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. inapopulation of Quercus schottkyana, a dominant oak in Asian evergreen broad-leaved forests, and

assess if weevil infestation contributes to low seedling recruitment. We counted the number of acorns
produced, daily from the end of August to mid-late November for 9 years from 2006-2014. We also
recorded the rate of acorn infestation by weevils and acorn germination rates of weekly collections.
Annval acorn production was variable, but particularly low in 2011 and 2013. There was no trade-
off between acorn production and acorn dry mass. However, acorns produced later in the season
were significantly heavier. For most years: (i) the rate of weevil infestation was negatively density
dependent (a greater proportion of acorns died with increased acorn density), (ii) the percentage
germination of acorns was positively density dependent (proportionately more acorns germinated
with increased density), and (iii) as the season progressed, the percentage of infested acorns declined
while germination rates increased. Finally, (iv) maximum acorn production, percentage infestation and
percentage germination were asynchronous. Although pre-dispersal mortality is important it is unlikely
to be the primary factor leading to low recruitment of oak seedlings.

Pre-dispersal seed predation may cause the destruction of a great proportion of the seeds produced by plants and
is often the main limitation of the number of seeds to be dispersed'~>. Consequently, plants have evolved a variety
of traits that minimize the negative effects of seed predation such as antipredator defenses*, larger seeds’, irregular
inter-annual phenology® and production of seeds’® and premature abortion of infested seeds®. In addition, the
presence and abundance of natural enemies influences the extent of pre-dispersal seed predation'®. The aim of
this study was to explore pre-dispersal losses of acorns of Quercus schottkyana caused by weevil infestation and to
investigate adaptations by the oak to mitigate these losses.

Quercus schottkyana (Cyclobalanopsis glaucoides in the Flora of China'!) is the dominant species of oak in the
Asian evergreen broad-leaved forests in Southwestern China!>!%. These forests contain more than 20,000 species
of higher plants (6% of the world’s total) along with many unique animal species'®. As the dominant species in
this ecosystem, Q. schottkyana provides the major structural component for the forests of Yunnan Province and
as such provides habitat for many other plants and animals; however seedlings of Q. schottkyana and other oaks
are not very abundant'>!6. Recruitment of Q. schottkyana from acorns is problematic and currently populations of
Q. schottkyana mainly depend on recruitment by resprouting’>!”. An understanding of the factors that influence
the long-term survival of Q. schottkyana forests, particularly acorn production and their germination, is critical
to the maintenance of these forests and subsequently the biodiversity they support. It is necessary, therefore, that
we attempt to identify some of the factors that ultimately influence oak seedling establishment by initially investi-
gating acorn production, pre-dispersal predation (mostly weevil infestation) and acorn germination.

Annual acorn production by Q. schottkyana is variable and one of the simplest explanations is that plants
respond to variable weather conditions by producing more seed in good years”®. However, the primary objec-
tive of our study was to investigate how variation in acorn production ultimately influences pre-dispersal
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Figure 1. Weekly acorn production and weekly estimated infestation and germination numbers by Quercus
schottkyana from 2006-2014. The timing of peak acorn production is indicated with a vertical dashed grey
line. Germination tests were not conducted on acorns collected in 2006, 2007 and 2013 (in 2013 too few acorns
were produced to permit germination tests). The two numbers above the bars in Fig. 1A are: (upper) total acorn
production - the total number of acorns collected in 50 circular basins each 30 cm diameter and a total area of
3.54m? (lower) acorn density - calculated as (total number of acorns produced/3.54 m?).

predation which in turn may influence acorn survival and germination. The major pre-dispersal predators are
weevils (Curculio, Coleoptera: Curculionidae) that infest acorns on the trees before the acorns fall to the ground.
Infestation by weevils can damage up to 49% of an annual acorn crop and limit the availability of quality acorns
for germination and seedling establishment'>. Weevils are one of the major causes of declining regeneration of
Quercus spp. in northwestern India'® and have been reported to infest or destroy up to 70% of acorns of Q.
crispula in Japan’, and >90% of acorns in eastern hardwood forests in the US'®?. Despite the dominance and
importance of Q. schottkyana to the integrity of these southern Chinese forests and the region’s biodiversity, few
studies have reported acorn production and rates of weevil infestation by any of the oak species in the subgenus
Cyclobalanopsis'>*' and their data are only for 1 or 2 years.

We monitored total weekly acorn production patterns, percentage infestation of acorns by weevils and per-
centage germination of acorns in Q. schottkyana over a 9-year period from 2006-2014 to determine if weevil
infestation has a significant impact on the number of acorns that survive and subsequently germinate. Our data
identify three strategies used by Q. schottkyana to mitigate the effects of pre-dispersal weevil infestation.

