. Two predominant hypotheses for mast seeding are pollination

efficiency and predator satiation, with weather conditions as a proximate cause.

Little consensus has been achieved regarding the relative impacts of ultimate

selection and proximate weather on variation in seed production. Moreover,

mast-seeding studies often focus on a single species or phylogenetically closely

related species, while studies on plant communities consisting of tree species

with a diversity of reproductive strategies are less common.

Location: A 25-ha Changbaishan temperate forest dynamic plot, northeast

China.

Methods: We used 8 yr of seed rain data to characterize patterns and evaluate

underlying selective drivers of mast seeding. We employed generalized linear

mixed-effects models (GLMMs) to analyse the relationships between inter-

annual variability of mast seeding and weather conditions.

Results: All 20 species in this forest community exhibited high variability in

annual seed production, but the magnitude of seed production among species

was generally asynchronous across years. Wind-pollinated species had higher

inter-annual variation of seed production than animal-pollinated species, while

species dispersed by seed predators and abiotic modes (e.g. wind and gravity)

showed little variation. Species responded individually to weather conditions for

both temperature and precipitation, and spring phenology in the same year as

seed production had a larger effect among species than both the weather condi-

tions of the same summer and season-long lags.

Conclusions: Our findings suggest that pollination efficiency hypothesis had a

much stronger effect than predation satiation hypothesis on mast seeding, and

weather conditions demonstrated the proximate role of weather drivers in pro-

ducing the community-wide mast-seeding pattern. We emphasize the need to

simultaneously assess drivers of mast seeding for multiple species within a plant

community.

Introduction

Temporal and spatial variations in seed production by

plant species drive population dynamics, community

assemblages and biodiversity maintenance in forest

ecosystems (Norden et al. 2007; Canham et al. 2014).

Mast seeding, the synchronous and highly variable seed

production among years by a population of perennial

plants (Kelly et al. 2008), is a pattern observed in a large

number of species (Janzen 1976; Kelly 1994; Kelly & Sork

2002). Increased pollination efficiency and predator satia-

tion (Janzen 1971) have been considered as two predomi-

nant selective factors favouring the evolution of mast

seeding (Nilsson & W€astljung 1987), with weather condi-

tions as a proximate explanation (Schauber et al. 2002;

Smaill et al. 2011).
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Pollination efficiency hypothesis suggests that wind-

pollinated plant species (that are beyond the constraints

of pollinator satiation) may have higher pollination effi-

ciency during massive and synchronized flowering events

(Norton & Kelly 1988; Smith et al. 1990; Koenig et al.

2003). In contrast, mast seeding may decrease the repro-

ductive success of animal-pollinated plant species because

animals are more likely to be saturated by large flower-

ing events (Herrera et al. 1998; Kelly et al. 2001). There-

fore, it could be expected that wind-pollinated plant

species would be more likely to display mast seeding

than animal-pollinated species. We reviewed 71 studies

by searching the literature for inter-annual variation in

seed production in two databases (‘Web of Science’ and

‘Google Scholar’), and found that 11 studies tested the

pollination efficiency hypothesis (Appendix S1). Two of

these studies explicitly compared the inter-annual vari-

ability in seed-fall against the selective factor of pollina-

tion vector, and found that wind-pollinated species had a

larger mean coefficient of variation (CV, a typical mea-

sure of variability for mast seeding; Kelly 1994) than ani-

mal-pollinated species, thus supporting the pollination

efficiency hypothesis (Herrera et al. 1998; Kelly & Sork

2002). The remaining nine studies, focusing on single or

several species (Appendix S1), tested pollination effi-

ciency at the species level, and seven of these provided

support.

Predator satiation hypothesis suggests that large inter-

mittent seed crops can benefit predator-dispersed plants

by improving the chance of seeds escaping predation

during a mast year (Janzen 1971; Kelly 1994; Fletcher

et al. 2010). Predator dispersal (dispersal by animals that

predominantly behave as seed predators; Janzen 1971;

Herrera et al. 1998) might be affected positively by

either directly enhancing dispersal or by improving the

chances of some seeds escaping post-dispersal predation

(Herrera et al. 1998; Vander Wall 2002). Predator-dis-

persed species are expected to be temporally much more

variable than those dispersed by inanimate means (Her-

rera et al. 1998). In our literature review, we found 19

studies that tested this hypothesis, and 18 of them pro-

vided strong evidence (see Appendices S1 and S2b). For

instance, a 29-yr study on Pinus ponderosa showed a

markedly lower rate of seed predator attack during mast

years compared with years of low seed production (Lin-

hart et al. 2014). Kelly & Sork (2002) conducted a liter-

ature review of 570 mast-seeding data sets, and found

that predator-dispersed plant species had higher CVs

than species dispersed by other animals, supporting the

predator satiation hypothesis.

