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Abstract

Understanding intraspecific seed packaging (i.e. seed size/number strategy) variation
across different environments may allow a better knowledge of the ecological forces that
drive seed evolution in plants. Particularly, pre-dispersal seed predation may influence seed
packaging strategies triggering the reduction of resources allocated to undamaged seeds
within preyed fruits. Assessing plant reaction to pre-dispersal seed predation is crucial for a
better understanding of predation effects; however, this sort of plant response to arthropod
attacks remains unexplored. We assessed the effect of cone predation on the size and viability
of undamaged seeds on populations of Juniperus thurifera with contrasting seed packaging
strategies, single-large-seeded cones in North African populations and multi-small-seeded
cones in Southern Europe. Single-large-seeded African cones suffered from lower cone
predation incidence compared to multi-small-seeded European cones. Seeds from non-preyed
cones were larger and had a higher germination success than uneaten seeds from preyed
cones, but only in populations with multi-seeded cones and in cones attacked by Trisetacus
sp., suggesting a differential plastic response to predation. Pre-dispersal seed predation might
be a strong selective pressure in European populations with high cone predation rates. This
process might maintain multi-small-seeded cones and empty seeds as a strategy to save some
seeds from predation. Conversely, pre-dispersal predation might not have a strong effect in
African populations, which displayed single-large-seeded cones with seed germination and
filling rates higher than in European populations. Our results indicate that differences in pre-
dispersal seed predators and predation levels may affect both selection on and intraspecific

variation in seed packaging.

Keywords: Juniperus thurifera; seed number; seed size; deceptive fruits
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Introduction

Seed packaging, i.e. allocation of total seed content into a single large seed or several
small ones, constitutes one of the central trade-offs of plant ecology and evolution because,
given finite resources, an increase in seed size comes at expense of producing fewer seeds
(Leishman 2001). In general, large-seeded species produce seedlings with higher
establishment probabilities and growth rates, while small-seeded species produce a more
abundant offspring (Moles and Westoby 2004). Both, direct and accessory costs of producing
a seed increase with seed size (Lord and Westoby 2006). Particularly, in fleshy fruits, the
resources allocated to pulp, and consequently the parental cost of a seed, usually decrease as
seed number increases (Obeso 2004), leading to an optimal size/number combination.
However, seed packaging presents considerable intraspecific variability instead of being
constant within a species (Eriksson 1999; Mehlman 1993; Willson et al. 1990), and this may
represent an opportunity for selection.

Abiotic and biotic factors might act as selective agents driving seed trait variability
(Harper et al. 1970). Climatic conditions associated with geographical patterns influence
physiological processes and may explain the intraspecific variability found at large scale. In
general, a reduction in resources availability in harsher climatic conditions, such as high-
elevation, high-latitude or high aridity, may lead to a decrease in either seed viability or size
(e.g. Garcia et al., 2000; Guo et al., 2010; Moles et al., 2004; Murray et al., 2004). Dispersers
can also act as selective agents; fruit size can be constrained by gape width, adjusting also
seed size (Alcantara and Rey 2003; Jordano 1995; Levey 1987). Lighter seeds tend to be
longer retained in bird guts and, thus, dispersal efficiency increases (Obeso et al. 2011). Post-
dispersal predation may also exert a selective pressure towards smaller seeds that can be
buried easily and escape from disturbances and predators (Gémez 2004; Peco et al. 2003).

Finally, pre-dispersal predation may be a crucial selective pressure since it occurs when seeds
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are developing (Janzen 1971). Pre-dispersal predation can influence plant reproductive traits,
such as crop size, morphology and size of reproductive structures, flowering phenology, fruit
colour, fruit and seed size and mast seeding (Kolb et al. 2007, and references therein).
Particularly, pre-dispersal predators may exert selective pressure towards fruits with smaller
seeds or low number of seeds. They preferentially attack larger fruits that contain either more
seeds with a higher seed-to-pulp ratio which facilitates the oviposition (Knight 1987) or larger
seeds which produce larger predator off-spring (Moegenburg 1996). Therefore pre-dispersal
seed predation might influence the variability of seed packaging and function as an effective
selective pressure (Geritz 1998).