Results

Acorn production. Annual acorn production was variable but was particularly low in 2011 and 2013.
This resulted in significant between-year variation in acorn production (x?2,,,=179.7, p < 0.001; Fig. 1A;
Supplementary Table S1.1). Annual production ranged from a low of 13 acorns.m~2 in 2013, to a high of 759 m—2
in 2006 (Fig. 1A). Acorn production occurred between late August and mid-late November (weeks 35-48 in a 52
week year) and the timing of peak acorn production varied only slightly between years typically peaking in late
October (week 40 in 2006, week 41 in 2008, 2009, 2011, 2014, week 42 in 2012 and week 43 in 2007, 2010 and
2013). When data for all nine years are combined there is weekly variation in acorn production (X2, ,=182.52,
p <0.001, Supplementary Table S1.2) with a production peak during week 41.

The quality of acorns differed both within and between each of the nine years. Most acorns are mature when
dropped from the tree, but acorns dropped early in the season (weeks 35-37, late August to early September) had
adry mass <0.4g, and up to 59% were typically immature and were aborted. These immature acorns had small or
sometimes no cotyledons inside the pericarp upon collection. There was a difference in the size of acorns between
years (x?%;,, = 51.38, p < 0.001, Supplementary Table S1.3). When we accounted for variation in acorn size
between weeks, acorns produced later in the season were significantly heavier (Fig. 2A; % ,=46.52, p < 0.001;
Supplementary Table S1.4, Fig. S1A,). However, by comparing models with and without the total number of
acorns produced, we found no significant relationship between acorn size and the total number of acorns pro-
duced between weeks with the variation in acorn size (Fig. 2B, x% ;= 1.413, p=0.234, Supplementary Table S1.5,
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Figure 2. Relationship between dry mass (g) of acorns of Quercus schottkyana from 2006-2014, (A) throughout
the acorn production season and (B) and the weekly density of acorn production.

Fig. S1B,). Therefore, there was no trade-off between acorn production and acorn dry mass and heavy acorns were
produced in both high and low production weeks and years.

Infestation rates by weevils. There was variation in infestation rates of acorns by weevils between years
(Fig. 1B, x%,;; =41.65, p < 0.001, Supplementary Table S2.1) and weeks. Although there was an increase in infes-
tation rate between weeks 34 and 39, after week 39, infestation rates decreased over time (Fig. 3A, X22,4 =626.07,
p < 0.001; Supplementary Table S2.2). When we account for difference in production between years, there was
a significant negative density dependent relationship with an increasing rate of infestation by weevils as acorn
production increased (Fig. 3B, %% ,=215.81, p < 0.001; Supplementary Table S2.3). On average 34% of acorns
(SE=0.05) were infested by weevils.

Acorn germination. As with production and infestation, there was variation in germination
rates between years (X% 5= 31.06, p < 0.001, Supplementary Table $S3.1) and between weeks (Fig. 1C,
Supplementary Table S3.1). Percent germination increased throughout the season (Fig. 3C, x2,;=315.67,
p < 0.001 Supplementary Table §3.2). There was a positive density dependent relationship with percent-
age germination of acorns increasing with increasing acorn density (Fig. 3D, x?,=37.81, p=0.001;
Supplementary Table S3.3).

Timing of acorn production, weevil infestation and germination. When we combine data from
2006-2014 it is apparent that maximum acorn production (week 41), percentage infestation (week 39) and per-
centage germination (week 46) are not synchronous (Fig. 4) but in poor production years there was a tendency
for infestation rates to remain high throughout the year (Fig. 1).

Discussion
By conducting detailed weekly monitoring in a population of Quercus schottkyana for 9 seasons we have demon-
strated links between acorn production, acorn dry mass, acorn quality, weevil infestation and germination which
may have important implications for the persistence of this endemic oak. Our data demonstrate that Q. schottk-
yana has at least three pre-dispersal strategies that mitigate the effects of predation by weevils on its acorns. First,
it produces large numbers of acorns; second, it produces poor quality acorns early in the season that satiates most
of the weevils; third, it produces higher quality acorns later in the season that have a higher probability of germi-
nating, i.e. a temporal refuge. Points two and three combined provide the possibility that populations of Q. schott-
kyana may be able to satiate both small and large seed predators which is an unusual trait given the widespread
occurrence of a seed size - seed number trade-off>*?* in individual plants. It is of interest that many characteristics
of plant populations are the sum of those traits from the individuals comprising the population, for example, seed
production, even though there is consistent and wide interindividual variation**-2%, This in turn affects other
seed traits such as seed size and various selectively important processes such as pre- and post-dispersal predation
level. In higher production years, some acorns ‘escape’ infestation because of overproduction but these acorns are
also safe from weevil predation late in the growing season when the more viable acorns are produced. Thus, the
number of viable acorns that the population of trees produces is determined by the number of acorns produced
by all trees, acorn quality and the timing of production. This method of predator satiation used here by Quercus
schottkyana may be vulnerable in years when the population is unable to produce an abundance of acorns.
There are at least two major factors that influence acorn production and acorn quality, and ultimately deter-
mine the number of viable acorns available for germination - abiotic factors such as local variation in weather and
biotic factors such as seed predators.
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Figure 3. Relationship between the percentage infestation (A,B) and percentage germination (C,D) of acorns
of Quercus schottkyana dependent upon (A,C) the time during the acorn production season, and (B,D) the
density of yearly acorn production.