Weather factors (e.g. temperature and precipitation)

have been associated with levels of seed production and

can act as a cue or veto for variation and synchrony in

mast seeding (Janzen 1971; Crone et al. 2009). In tem-

perate forests, seasonality in temperature most likely

regulates flowering and fruiting phenology (Norton &

Kelly 1988; Molau et al. 2005), but the drivers may vary

across species. For instance, the proximate weather dri-

ver for a very large seed crop (mast year) in Nothofagus

is a very warm austral summer in the year before flow-

ering (Kelly et al. 2008). However, P�erez-Ramos et al.

(2010) showed that inter-annual patterns of precipita-

tion affected seed production of Quercus ilex during the

initial (spring) and advanced (summer) stages of acorn

maturation. Seed production is complex and can be

influenced by a variety of weather factors simultane-

ously (Schauber et al. 2002; Sel�as et al. 2002; Krebs

et al. 2012). Moreover, weather drivers of mast seeding

often showed lag effects (Schauber et al. 2002; Kelly

et al. 2008). For instance, a warmer summer and cool

winter in the previous year increased seed production

for spruce (Sel�as et al. 2002).

Although both the pollination efficiency and predator

satiation hypotheses and the effect of weather conditions

onmast seeding have been well studied and discussed for a

diverse array of plant species, several gaps exist in our cur-

rent understanding of mast seeding. First, little consensus

has been achieved regarding the relative importance of

ultimate selection and proximate weather on variation in

seed production and their concurrent effects (Moreira

et al. 2014). We found that most studies (41 of 71; 56%)

tested only one driver, whereas only nine studies (13%)

tested multiple drivers (Appendix S2a). Second, commu-

nity-wide observations of seed production are rare

(Appendix S2b; but see Yasaka et al. 2008; Chang-Yang

et al. 2015). Among the 71 mast-seeding papers we

reviewed, 57 (80.3%) focused on single species or a few

phylogenetically closely related species, while only 14

(20%) studied multiple species, but in no more than five

families (e.g. Howe et al. 2012; Kelly et al. 2013;

Appendix S2b). Studies of multiple species within a com-

munity are of importance for temperate forests, where

many dominant species undergo mast seeding (Silvertown

1980; Kelly & Sork 2002). Simultaneous mast seeding at

the same site could benefit many plant species by protect-

ing their seeds from predation and damage, especially for

the less common species that might not have large enough

numbers on their own to satiate generalist predators

(Cadotte et al. 2006; Yi et al. 2011). Third, the lack of

long-term monitoring of seed production in diverse forest

communities hampers our understanding and prediction

of plant communities in response to species-specific repro-

ductive pressure and changing climates over time (Ostfeld

& Keesing 2000). In our literature review, only eight of 71

studies had more than 8 yr of seed dispersal data for multi-

ple species across different families (Appendix S2c), and
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most of these studies focused on species over large geo-

graphic areas rather than an entire community. Thus, it is

of broad interest to understand how different factors act in

driving temporal reproduction patterns of multiple species

within a community (Herrera et al. 1998; Kelly & Sork

2002).

In this study, we used an 8 yr collection of seed trap

data to evaluate the variation and synchrony of seed

production for 20 woody plant species in an old-growth

temperate forest. We tested the pollination efficiency

and predator satiation hypotheses by comparing inter-

annual variation in seed-fall (Herrera et al. 1998; Kelly

& Sork 2002), and also examined how weather condi-

tions influence seeding variability. We predicted that: (i)

wind-pollinated species had more synchronous and

intermittent seed crops over time than animal-pollinated

species (Nilsson & W€astljung 1987); (2) predator-dis-

persed species had higher inter-annual variation in seed

production than species dispersed by abiotic modes, such

as wind and gravity (Janzen 1971); and (3) changes in

temperature and precipitation would be associated with

temporal variation in seed production (Smaill et al.