Models assume that small seed sizes may reduce the resources lost per seed preyed
(Sakai and Harada 2007). In addition, multi-seeded fruits could avoid the loss of the total
seed content reducing seed predation rate, i.e. the number of damaged seeds per total number
of seeds in each fruit. Satiating predators with a surplus of flowers, or immature fruits, or
producing seedless fruits can be strategies to reduce the negative consequences of pre-
dispersal predation (Stephenson 1981; Stowe et al. 2000; Traveset 1993). Likewise plants may
maintain non-viable inbred seeds making them available to predators to mitigate the impact
on viable outcrossing seeds (Ghazoul and Satake 2009).

Plants may plastically respond to pre-dispersal seed predators through detection of the
infection and selective abscission of the fruit causing a negative effect on the insect (Bonal
and Mufioz 2008; Fernandes and Whitham 1989; Verd( and Garcia-Fayos 1998). In multi-
seeded fruits, seed abortion is likely to occur when there is a second intact seed in the fruit to
prevent co-infestation (Meyer et al. 2014). Plants might also reduce the resources allocated to
attacked fruits leading to a size decrease of the remaining non-preyed co-occurring seeds,
which could have a detrimental effect on seed viability (Fernandes and Whitham 1989; Verdu

and Garcia-Fayos 1998). However, if plants do not respond to the attack by resource
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reduction, non-preyed co-occurring seeds would be larger by the elimination of a competing
seed within a cone, suggesting a lack of active response from the plant. Understanding how
plants react to insect attack is fundamental since it will change the final cost of predation and
the expected optimum strategy of seed packaging (Sakai and Harada 2007), although the latter
has been poorly explored. In addition, seed predators may differ in their feeding behaviour
imposing different costs to plants. In multi-seeded fruits, seed predators may eat either most
of the seeds they can (e.g. Herrera 1984) or only one seed within a fruit leaving some uneaten
viable seeds per preyed fruit (e.g. Bradford and Smith 1977). This could imply different costs
for predated plants that might trigger different plant responses to the attack.

The dioecious conifer Juniperus thurifera (Spanish juniper) displays female berry-like
cones that vary in seed size and number per cone between both sides of the Strait of Gibraltar,
presenting two different seed packaging strategies: European multi-small-seeded cones and
African single-large-seeded cones (Boratynski et al. 2013). Juniperus thurifera cones are
commonly preyed by pre-dispersal seed predators, mainly wasps and mites, which oviposit
before seed ripening and consume the resources allocated to seeds (Llorente and Alonso
2006; Mezquida and Olano 2013). These predators seem to display different feeding
behaviour (Garcia 1998; Rouault et al. 2004; El Alaoui and Roques 2006; Llorente and
Alonso 2006) that may exert different effects on seed packaging. Wasps parasitize individual
seeds per cone, whereas mites use seeds as growth chamber feeding on as many seeds as they
can. Also, J. thurifera seed abortion and pre-dispersal predators may not be homogeneously
distributed across its European populations (Montesinos et al. 2010). The combination of
different seed packaging strategies and different pre-dispersal predation pressures makes this
species an exceptional model to investigate the plastic response of plant populations to seed
predation. In this paper we assessed how pre-dispersal seed predation influences seed traits on

the Mediterranean endemic tree J. thurifera by (i) exploring pre-dispersal seed predation
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differences (i.e. predation rates, predator identity and preferences) and plastic responses to
predation in populations with contrasting seed packaging strategies, and (ii) assessing whether
seed viability of the co-occurring seeds within a preyed cone is reduced under high predation.
The evolutionary consequences of pre-dispersal predation on seed-packaging are also

discussed.

Materials and Methods
Study species

Juniperus thurifera L. (Cupressaceae) is a dioecious conifer tree up to 20 m height
with a conical to round or irregular crown. It is a long-lived (up to 600 years) tree endemic to
continental areas of the western Mediterranean Basin at altitudes ranging from 200 to 3400 m
(DeSoto et al. 2014; Gauquelin et al. 1999). It has been suggested as a dominant species
during the cold stages of the Pleistocene (Carrion et al. 2003) and currently, its range is over a
disjunct distribution in South Western Europe and North Africa. The most abundant
populations are in Spain (200,000 ha) and the Medium and High Atlas Mountains in Morocco
(30,000 ha; Gauquelin et al. 1999, and references therein).