Abioticfactors. One of the primary aims of our study was to document long term acorn production (9 years)
at a fine scale (daily and weekly production); the study was not designed to determine causes of variability of
acorn production but a discussion of some potential causes is useful. One of the simplest explanations for variable
seed production is that plants respond to variable weather conditions by producing more seed in good years”®.
Weather conditions at the time of pollination can be good predictors of acorn crop size?. Acorn production is
likely influenced by spring rainfall in southern China, but also by other factors we have not yet identified. Various
weather characteristics, including temperature and rainfall, are widely considered as cues that influence acorn
production®. Weather conditions that result in poor acorn production include extended periods of rain during
the flowering period that reduce a tre€’s ability to pollinate®® and tolerate drought®'. This is corroborated here
where the two lowest acorn crops (2011, 2013) occurred in dry years and 2011 was an extremely severe drought.
Local weather influences pollination in some oaks through drought or temperature stress® and also has a direct
impact on the acorn crop size®2. Pollination of Q. schottkyana generally occurs before mid-April®. After pollina-
tion, the warmer temperatures in May and June promote ovules and young fruit*. The warmer weather during
spring time promotes megagametogenesis and embryogenesis and likely increases acorn production®*.The local
weather patterns especially during pollination can have a profound impact on yearly acorn production but this
requires more research in our region.

Biotic factors. Plants can increase the probability of seed viability and survival by episodically producing
large crops of seeds thereby satiating seed predators, or by producing larger seeds. A number of studies investi-
gating weevil attack on acorns have shown lower rates of infestation during years of high acorn production®. For
example, 66% of Q. liaotungensis (a variety of Q. mongolica)'® and 86% of chestnut oak acorns® were attacked by
weevils during years of lower acorn production and only 29% and 26% in high production years. Indeed, a nega-
tive correlation between seed crop size and predation rate by seed insects has been reported for many temperate
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Figure 4. Acorn production of Quercus schottkyana, percent infestation, and percent germination by week
of the year, combined for all years from 2006-2014.

tree species’. This is contrary to our results where, during the nine years, the greater the density of acorns the
higher the infestation rates. This negative density dependent relationship broke down in low-crop years. In years
2011 and 2013 when there was low acorn production, the percentage of infested acorns remained relatively high
throughout the season and only 3% acorns (in 2011) were viable at the time of dispersal compared with that of
36% in 2012 with a 9 times higher acorn density. Yi and Yang® also reported a negative density dependent rate of
weevil attack on acorns of Quercus aliena.

Insect herbivory frequently leads to reduced seed size with potential effects on seed germination, seedling size
and competitiveness®. Insect herbivores may also influence the evolution of seed size by inflicting a higher death
rate on some sizes of seeds than on others. For example, the acorn weevil Curculio glandium kills a significantly
greater proportion of small acorns than of larger acorns from the same tree® a result entirely consistent with our
data. Larger acorns in Quercus ilex had higher germination rates and seedling survival, accelerated germination
timing and enhanced seedling growth?. Nevertheless, there was also a direct negative effect of acorn size on
survival to predation, because large acorns were highly preferred by the main post-dispersal seed predators at the
study site, wild boars and wood mice. Many studies show trade-offs between seed number and seed size?*?* and
models have been developed based on this relationship®. Bonal et al.2 describe a complex interaction between
Quercus ilex and the weevil Curculio elephas in which both large seed crops and large acorns were effective in
satiating weevils. Bonal ef al.” detected the commonly occurring negative relationship between the number and
the size of the acorns, a relationship that precludes the possibility that the same tree could use both types of pred-
ator satiation. However, predatory weevils are not likely to distinguish individual trees but rather respond to the
density of acorns produced by all of the trees in their environs. While individual trees may not be able to simulta-
neously satiate both large and small predators of acorns?, the population as a whole may be able to do so. In our
study at the population level we specifically did not detect the seed size/number trade-off and this provides the
possibility that Q. schottkyana may be able to satiate both small and large seed predators. Larger acorns were pro-
duced in both high and low production weeks and years. Larger acorns in low crop years may be more effective in
satiating weevils because larger acorns increase the likelihood of embryo survival® although effective satiation by
larger acorns may be negated in years of lower acorn production.

These strategies have been classified as resistance and tolerance mechanisms?. Resistance mechanisms include
anti-herbivore adaptations including acorn quality and these act to lessen acorn consumption. In contrast, tol-
erance mechanisms do not prevent acorn consumption but act to reduce acorn loss such as by the satiation of
weevils by means of large but irregular seed crops* and by annual variation in phenology. Most pre-dispersal
predators are small, highly specialized insects, many of which develop inside the seed*. This practice of internal
seed consumption gives seed size an uncertain role in influencing the likelihood of seed survival. Although larger
seeds are more likely to suffer higher pre-dispersal predation than smaller seeds, larger seeds may have a higher
probability of surviving predation because they can satiate the developing larvae before they reach the embryo,
thus allowing continued development of the infested seeds.