2011).

Methods

Study site

This research was conducted in the 25-ha (500 m 9

500 m) Changbaishan temperate forest dynamic plot

(42°230 N, 128°050 E) in northeast China, which is located

in the broad-leaved Korean pine (Pinus koraiensis) mixed

forest in the core zone of Changbai Mountain National

Nature Reserve. The climate of the area is characterized by

the moist temperate monsoon. Mean annual daily temper-

ature is 2.8 °C (–13.7 °C in January and 19.6 °C in July),

and annual precipitation is approximately 700 mm per

year, most of which occurs between June and August

(Yang & Li 1985).

The Changbaishan plot was established by the Chinese

Academy of Sciences (CAS) in collaboration with the Cen-

ter for Tropical Forest Science – Forest Global Earth Obser-

vatory (CTFS-ForestGEO), an international network of

more than 63 long-term forest dynamics research sites

(Anderson–Teixeira et al. 2015; http://www.forestgeo.

si.edu). Within the plot, all free-standing trees at least

1 cm DBH have been mapped, tagged and identified to

species (Condit 1998; Hao et al. 2007). During the first

census in 2004, a total of 38 902 living stems belonging to

52 species, 32 genera and 18 families were recorded. The

dominant tree species included Pinus koraiensis (PIKO),

Tilia amurensis (TIAM), Quercus mongolica (QUMO), Fraxi-

nus mandshurica (FRMA), Ulmus japonica (ULJA) and Acer

mono (ACMO) (Hao et al. 2007).

Seed rain data

In 2006, 150 seed traps were set up in a relatively regular

pattern within the 25-ha plot. The maximum distance

among seed traps was 31 m (Li et al. 2012). Each trap was

0.5 m2 (0.71 m 9 0.71 m) in area and was made of fine,

flexible mesh supported on a PVC structure. Seeds were

collected biweekly from May to December and once per

month from January to April. All seeds, fruits, seed-bear-

ing fruit fragments, flowers, capsules and other reproduc-

tive structures that fell into seed traps were identified and

counted (Zhang et al. 2008; Li et al. 2012). Seeds were

judged to be mature if they were plump, and otherwise

considered as immature. For species with more than one

seed per fruit, seed number within each fruit was counted

as the mean seed count per mature fruit for each species

(Li et al. 2012).

Seed production was determined as the number of

mature seeds of each species falling into all 150 traps. All

seed rain data during eight full phenological years from

May 2006 to Apr 2014 were used for this study. To ensure

data reliability for the inter-annual variation of seed pro-

duction for the community level, we excluded species with

fewer than 30 seeds across 8 yr (most of them came from

only one or two seed traps), and a total of 20 species were

included to test the pollination efficiency and predator

satiation hypotheses.

Reproductive traits

We assigned reproductive strategies (pollination and dis-

persal vectors) to each of the 20 species. Pollination vectors

were classified into animal-pollinated (insect), wind-polli-

nated or both (Liu 1955; Li et al. 2012; Wang et al. 2014).

Ten species were animal-pollinated, six were wind-polli-

nated, and four could be pollinated by both wind and ani-

mals (Table 1). Dispersal modes were animal-dispersed,

gravity-dispersed or wind-dispersed, where four species

were animal-dispersed, three gravity-dispersed and 13

wind-dispersed, and all four animal-dispersed species were

predator-dispersed (Table 1).

Weather data

Daily temperature and precipitation data were obtained for

the years 2005–2014 from the Meteorological Observation

Field of Changbai Mountain Forest Ecosystem Station,

CAS (~1.5 km distance from our plot). Precipitation was

recorded once per day, and temperature was recorded

three times per day, at 08:00, 14:00 and 20:00 h. To test

the effects of weather cues on mast seeding, we used these

daily data to calculate seasonal averages (summer (June–
August) and winter (December–February) of the previous
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year, spring (March–May) and summer of the current

year), including mean maximums, mean minimums,

mean values of temperature and total precipitation, as well

as these variables during flowering and fruiting periods of

the current year. According to Li et al. (2012) and our field

observations (2013–2015), the flowering periods for the

seven mast-seeding species were from May to July

(Table 2) and the fruit ripening period were mainly from

July to September.