Reproduction starts in early winter when male flower cones (3-4 mm long) shed their
pollen. Female flower cones are wind-pollinated, late-fertilised in April (5-6 months after
pollination) and ripen in about 20 months. The ripe female cones (hereafter cones) are dark
purple berry-like with a whitish waxy bloom, 7-11 mm in diameter and usually contain 1-5
seeds rarely more than 6 and up to 10 (Amaral-Franco et al. 1986; Boratynski et al. 2013).
Seed packaging strategies differ between both continents: (i) single-large-seeded cones from
African populations with fewer, larger and heavier seeds (averages of 1.3 seeds, 4.8 mm
length and 62 mg/seed) and (ii) multi-small-seeded cones from European populations with

smaller and lighter seeds (averages of 3.6 seeds, 3.8 mm length and 40 mg/seed; Boratynski et
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al. 2013; Online Resource, Fig. S1). Based on the number of seeds per cone for the closest
relatives of J. thurifera (Farjon 2005; Adams 2008), the ancestor was likely a multi-seeded
cone species (DeSoto et al. unpublished). Cone dispersers are birds, mainly thrushes (Turdus
spp.), and mammals, mainly small carnivores and sheep (Escribano-Avila et al. 2012). Two
types of pre-dispersal predators frequently eat J. thurifera seeds. Females of a chalcid wasp,
Megastigmus sp. (Hymenoptera, Torymidae), oviposit usually one egg per seed inside eight-
month immature cones in summer after fertilisation (Rouault et al. 2004). The resulting larva
develops within the seed, pupates the next summer, and emerges as an adult through an exit
hole in both seed and cone. Megastigmus sp. usually attacks only one seed per cone (Garcia
1998). The other predator, the mite Trisetacus sp. (Acarina, Nallepellidae), can attack several
times at different seed developmental stages, usually before fertilisation, and grows forming
colonies and feeding on the seeds during 18 months. Usually it damages more than one seed
within a cone and seeds become light brown and stick out of the cone (EI Alaoui and Roques
2006; Llorente and Alonso 2006; Montesinos et al. 2010). It is very rare to find both predators

in the same cone (Mezquida and Olano 2013).

Study sites and sampling procedure

We selected five populations, three in Spain: Luna (in the Cantabrian Range; 42°55'N,
5°51'W; 1,228m), Soria (41°47'N, 2°48'W; 1,150m) and Monegros Desert (here after
Monegros; 41°40'N, 0°21'W; 534m) and two in Moroccan High Atlas: Azzaden Oussem
(hereafter Oussem; 31°06'N, 7°57'W; 2,396m) and Tizi n” Techt (hereafter Techt; 31°10'N,
7°58'W; 1,994m). Luna and Soria were the moistest and coldest sampling sites, whereas
Monegros and the High Atlas were the warmest and driest with water deficit almost all year

round (see DeSoto et al. 2014 for a detailed description of the climate).
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These populations represented the variability of seed packaging strategies of the
species, African single-large-seeded cones in Morocco and European multi-small-seeded
cones in Spain (Online Resource, Fig. S1). In each population ca. 1,500 mature cones (at least
150 cones from 10 randomly chosen female trees) were haphazardly collected all around the
crowns to avoid orientation effects. Sampling was done in October 2010 in Morocco and
May-June 2011 in Spain since seed predators usually emerge from the seeds (and cones) in
late spring in Spain and in late summer in Morocco (El Alaoui and Roques 2006; Llorente and

Alonso 2006).

Pre-dispersal seed predation

To measure the incidence of pre-dispersal seed predation, a total of 5,240 cones from
the study populations (ca. 100 cones/tree) were dissected to evaluate the relationship between
predation and seed packaging strategies (single vs. multi-seeded cones). Cones were
embedded in sodium hypochlorite solution 1% for two days to clean the waxes and resins
(Garcia-Gonzalez et al. 2009). Then, we opened the cones and classified them as non-preyed
cones with non-preyed seeds or preyed cones with at least one preyed seed (Online Resource,
Fig. S1). We counted preyed, non-preyed and non-developed or aborted seeds for each cone,
and referred that as seed number (i.e. the total number of ovules found within a cone). We
explored the pre-dispersal seed predation occurrence on each population using two different
proxies. First, we estimated the seed predation rate as the number of preyed seeds in relation
to the total number of seeds in those preyed cones. Second, we calculated the cone predation
rate for each tree (percentage of preyed cones per tree) and classified them into Megastimus-
preyed or by Trisetacus-preyed cones. When possible, we completed the dataset by checking
predator attack in 100 cones more per tree (9,320 cones). Cones predated by Megastimus and

by Trisetacus present different morphology and were easily distinguished during the process.
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We evaluated the potential effect of seed predator on the size and viability of the
remaining non-preyed seeds within a preyed cone (hereafter co-occurring seeds) comparing
seed traits between Megastimus-preyed, Trisetacus-preyed and non-preyed cones. To do that
we weighed the non-preyed seeds of 30 non-preyed and 30 preyed cones per tree. Then, we
performed a germination test to estimate seed viability dependant to predation influence (see

below).