We still do not know enough about our system to differentiate between at least four hypotheses: 1) the weevils
differentially select the small acorns produced early in the season, 2) weevils attack the first acorns produced
which happen to be small, 3) the early production of small acorns is a response by the oak to satiate weevils and
permit production of larger acorns with higher germinability later in the season and 4) if late-season acorns are
larger because they are produced late in the season, or if they are produced early season escape infestation and
have longer time to develop. These hypotheses wait further testing.
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Interaction of abiotic and biotic factors.  Quercus schottkyana appears to sacrifice acorns in the early sea-
son that are small and less likely to germinate even if they were not infested. This early dispersal of small infested
acorns that are not viable could be a short-term defensive strategy against later weevil infestation'®. Early abortion
and drop of immature acorns is common for species in the Fagaceae and it usually occurs prior to the dispersal of
the mature seeds. This is a general pattern by oak trees in response to seed predation by insects such as weevils*!.
An individual tree may save a considerable amount of energy if infested acorns are aborted early’’; although
47% of acorns were attacked by weevils in the high crop year in 2006, because of the larger crop size, the absolute
number of acorns that were not infested was still greater than that in the lower crop years such as 2011 and 2013.
In lower crop years, weevils were not satiated by the early crop of small acorns and thus continue to infest acorns
later into the season - this only occurred in 2011 and 2013 when few viable acorns were produced over the entire
season. Acorns produced later in the year were both heavier and had higher germination rates. In normal to high
acorn crop years, the trees may experience suitable abiotic conditions, acorn production is higher, weevils infest
acorns in the early season, weevils are satiated and the remaining acorns germinate. These results highlight the
importance of annual variation in production, size and quality of Q. schottkyana acorns in satiating and defending
weevil infestation and consequently in successful acorn dispersal.

This leads us to ask why we see so few oak seedlings in this region. Every factor we measured points towards
an oak-weevil system where, under most conditions, both are able to leave successful offspring. However, under
unusually dry conditions (e.g. 2011), the relationship breaks down and the oak produces few viable acorns. In
addition, those acorns that escape weevil infestation and are successfully dropped to the ground are then vulner-
able to post-dispersal predation. In our study site, post-dispersal drought and infestation by various Coleoptera
(Curculionidae) damage almost all the acorns on the ground by late May at the beginning of the wet season
during which acorns can germinate*. In the Iberian Peninsula, up to 100% of the total acorn crop of Q. ilex was
consumed by predators (wild boars and wood mice)*>*. Acorns therefore, move through a series of selective
filters in which, if they are too small they may be aborted, while larger acorns may mature but become more
susceptible to weevil infestation. Those that escape infestation and are dispersed i.e. dropped to the ground, are
then subject to seed predators. We showed that larger acorns had a higher probability of germination yet there
must be a trade-off because larger acorns are also more vulnerable to predators and dispersers*. Nevertheless, a
few successful oak seedlings may be adequate to maintain these forests because, on average each individual adult
tree simply has to replace itself. If on average an individual Q. schottkyana lives for 120 years, then on average,
each individual has to leave only one successful offspring every 120 years. Successful reestablishment requires an
episodic event or ecological crunch®, that greatly reduces the number of herbivores for one, or a few, years and
during these herbivore-reduced conditions, seedlings may be able to grow past the vulnerable stages and success-
fully recruit to the community.

This region of southern China has experienced an increasing number of droughts and the recent drought in
2011 was especially severe. In addition to periodic stress from drought, since 1960 the number of rainy days has
decreased significantly*®. Thus, trees may be experiencing long-term stress from fewer rainy days, as well as more
periodic stress events from yearly drought events. These more abnormal conditions can contribute to a break-
down of the reproduction process in an already stressed tree. Our data from the low acorn production years of
2011 and 2013, suggest that acorn production likely responds to different abiotic cues.

As weather becomes more variable, both acorns (as prey) and weevils (as predators) cannot be expected to
alter their phenology simultaneously and are thus unlikely to remain synchronous. Changes in climate patterns
may lead to the breakdown of population-level processes where oak and weevils respond differently to abiotic
cues. Climatic variation may result in closely correlated responses and synchrony of population changes in
some species*”*® and may influence population dynamics of one species through changes in food supplies and
in another species through abiotic influences on reproduction. In the oak-weevil system we might expect that
the highest rate of acorn infestation should occur at the peak of acorn production. However, our data show that
peak infestation by weevils generally occurs just prior to peak acorn production and the maximum germination
rate occurs well after peak infestation. This asynchronous timing and negative density dependent infestation has
likely developed over many years allowing some large acorns to escape predation and survive to germinate while
providing small acorns to weevils as food. There is yearly variability around these typical conditions but general
phenological and negative density dependent processes allow predator and prey to coexist in relative stability.
Changing climatic norms and increasing variability in weather intensity may break this pattern threatening both
predator and prey.