Statistical analyses

Variability and synchrony in seed production

For each species, to evaluate the strength of inter-annual

variation of seed production during the 8 yr period we

used the CVyear, the SD of annual seed abundance

divided by the mean (Kelly 1994). To divide years into

mast years and non-mast years, we used the standardized

deviate method (see LaMontagne & Boutin 2009). In

assessing mast-seeding patterns, we only included species

that occurred in more than five seed traps (we did not

count two traps as sampling separate trees if they were

spatially adjacent), where each trap had at least 100 seeds

each of the species trapped during the 8 yr period. As a

result, four species were included in these analyses of

mast seeding (Table 1).

To detect temporal synchrony patterns on seed pro-

duction among species, Spearman correlations were

used for all pair-wise comparisons of species based on

raw seed counts. Spearman correlations were used

because the data were not bivariate normally dis-

tributed (Quinn & Keough 2002; LaMontagne & Boutin

2007). We were particularly interested in the temporal

synchrony of congeneric species (one pair of Tilia, one

pair of Populus, and 21 pairs for seven Acer species).

This is because congeneric species tended to share bio-

logical similarities and annual variability in seed output

depended significantly on taxonomic affiliation at the

genus and species levels (Herrera et al. 1998).

Testing for pollination efficiency and predator satiation

hypotheses

Although the data set on fruit set in large flowering

events and seed predation in masting years are benefi-

cial to evaluate pollination efficiency and predator satia-

tion, the strong associations between annual variability

in seed production and pollination vectors or dispersal

modes have been widely accepted (Kelly 1994; Herrera

et al. 1998). Thus to test for differences in CVyear among

the 20 species with different reproductive strategies we

conducted a weighted ANOVA, taking into account that

differences in seed abundance among species might

affect the reliability of CVyear. CVyear values were

weighted by the total seed number per species (Queen-

borough et al. 2009). Prior to ANOVA, Shapiro-Wilk

Table 1. Taxonomic information and masting measures for species seed collected, in ordered of descending seed abundance in a 25-ha temperate forest

plot. CVyear = inter-annual variation in seed number for each species.

Species Name Species Code Family Total Seed Abundance Mean CVyear Dispersal Mode Pollination Vector

Tilia amurensis TIAM Tiliaceae 282 115 0.991 Gravity Insect

Fraxinus mandshurica FRMA* Oleaceae 108 065 1.093 Wind Insect

Ulmus japonica ULJA* Ulmaceae 35 277 1.345 Wind Wind

Acer mono ACMO Aceraceae 19 517 0.990 Wind Wind & Insect

Acer pseudo-sieboldianum ACPS* Aceraceae 15 250 1.421 Wind Wind & Insect

Quercus mongolica QUMO Fagaceae 7792 0.560 Animal Insect

Betula platyphylla BEPL Betulaceae 3100 2.781 Wind Wind

Acer barbinerve ACBA Aceraceae 3094 1.849 Wind Insect

Pinus koraiensis PIKO* Pinaceae 2327 1.970 Animal Wind

Acer tegmentosum ACTE Aceraceae 1431 1.670 Wind Wind & Insect

Tilia mandshurica TIMA Tiliaceae 579 1.345 Gravity Insect

Acer mandshuricum ACMA Aceraceae 502 1.098 Wind Insect

Populus koreana POKO Salicaceae 414 1.116 Wind Wind

Maackia amurensis MAAM Leguminosae 311 2.296 Gravity Insect

Acer triflorum ACTR Aceraceae 261 1.330 Wind Wind & Insect

Populus ussuriensis POUS Salicaceae 164 1.123 Wind Wind

Corylus mandshurica COMA Betulaceae 122 1.593 Animal Wind

Malus baccata MABA Rosaceae 110 1.814 Animal Insect

Syringa reticulata SYRE Oleaceae 58 1.869 Wind Insect

Acer ginnala ACGI Aceraceae 39 1.104 Wind Insect

*These species were used to identify mast-seeding behaviour.
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and Bartlett tests were used to evaluate the assumptions

of normality and equal variance (Zar 1999) for all three

levels of pollination vector (P = 0.09, 0.40) and dispersal

mode (P = 0.08, 0.85), with each test shown.