Seed viability

Seed viability was assessed using a germination test for seeds collected in Luna, Soria,
Monegros and Oussem. We selected seeds that did not have any morphological evidence of
damage and did not float in water, therefore considered a priori viable seeds (Garcia-
Gonzélez et al. 2009). We performed two germination experiments to test whether cone
predation affected seed viability and to explore general trends in seed viability between
populations and seed packaging strategies. In a first experiment, seed size was controlled,
while in the second experiment we only tested the effect of cone predation. (1) In order to
study the effect of seed size and seed predation on the germination of co-occurring seeds we
designed a factorial experiment with three factors: population, seed size and cone predation. A
total of 1,536 seeds were used in this experiment, 64 seeds per tree, from six different trees
and four populations. For each tree four Petri dishes were filled with wet sand and 16 seeds
which were chosen firstly by predation level (from preyed or non-preyed cones), and secondly
by seed size (small and large) selecting the eight largest or smallest seeds for each predation
level. (2) A larger experiment was set up to test the effect of seed predation on germination
using the remaining seeds collected in the four populations. 180 seeds were sown in each tray

filled with wet sand and 2-8 trays were used for each population, depending on the total
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number of seeds available (3,907 seeds in total). The origin, both tree and cone, of each seed
was also recorded.

We followed the method described by Garcia-Gonzalez et al. (2009) to induce seed
germination: seed scarification with sandpaper followed by water stratification with four
cycles of moisture-drought, and a two-month cold stratification at 5°C. Afterwards all Petri
dishes and trays were maintained in controlled conditions (15°C day / 10°C night temperature,
light PAR 80pmol m2s™, 16h photoperiod, 85% humidity) from May to October 2012 and
rotated weekly to avoid position effects within the growth chamber (Fitoclima D1200 PLH,
Aralab Inc.).

After the germination experiments, we dissected ca. 200 non-germinated seeds (100
from preyed cones and from 100 non-preyed cones) per population of the first experiment to
check for the occurrence of an embryo. We also dissected 220 seeds of six trees from the
Techt population, not included in the germination experiment. Seeds that did not contain an
embryo were considered as empty seeds (Online Resource, Fig. S1). Neither larvae nor adults
of Megastigmus sp. or other predators in prolonged diapause were found inside any seed

opened.

Statistical analysis

In order to determine whether population and predation exerted an effect on seed and
cone traits we carried out generalized linear mixed models (GLMMs). GLMMs provide a
flexible way to model traits that do not satisfy the assumptions of a standard linear modelling,
allowing at the same time the distinction between fixed and random factors in the model. We
performed two sorts of tests. First, we analysed whether seed predation rate or cone predation
rate varied among populations. We also estimated the predator dominance among populations

computing cone predation rates for each seed predator. Second, we evaluated whether seed
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packaging varied between preyed or non-preyed cones among populations and predators.
Seed packaging evaluation considered both cone traits (number of seeds, i.e. total number of
ovules produced within a cone) and seed traits (seed size and seed viability).

We analysed cone predation rate, seed predation rate and cone predation rate for each
seed predator considering a binomial error distribution with a logit link and including
population as a fixed factor (McCullagh and Nelder 1989). We explored the variation in seed
and cone traits including both the population and predation type (Megastimus-preyed,
Trisetacus-preyed and non-preyed cones) and their interaction as fixed factors. We analysed
the number of seeds considering a Poisson error distribution with log link function. To
analyse seed mass we assumed a Gaussian error distribution with an identity link.
Germination rate and empty seeds occurrence were analysed considering a binary error
distribution with a logit link. In all analyses, the tree was considered as a random factor, and
only in seed mass analysis the cone nested within tree was included also as random factor. We
did not included cones with only one seed in the analyses of predation effect on seed mass,
germination and viability because the lack of co-occurring seeds. Since multi-seeded cones in
African populations were less frequent and predator frequencies varied among populations,
we conducted Type IIl tests and used Satterthwaite approximation to calculate the
denominator degrees of freedom to overcome the problems due to unbalanced factorial
designs (Quinn and Keough 2002). Differences between least-squares means were tested
pairwise through multiple comparisons. We fitted GLMMs using the GLIMMIX procedure of