The dynamics of populations interact in complex ways within a community responding to both abiotic and
biotic events. In this study, external factors, primarily abiotic effects, can be extremely variable and exert a strong
influence on the dynamics of acorn populations. The survival of acorns with the potential to recruit into the oak
population are regulated by negative density dependent predation by weevils which themselves may be directly
influenced by other external forces. Additional research needs to be done in our system to investigate if there is
a direct link between large-scale climatic events, regional weather patterns and oak and weevil reproduction and
their interactions. These links have been difficult to make® and require many years of data and experimentation
to address, but are essential if we are to understand how climate change will impact important ecosystems such
as the one we study*. The negative density dependent relationship between acorn production and the rate of
weevil attack is essential to understanding the reproductive life cycle of Q. schottkyana. However, weevils cannot
be the only regulators of acorn seedling production. We are currently investigating the effects of other potential
post-dispersal seed predators such as birds and small mammals, and other herbivores that may attack acorns after
they germinate.
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Materials and Methods

Study site. The study site was in a mixed forest north of Kunming, Yunnan Province, China (N25°01°,
E102°41°). The forest has Castanopsis orthacantha Franch., Lithocarpus dealbatus (Hook. f. et Thoms. ex DC.)
Rehd., Quercus acutissima Carruth., Quercus aliena Bl., Alnus nepalensis D. Don. Within the forest is a natu-
ral pure stand of Q. schottkyana, approximately 70 trees in an area of ~1 ha. from which we collected acorns.
The region has a wet season (May-October) and a dry season (November-April) with an average 878 mm and
116 mm rainfall respectively®.

The weevils.  Curculio weevils usually lay their eggs in seeds from families such as Fagaceae, Betulaceae and
Juglandaceae. Eighty-nine species of these seed beetles (Coleoptera: Curculionidae: Curculioninae: Curculionini)
are known from China, 34 species from Yunnan Province and four species (C. beverlyae, C. hobbsi, C. bidens,
C. megadens) in our study region?"*!. Oak begins producing mature acorns usually in September and then they
are attacked by adult weevils, which emerge in spring or late summer depending on the species. Female weevils
climb to the tree canopy, mate, puncture the acorn and oviposit usually one egg®>**. However, subsequent ovi-
posits by the same or other females can occur and multiple larvae can develop within the same acorn®. Once the
larvae hatch inside the acorn they feed on the cotyledons until completing their development or until all the food
resources of the acorn are depleted®. By this stage the acorns have been dropped to the ground. The larvae then
bore an exit hole through the seed coat and over winter underground.

The oak. Quercus schottkyana produces acorns annually and pollination occurs in the spring®. Acorns
mature on the trees from late May to October and mature acorns fall to the ground between the end of August
and mid-late November. Germination and seedling establishment mostly occurs through the following summer.

Acorn production, infestation and germination. We counted the number of acorns produced between
2006 and 2014. Collections occurred daily, from the end of August to the end of November. To collect acorns we
randomly placed fifty 30 cm diameter plastic containers throughout the site each year. Each basin contained 3 cm
of sand to prevent acorns bouncing out. All of the acorns collected each week were packed in a loosely secured
paper bag and stored at 5°C until needed for further tests.

For the acorns collected each week, we determined the rates of acorn abortion and acorn infestation by weevils
using cut tests> on 30-90 acorns. Then we estimated the number of infested acorns in each week by multiplying
the total number of acorns we collected in each week by the infestation rate in the week. Moisture content and dry
mass of acorns were determined by drying 5-25 non-infested acorns at 103 °C for 17h*%. Most acorns die when
infested by weevils, so when we began germination tests in 2008 we used only acorns. From each weekly acorn
collection two to eight replicates (dependent upon the number of acorns produced) of fifteen non-infested acorns
were randomly chosen for germination tests. Acorns from each replicate were placed in a 90 mm Petri dish con-
taining 1% agar in water and kept at 25 °C in a germination cabinet. We considered acorns germinated when there
was a radical >2 mm long. Acorns were inspected every few days for 26 weeks to determine if germination had
occurred. All aborted acorns had undeveloped or no visible embryos/cotyledons and were not able to germinate.
When we were estimating the total number of germinated (viable) acorns in each week, we multiplied the total
number of sound acorns (acorns which were not aborted and not infested by weevils) collected that week by the
germination rates we obtained from germination tests of the sound acorns in that week.

Data analysis. We used likelihood ratio tests on Generalized Linear Mixed Models (GLMMs) to account
for differences in seed size, infestation and germination rates between either weeks or years. Models were built
using week-level data with weekly and/or yearly covariates to account for pseudoreplication. For all tests, we
used the most parsimonious random effect structure possible. When required, we compared the full model with
different random effect structures using Akaike Information Criteria (AIC)%. We specified Poisson distributed
errors for models of count data year, Gaussian errors for seed size data and binomially distributed errors for mod-
els describing infestation and germination rate data. We checked for over dispersion in all models using count
data as a response. Cross validation procedures were used to test the sensitivity and specificity of our results.
We randomly selected portions of our data set (90%) and iterated the analysis 100 times. All iterations provided
the same test results as those obtained using the complete data set (see details in Supplement Tables S1, S2, S3).
Because the locations for acorn collection were randomly placed each year, the yearly observations (estimated
based on weekly production, infestation and germination data) are independent. We used likelihood ratio tests
on Generalized Linear Models (GLMs) with binomial errors to determine if yearly weevil infestation rates and
germination rates on acorns depended on acorn production. We determined the nature of density dependent
relationships between infestation, germination and production by examining the sign of the slope of the relation-
ships estimated in the respective models. When the relationship resulted in regulation of the population size of
viable acorns, the density dependent relationship is negative, otherwise it is positive. All analyses were performed
in R 3.3.1°¢ (function:lmer and function::glmer in package:1me4*” etc.).