Weather drivers on seed production

Weather conditions influence reproductive dynamics

through either cueing (usually favourable, e.g. warm

summers; Kelly & Sork 2002; Schauber et al. 2002) or

vetoing (usually unfavourable, e.g. frosts or rain; Kelly

et al. 2008). We chose a subset of species as examples

to examine responses to weather factors by taking

advantage of specific-species plant biology. We selected

PIKO, the key coniferous species in the mixed forest,

and species with more than 5000 seeds across the 8 yr

(Tables 1 and 2). For these seven species, we used a

GLMM to model their seed production from 2006 to

2014 as a function of weather conditions (Blume et al.

2007). The GLMM included a Poisson–distributed
response variable of the total seed abundance of all spe-

cies falling into each seed trap across years, with

weather conditions as independent variables and indi-

vidual trap code and year included as random effects.

We standardized the values of the continuous explana-

tory variables by subtracting the mean value of the

variable and dividing by 1 SD (Schielzeth 2010). To

reduce multicollinearity, we ran pair-wise correlations

among all climate variables, and reduced our set of vari-

ables using a correlation threshold of 0.7 (Dormann

et al. 2013) resulting in retaining two to six weather

variables for each species.

All statistics were calculated in R 3.2.2 (R Foundation

for Statistical Computing, Vienna, AT). GLMMwas carried

out in the R package ‘lme4’.

Results

Variability and synchrony in seed production

For the 20 plant species studied, a total of 480 528 mature

seeds were collected during the 8 yr (Table 1). Seed pro-

duction showed substantial temporal variation (Figs 1 and

2). The CVyear of seed production ranged from 0.56, indi-

cating low variability across years, to 2.78, with a median

of 1.43. Seventeen of the 20 species had a CV > 1 (two

others were 0.990 and 0.991). All four species used for

masting analyses were undergoing mast seeding during

2006–2014. Among these four species, ACPS and PIKO

had one mast year during the period of study, while FRMA

and ULJA had twomast years (Fig. 2).

The two Tilia species (TIAM and T. mandshurica) were

statistically synchronous over time (rs = 0.86, P < 0.001),

while the two Populus species were not significantly syn-

chronous over time (rs = 0.57, P = 0.15). For the seven

Acer species, only five out of 21 pairs showed significant

synchrony (Appendix S3). In addition, we found signifi-

cant synchrony between PIKO and Corylus mandshurica

(rs = 0.91, P < 0.001), and between PIKO and QUMO

(rs = 0.76, P = 0.03); these three species are all animal-

dispersed (Appendix S3, Table 1).

Testing pollination efficiency hypotheses and predator

satiation

For the pollination efficiency hypothesis, wind-pollinated

species had a significantly higher mean CVyear than either

animal-pollinated species or species pollinated by bothwind

and animals (F = 4.66, P = 0.024; Fig. 3a). With respect to

the predator satiation hypothesis, the weighted ANOVA

showed that mean CVyear was marginally significantly

Table 2. Response of seed production to weather variables over time. The significance of each weather factor was quantified using GLMM and individual

trap code and collection year were used as random factors. T = temperature; P = precipitation; MinT = minimum temperature; MaxT = maximum tempera-

ture; MinP = minimum precipitation; MaxP = maximum precipitation. The full names of all species can be found in Table 1. Note: significance values from

the GLMMwere tested using z-scores and indicated with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.

Weather Variable TIAM FRMA ULJA ACMO ACPS QUMO PIKO

Flowering Time June–July June May May May May June

MaxT_May 0.535* –0.034*

P_ June 0.951*** –0.446 **

MaxT_Spring 0.96*** 0.240**

MinT_Spring –0.481* –0.244**

P_ Spring –0.979* –0.644* –0.844***

MaxT_Summer 1.454***

MinT_Summer –0.564**

P_Summer 1.253*** 0.116*** –0.395***

MinT_PreSummer 0.151***

MaxT_PreSummer –1.314***

MaxT_PreWinter 0.564***
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different among dispersal modes (Fig. 3b), with predator-

dispersed species tending to have a lower CVyear than species

with other dispersal vectors (F = 3.54, P = 0.052; Fig. 3b).