SAS (SAS Statistical package 9.2).
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Results
Pre-dispersal predation pressure and seed packaging

Cone predation rate (i.e. the proportion of preyed cones per tree) was significantly
higher in the two European multi-seeded cone populations, Luna (78 %) and Soria (56 %),
than in Monegros and the populations from Africa (26 %; Fig. 1a). However, a higher seed
predation rate (i.e. proportion of preyed seeds in each cone) was detected in the African
populations since they were mainly single-seeded cones. Multi-seeded European populations
suffered a lower proportion of preyed seeds in each cone, Luna being the population with the
highest seed predation rate among them (Fig. 1b). We observed differences in the dominance
of seed predators among populations. Cone predation rate by the wasp Megastigmus was
higher in Monegros and African populations, while predation rate by the mite Trisetacus was

higher in Luna and Soria populations (Fig. 1c).

Predator preferences and differential effects of predator type on uneaten seeds

Predator preferences on seed-packaging traits depended on the type of predator (Table
1). Megastigmus showed preference for cones with more seeds (i.e. higher total number of
ovules within a cone) in Monegros and Techt populations where this predator was more
frequent, while Trisetacus showed no preference for cones with a particular seed number (Fig
2a; except in Oussem, which had the lowest predation rate by this species as it is shown in
Fig. 1c). Differential effects of predation on seed traits depending on the population were
observed since there was a significant interaction between predation and population (Table 1).
Megastigmus did not lead to changes on the size of co-occurring uneaten seeds in preyed
cones (Fig. 2b). By contrast, Trisetacus triggered changes in the size of co-occurring seeds in
preyed cones, although this effect was divergent between European and African populations

(Fig. 2b). European populations, which had higher predation levels of Trisetacus in general



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

(Fig. 1c), showed lighter seeds after Trisetacus predation. However, this was not found in
African populations where co-occurring uneaten seeds of cones preyed by Trisetacus were

heavier than seeds from non-preyed cones in Techt (Fig. 2b).

Seed viability

Seeds in the first experiment, controlling seed size and predation, showed a low
germination success (overall average 5 %) because only 73 out of 1,536 seeds germinated.
There were sharp differences between populations, with the majority of the germinated seeds
belonging to the African population Oussem. Within this population, seed mass exerted a
positive significant effect on germination (le = 2252, P <0.001, n = 60; Online Resource,
Fig. S2). In the second experiment, 190 out of 3,907 seeds (5 %) germinated. Due to the low
germination rate of the European populations, we combined the whole dataset of the two
germination experiments for the analysis. Mean germination rate per tree differed between
populations, 16.5 % in Oussem (Africa), and 5.4 % in Monegros, 1 % Soria and 0.6 % in
Luna (Europe, Fig. 3a). Predation did affect germination in the European populations
reducing more than 75 % the viability of the co-occurring seeds within a preyed cone,
whereas a non-significant effect of predation was found in Oussem (Table 2, Fig. 3a).

The main reason for the very low level of germination rate observed was that most of
seeds were empty. Neither the visual inspection nor the floating test allowed detecting empty
seeds before the experiment mainly due to the very thick coat of J. thurifera seeds (Online
Resource, Fig. S1). The occurrence of empty seeds significantly differed among populations
being lower in Oussem (76 %), Techt (83 %) and Monegros (87 %) than in Soria (95 %) and
Luna (97 %, Fig 3b). In general, the proportion of empty seeds was not affected by predation
being only significantly different between preyed and non-preyed cones in Soria (Table 2,

Fig. 3b).
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Discussion

Our findings support a plastic response of J. thurifera trees to pre-dispersal seed
predation probably caused by changing resource allocation to preyed cones. Preyed cones
contained smaller seeds in the European populations but larger seeds in the African
populations. In addition, in the European populations seeds from non-preyed cones had a
germination success three times higher than intact seeds from preyed cones. Empty seeds
occurrence was higher in the European populations, indicating that production of a high
proportion of empty seeds by this species could be a strategy to reduce seed loss due to pre-
dispersal predation. We also observed that cones with more seeds are more likely to suffer
from pre-dispersal seed predation in Africa and Monegros, suggesting predation preference on
multi-seeded cones especially by Megastigmus wasps. Our results indicate that differences in
pre-dispersal seed predators and predation levels may affect both selection on and

intraspecific variation in seed packaging.