References
1. Vaughton, G. Predation by insects limits seed production in Banksia spinulosa var neoanglica (Proteaceae). Aust. J. Bot. 38, 335-340
(1990).
2. Siepielski, A. M. & Benkman, W. Seed predation and selection exerted by a seed predator influence tree densities in sub-alpine
communities. Ecology. 89, 2960-2966 (2008).
3. Espelta, J. M., Bonal, R. & Sanchez-Humanes, B. Pre-dispersal acorn predation in mixed oak forests: interspecific differences are
driven by the interplay among seed phenology, seed size and predator size. ] Ecol. 97, 1416-1423 (2009).

SCIENTIFICREPORTS | 6:37520 | DOI: 10.1038/srep37520 7



www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.
17.
18.

19.

20.
21.
22.
23.

24.
25.

26.

30.
31.
32.
33.
34.
35.

36.
. Sakai, S. & Harada, Y. Optimum size and number of seeds when seeds suffer pre-dispersal predation. Evol. Ecol. Res. 9, 599-617

38.
39.
40.

41.
42.

43.

44.
45.

46.
47.

48.
49.

. Hulme, P. E. & Benkman, C. W. Granivory in Plant-Animal Interactions: An Evolutionary Approach (eds Herrera, C. M. & Pellmyr, O.)

132-154 (Blackwell Publishing, 2002).

. Yi, X. E & Yang Y. Q. Large acorns benefit seedling recruitment by satiating weevil larvae in Quercus aliena. Plant Ecol. 209, 291-300

(2010).

. Moles, A. T. & Westoby, M. Seedling survival and seed size: a synthesis of the literature. J Ecol. 92, 372-383 (2004).

. Sork, V. L. Evolutionary ecology of mast-fruiting in temperate and tropical oaks (Quercus spp.). Vegetatio 107/108, 133-147 (1993).
. Kelly, D. The evolutionary ecology of mast seeding. Trends Ecol. Evol. 9, 465-470 (1994).

. Maeto, K. & Ozaka, K. Prolonged diapauses of specialist seed-feeders makes predator satiation unstable in masting of Quercus

crispula. Oecologia 137, 392-398 (2003).

. Van Der Meijden, E. & Klinkhamer, P. G. L. Conflicting interests of plants and the natural enemies of herbivores. Oikos, 89, 202-208

(2000).

Huang, C. J., Zhang, Y. T. & Bartholomew, B. Fagaceae In:, Flora of China, vol. 4. (eds. Wu, Z.-Y. & Raven, P. H.) 314-400 (Science
Press, 1999).

Editorial Committee for the Vegetation of Yunnan. The Vegetation of Yunnan, 193-231 (Science Press 1987).

Editorial Committee for the Vegetation of China. The Vegetation of China, 250-356 (Science Press 1995).

Yang, Y., Tian, K., Hao, J., Pei, S. & Yang, Y. Biodiversity and biodiversity conservation in Yunnan, China. Biodiv. Cons. 13, 813-826
(2004).

Su, W.-H. & Zhang, G.-F Dynamics of the seed bank of Cyclobalanopsis glaucoides In Cyclobalanopsis glaucoides forest on the Xishan
Mountain in Kunming. Acta. Bot. Yunn. 24, 289-294 (in Chinese with English abstract) (2002).

Yu, X.-D., Zhou, H.-Z. & Luo, T.-H. Spatial and temporal variations in insect-infested acorn fall in a Quercus liaotungensis forest in
North China. Ecol. Res. 18, 155-164 (2003).

Peng, J. & Ding, S.-Y. Study on upground biomass of Cyclobalanopsis glaucoides sprouted shrub community in the central part of
Yunnan plateau. ] Yunnan Univ. 14, 191-197 (in Chinese with English abstract) (1992).

Chandel, R. S., Sharma, I. D. & Sharma, K. C. Nut weevil infestation impact on acorn germination potential in Ban Oak, Quercus
leucotrichophora, in the Northwestern Himalayan Regions of India. J. New Seeds 7, 69-81 (2006).

Riccardi, C. L., McCarthy, B. C. & Long, R. P. Oak seed production, weevil (Coleoptera: Curculionidae) populations, and predation
rates in mixed-oak forests of south east Ohio In Proceedings of the 14th Central Hardwood Forest Conference. USDA Forest Service
(eds. Yaussy, D. A., Hix, D. M., Long, R. P. & Goebel, C. P.) 10-21 (Wooster, 2004).