Weather drivers on seed production

Weather factors during spring flowering and seed ripen-

ing had significant effects on seed production for six of

the seven focal species (except TIAM; Table 2). During

spring, both low temperature and high precipitation

reduced seed production for ULJA, ACMO, ACPS and

QUMO. Species varied in their responses to similar

weather conditions. For example, precipitation during

flowering had different effects on seed production for

FRMA (positive) and PIKO (negative), and precipitation

during summer had positive effect for FRMA and nega-

tive effects for QUMO (Table 2). Lag effects were also

significant for some species, e.g. seed production of

ACPS was significantly positively associated with mini-

mum temperature of the previous summer and mean

maximum temperature of the previous winter. Overall,

the current spring phenology had a stronger effect on

seed production than both weather conditions of the

current summer and season-long lags.

Fig. 1. Interannual seed production for 16 species (removing the four species presented in Fig. 2) in the order of descending seed abundance between

the years 2006 and 2014. The full names of these species can be found in Table 1. [Colour figure can be viewed at wileyonlinelibrary.com].
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Discussion

Using 8 yr of seed trap data from a 25-ha old-growth tem-

perate forest community, we examined the variation and

synchrony of seed production of multiple species, and

tested the validity of pollination efficiency, predator satia-

tion and weather drivers in explaining inter-annual varia-

tion in seed production. Our results support the hypothesis

that pollination efficiency can select for the evolution of

mast seeding (Nilsson &W€astljung 1987), but provide only

Fig. 2. Annual seed production for the four species that met the filtering criteria (synchrony) and with CVyear > 1 in the order of descending seed

abundance from 2006 to 2014 in the Changbaishan, China (left panels). The dashed line represents the long-term mean seed production during the study.

Filled squares represent mast seeding years for each species, and open dots are non–mast years. The full names of these species can be found in Table 1.
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weak support for the predation satiation hypothesis (Jan-

zen 1971; Kelly 1994). The fact that correlations between

seed production of six out of seven species used to examine

responses to weather factors and weather conditions were

significant indicates the proximate role of weather drivers

in producing themast-seeding pattern.

Our findings contribute to the growing literature sup-

porting the pollination efficiency hypothesis (Nilsson &

W€astljung 1987; Norton & Kelly 1988; Kon et al. 2005;

Moreira et al. 2014). In general, animals (e.g. insects) are

more likely to provide diseconomies of scale since stronger

competition for pollinators in animal-pollinated plant spe-

cies could actually decrease pollination success when high

flowering effort occurs (Rathcke & Lacey 1985; Herrera

et al. 1998; Kelly et al. 2001). We found that wind-polli-

nated plant species had higher inter-annual variation in

seed production than animal-pollinated plants, suggesting

that pollination efficiency is a selective factor favouring the

evolution of mast seeding (Kelly & Sork 2002). Although

previous studies showed that community-wide synchrony

of large flowering events among plants could augment the

visitation rates by attracting more pollinators (Augspurger

1981), for animal-pollinated species, the reproductive dis-

advantages that only a limited proportion of flowers can be

visited and pollinated during mast years was supported

(Herrera et al. 1998).

Regarding the predation satiation hypothesis, we found

that inter-annual variation in seed production was only

slightly stronger among predator-dispersed taxa than abi-

otically dispersed taxa. Further, among the four predator-

dispersed species, only two pairs (PIKO and QUMO; PIKO

and COMA) showed significant interspecific synchrony.

These results provide only a limited contribution to the

‘predator satiation’ hypothesis. Several factors might have

contributed to these results. First, spatial and temporal

variation in seed production can lead to fluctuations in

seed-hoarding rates and prey switching, whichmight facil-

itate seed escape from animal predation at low levels of

seed production (Fletcher et al. 2010). Having seed escape

from predators is undoubtedly one of the major ecological

and evolutionary determinants of mast seeding in poly-

carpic plants (Ims 1990; Herrera et al. 1998). Second, seed

availability during relatively low-seed years might still sati-

ate the hoarding activity of predators (e.g. Cydia fagiglan-

dana in Nilsson & W€astljung 1987; Picea glauca in Fletcher

et al. 2010). In our study, among the four predator-

dispersed species, PIKO, QUMO and COMA had seed pro-

duction proportional to their population sizes. In addition,

asynchrony among the four predator-dispersed species

might reflect inconsistencies among plant species in the

benefits and costs of synchronous seed production between

species (e.g. facilitation and competition; Herrera et al.