Lombardo, J. A. & McCarthy, B. C. Silvicultural treatment effects on oak seed production and predation by acorn weevils in
southeastern Ohio. For. Ecol. Manag. 255, 2566-2576 (2008).

Wang, C.-Y. et al. Parasitism in acorns of Cyclobalanopsis glaucoides and Castanopsis delavayi (Fagaceae) and its impact on
population regeneration. Plant Div. & Res. 36, 629-638 (in Chinese with English abstract) (2014).

Jakobsson, O. & Eriksson, A. A comparative study of seed number, seed size, seedling size and recruitment in grassland plants. Oikos
88, 454-502 (2000).

Bonal, R, Mufioz, A. & Diaz, M. Satiation of predispersal seed predators: the importance of considering both plant and seed levels.
Evol. Ecol. 21, 367-380 (2007).

Healy, W. M., Lewis, A. M. & Boose, E. F. Variation of red oak acorn production. For. Ecol. Manage. 116, 1-11 (1999).

Greenberg, C. H. Individual variation in acorn production by five species of southern Appalachian oaks. For. Ecol. Manage. 132,
199-210. (2000).

Leishman, M. R. Does the seed size/number trade-off model determine plant community structure? An assessment of the model
mechanisms and their generality. Oikos. 2, 294-302 (2001).

. Gomez, J. M. Bigger is not always better: conflicting selective pressures on seed size in Quercus ilex. Evolution. 58, 71-80 (2004).
. Dhanapal, A. P. Genomics of crop plant genetic resources. Adv. Biosci. Biotechnol. 3, 378-385 (2012).
. Cecich, R. A. & Sullivan, N. H. Influence of weather at time of pollination on acorn production of Quercus alba and Quercus

velutina. Can. J. For. Res. 29, 1817-1823 (1999).

Peter, D. & Harrington, C. A. Synchronicity and geographic variation in Oregon white oak acorn production in the Pacific
Northwest. Northwest Sci. 83, 117-130 (2009).

Sork, V. L., Bramble, J. & Sexton, O. Ecology of mast fruiting in three species of North American deciduous oaks. Ecology 74,
528-541 (1993).

Koenig, W. B. & Knops, ]. M. H. The behavioral ecology of masting in oaks In Oak Forest Ecosystems, Ecology and Management for
Wildlife (eds McShea W. ]. & Healy, W. M.) 129-148 (Johns Hopkins University Press, 2002).

Deng, M., Zhou, Z.-K., Chen, Y.-Q. & Sun, W.-B. Systematic significance of the development and anatomy of flowers and fruit of
Quercus schottkyana (Subgenus Cyclobalanopsis: Fagaceae). Int. J. PI. Sci. 169, 1261-1277 (2008).

Koenig, W. D., Knops, J. M., Carmen, W. J., Stanback, M. T. & Mumme, R. L. Acorn production by oaks in central coastal California:
influence of weather at three levels. Can. J. For. Res. 26, 1677-1683 (1996).

Espelta, J. M., Cortés, P, Molowny-Horas, R. & Retana, J. Acorn crop size and pre-dispersal predation determine inter-specific
differences in the recruitment of co-occurring oaks. Oecologia 161, 559-568 (2009).

Crawley, M. J. Insect herbivores and plant population dynamics. Ann. Rev. Entomol. 34, 532-562 (1989).

(2007).

Stowe, K. A., Marquis, R. J., Hochwender, C. G. & Simms, E. L. The evolutionary ecology of tolerance to consumer damage. Annual
Review of Ecology and Systematics, 31, 565-595. (2000).

Crawley, M. J. & Long, C. R. Alternate bearing, predator satiation and seedling recruitment in Quercus robur L. ] Ecol. 83, 683-696
(1995).

Crawley, M. J. Seed predators and plant population dynamics in Seeds: The Ecology of Regeneration In Plant Communities (ed.
Fenner, M.) 167-181 (CAB International, 2000).

Boucher, D. H. & Sork, V. L. Early drop of nuts in response to insect infestation. Oikos. 33, 440-443 (1979).

Xia, K., Tan, H.-Y., Turkington, R. Hu, J.-J. & Zhou, Z.-K. Desiccation and post-dispersal infestation of acorns of Quercus
schottkyana, a dominant evergreen oak in SW China. Plant Ecol. doi: 10.1007/s11258-016-0654-1 (2016).

Goémez, ]. M. Importance of microhabitat and acorn burial on Quercus ilex early recruitment: non-additive effects on multiple
demographic processes. Plant Ecol. 172, 287-297 (2004).

Gomez, J. M. Bigger is not always better: conflicting selective pressures on seed size in Quercus ilex. Evolution. 58, 71-80. (2004).
Connell, J. H. Some mechanisms producing structure in natural communities: a model and evidence from field experiments In
Ecology and Evolution of Communities (eds. Cody, M. & Diamond, J.) 460-490 (Belknap Press, 1975).

Zhou, Y., Lu, X.-X., Xu, J.-C., Zhang, H. & Jiang, T. Systematic Assessment of Climate Change Impacts in Yunnan Province. China
Meteorological Press. 2011. (in Chinese).