1998; Razafindratsima&Dunham2016).

Weather conditions can influence reproductive

dynamics through either resource budgets (e.g. weather

affecting resources; Satake & Bjørnstad 2008) or synchro-

nizing plants through cueing or vetoing (Kelly & Sork

2002; Kelly et al. 2008). On the one hand, inter-annual

fluctuations in seed production are consistent with the

idea that weather affects resources and regulates inter-

annual seed production (Koenig et al. 1994a,b; Kon

et al. 2005; Satake & Bjørnstad 2008); i.e. resources accu-

mulated during a period of low seed production might be

sufficient for more than 1 yr of heavy seed production

( _Zywiec et al. 2012). On the other hand, we found strong

correlations between seed production and weather condi-

tions, which is consistent with previous studies that show

that weather triggers the variation and synchrony in mast

Fig. 3. Mean (� SD) interannual variation of seed production (CVyear) weighted by seed abundance, for dispersal mode (a) and pollination vector (b) of 20

studied species. Significant differences of mean CVyear between vectors within each of these three reproductive traits are indicated by different letters

(ANOVAweighted by seed abundance of each species, P < 0.05).
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seeding (McKone et al. 1998; Schauber et al. 2002;

Smaill et al. 2011). Species varied greatly in their

response to weather conditions for both temperature and

precipitation over time. However, community-wide eco-

logical processes are probably not influenced by a single

weather factor, but rather by a suite of weather variables

accompanied by interactions among a suite of life-history

strategies. For instance, weather-driven environmental

filtering might cause seasonal fluctuations in the phylo-

genetic patterns of phenology (e.g. flowering and seed

production) in a community (Razafindratsima & Dunham

2016).We found higher sensitivity of seed production to

spring flowering for six of seven focal species than the

current summer and season-long lags (only for individual

species). This suggests that the pattern of spring phenol-

ogy plays an important role in the seed production pat-

tern of this temperate forest community. Changes in

spring phenology of flowering (Fitter & Fitter 2002; Par-

mesan & Yohe 2003) associated with climate warming

are common in temperate forests. These analyses can

improve our ability to predict community-wide reproduc-

tive regeneration and dynamics (Ostfeld & Keesing 2000)

under climate warming.

Due to the restricted length of seed rain collection (8 yr)

in our study, we cannot critically detect periodicity in

inter-annual seed production. For example, oak species

have been found to undergo mast seeding in several tem-

perate forests (e.g. Espelta et al. 2008; Pearse et al. 2014),

but our 8 yr of data for oak species in the Changbaishan

plot showed relatively small variation in inter-annual seed

production. The on-going efforts to continually monitor

long-term dynamics of seed dispersal in the CTFS-Forest-

GEO network, including our study plot, will greatly benefit

our understanding of mast seeding, especially of multiple

species in the plant community, in the near future (Ander-

son–Teixeira et al. 2015).Mass flowering andmast seeding

has been shown to be a community-wide phenomenon at

the Lambir CTFS-ForestGEO site in Malaysiaand, the 25-

ha Fushan forest plot of northern Taiwan (Sakai et al.

1999; Chang-Yang et al. 2015). In addition, further field-

work on measuring more related parameters for flower

production and seed predation rate could benefit our con-

clusions and understanding of mast seeding ecology.

In conclusion, our results suggest that within a temper-

ate forest community, the spatial and temporal seed pro-

duction patterns of species is an adaptive reproductive

strategy based on the species’ pollination vector (abiotic or

biotic), overlaid with the influence of weather (Kelly &

Sork 2002). This finding highlights the need to simultane-

ously consider both evolutionarily selective mechanisms

and proximate weather causes at both population and

community levels. Further studies of reproductive syn-

chrony (e.g. flowering and seed production) in plants

deserve special consideration in their own right (Ims

1990). The improved knowledge of inter-annual variation

and causes of seed production, especially mast seeding, at

both an individual and community level will increase our

understanding of plant life-history evolution (Curran &

Leighton 2000), vegetation dynamics (Ostfeld & Keesing

2000) and plant–animal interactions (Herrera et al. 1998;

Curran & Leighton 2000; Hegland et al. 2009) under a

changing climate.
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