Jiang, G. et al. Effects of ENSO-linked climate and vegetation on population dynamics of sympatric rodent species in semiarid
grasslands of Inner Mongolia, China. Can. J. Zool. 89, 678-691 (2011).

Stenseth, N. C. et al. Ecological effects of climate fluctuations. Science 297, 1291-1296 (2002).

Hallett, T. B. et al. Why large-scale climate indices seem to predict ecological processes better than local weather. Nature 430, 71-75
(2004).

SCIENTIFICREPORTS | 6:37520 | DOI: 10.1038/srep37520 8



www.nature.com/scientificreports/

50. Climatic Data Center, National Meteorological Information Center (CMA). China Meteorological Data Sharing Service System
Available at: http://cdc.nmic.cn/home.do. (Accessed: 2015) (2015).

51. Pelsue, E. W. Jr & Zhang, R. A Review of the genus Curculio from China with descriptions of four new taxa. Part V. The Curculio
dentipes (Roelofs) group (Coleoptera: Curculionidae: Curculioninae: Curculionini). Coleopterists Bull. 54, 293-303 (2005).

52. Menu, E Strategies of emergence in the chestnut weevil Curculio elephas (Coleoptera: Curculionidae). Oecologia 96, 383-390 (1993).

53. Bonal, R,, Mufioz, A. & Diaz, M. Satiation of predispersal seed predators: the importance of considering both plant and seed levels.
Evol. Ecol. 21, 367380 (2007).

54. ISTA. International Rules for Seed Testing (International Seed Testing Association, 2007).

55. Zuur, A. F, Ieno, E. N, Walker, N. ], Saveliev, A. A. & Smith, G. M. GLMM and GAMM in Mixed effects models and extensions in
ecology with R (eds Zuur, A. E, Ieno, E. N., Walker, N. J,, Saveliev, A. A. & Smith, G. M.) 323-341 (Springer, 2009).

56. R Development Core Team, R (3.3.1): a language and environment for statistical computing Available at: https://www.r-project.org/
(Accessed: 2016) (2016).

57. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting Linear Mixed-Effects Models Using Ime4. Journal of Statistical Software 67,
1-48, doi: 10.18637/jss.v067.i01 (2015).

Acknowledgements

Funding was provided by the National Natural Science Foundation of China (NSFC) to KX (No. 31200318),
NSFC- Yunnan joint fund to support key projects (No. U1502231 and U1302262) and the Natural Sciences and
Engineering Research Council of Canada (NSERC) to RT. We thank Lei Fan for his assistance in the field and
laboratory in 2013 and 2014, Weibang Sun for permission to work in the study site and two anonymous reviewers
whose comments significantly improved this manuscript.

Author Contributions

K.X,, R.T. and Z.-K.Z. designed the study; K.X. collected all of the data and did all of the field work. W.H.
organized the statistical framework of the study and provided valuable advice on the final revisions. H.-Y.T.
developed the statistical framework from the early versions and performed the statistical analysis in the final
revision. K.X. and R.T. wrote the first draft but all authors contributed substantially to revisions.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xia, K. et al. Pre-dispersal strategies by Quercus schottkyana to mitigate the effects of
weevil infestation of acorns. Sci. Rep. 6, 37520; doi: 10.1038/srep37520 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:37520 | DOI: 10.1038/srep37520 9


http://cdc.nmic.cn/home.do
https://www.r-project.org/
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Pre-dispersal strategies by Quercus schottkyana to mitigate the effects of weevil infestation of acorns

	Results

	Acorn production. 
	Infestation rates by weevils. 
	Acorn germination. 
	Timing of acorn production, weevil infestation and germination. 

	Discussion

	Abiotic factors. 
	Biotic factors. 
	Interaction of abiotic and biotic factors. 

	Materials and Methods

	Study site. 
	The weevils. 
	The oak. 
	Acorn production, infestation and germination. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Weekly acorn production and weekly estimated infestation and germination numbers by Quercus schottkyana from 2006–2014.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Relationship between dry mass (g) of acorns of Quercus schottkyana from 2006–2014, (A) throughout the acorn production season and (B) and the weekly density of acorn production.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Relationship between the percentage infestation (A,B) and percentage germination (C,D) of acorns of Quercus schottkyana dependent upon (A,C) the time during the acorn production season, and (B,D) the density of yearly acorn production.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Acorn production of Quercus schottkyana, percent infestation, and percent germination by week of the year, combined for all years from 2006–2014.



 
    
       
          application/pdf
          
             
                Pre-dispersal strategies by Quercus schottkyana to mitigate the effects of weevil infestation of acorns
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37520
            
         
          
             
                Ke Xia
                William L. Harrower
                Roy Turkington
                Hong-Yu Tan
                Zhe-Kun Zhou
            
         
          doi:10.1038/srep37520
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37520
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37520
            
         
      
       
          
          
          
             
                doi:10.1038/srep37520
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37520
            
         
          
          
      
       
       
          True
      
   