Plastic response to the effect of predation on seed packaging and viability

Predation might affect the development of the co-occurring undamaged seeds in
preyed fruits as a result of the plant reaction to the attack (Bonal et al. 2007). It has been
suggested that plants could allocate fewer resources to preyed fruits to reduce food
availability for larvae and, consequently, co-occurring seeds may experience both a growth
rate constraint and high abortion probability (Fernandes and Whitham 1989; Verdu and
Garcia-Fayos 1998). In support of these predictions, we found that in European populations,
preyed cones contained smaller seeds compared to non-preyed cones, reducing their viability,
measured as germination success. Conversely, in the African populations the effect seems the

opposite. In Techt, co-occurring seeds displayed a larger size likely due to the elimination of a
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competing seed within preyed cones and in Oussem a reduction on seed germination was not
found when a cone was preyed.

Our results support that differences in seed size between preyed and non-preyed cones
are better explained by the plant response to the attack rather than by the preferential attack of
predators. Seed size reduction on preyed cones was a response to Trisetacus mites in
European populations, whereas this was not found in African populations. A smaller seed size
in preyed fruits could be produced if predators can choose filled and larger seeds within fruit
(Moegenburg 1996; Nalepa and Grisselli 1993, Rouault et al. 2004). Since cones are not
developed when Trisetacus attacks, this mite may not be able to select for cone and seed traits
suggesting an active plastic response of European plants. Conversely, it has been suggested
that Megastigmus insect might be able to select filled seeds, containing a young embryo,
because they oviposit after plant fertilisation in Cupressaceae trees (Rouault et al. 2004)
which could result on an increase of the proportion of empty seeds in preyed cones. However,
our results do not support the hypothesis of female preference because uneaten seeds of cones
preyed by Megastigmus showed no differences in size compared to seeds from non-preyed
cones in African and European populations. Moreover, seed emptiness was not higher in
preyed cones in the populations where Megastigmus was the main predator. It is still
unknown whether Megastigmus females can differentiate between fertilised and unfertilised
ovules in Cupressaceae (Rouault et al. 2004). As it happens in Pinaceae, the development of
their larvae might be completed even in empty seeds avoiding the necessity of finding a filled
seed (von Aderkas et al. 2005).

We hypothesize that divergent plant response between Europe and Africa could have
been produced by a geographic variation on predator distribution and abundance that can
result in different selective scenarios, i.e. mosaic selection (Thomson 2005). We observed

differences in the dominance of seed predators among populations, which is interesting given
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their different predation strategies that vary according to their mobility and feeding behaviour
(Mezquida and Olano 2013). Trisetacus feeding behaviour could result in a higher resource
lost when they attack a cone, eating several seeds, whereas Megastigmus individuals
frequently parasite a single seed per cone (Garcia 1998; Rouault et al. 2004; EI Alaoui and
Rogues 2006; Llorente and Alonso 2006). Under an environment with high probability of
Trisetacus attack, an active reallocation of resources from preyed cones to non-preyed cones
could be advantageous. This sort of response could not have evolved in populations where
Trisetacus attacks are not very likely, such as those studied in Africa.

Megastigmus, a flying insect, might exert selection on cone traits choosing larger
cones. Besides being easily detected, large fruits with a higher seed-to-pulp ratio seem to
facilitate the oviposition of the insect (Herrera 1984; Knight 1987). In Monegros and African
populations, where Megastigmus was more abundant, predation by this insect was higher in
cones with more seeds. Therefore, this predator might actively select large cone sizes
(Turgeon et al. 1994), usually having more and smaller seeds but displaying a larger variation
in seed size (DeSoto et al. unpublished), and consequently might affect seed packaging.
Further research is needed to address whether the different predators act as effective selective
pressure and whether the predation levels observed in these populations are maintained in
time and, consequently, whether predation has been exerting disruptive selection on seed

packaging.

Empty seeds as mechanism to reduce predation

The common presence of empty seeds in cones of J. thurifera (higher than 75% in the
studied populations) and in other Juniperus species (e.g. Adams et al. 2014; Fuentes and
Schupp 1998; Garcia et al. 2000) may be an adaptive mechanism to reduce the impact of high

levels of pre-dispersal predation. Many tree species abort seeds or fruits as a mechanism to
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dilute the impact of pre-dispersal seed predators because the aborted seeds act as predator
sinks allowing the viable seeds to escape damage (Ghazoul and Satake 2009; Traveset 1993;
Verdl and Garcia-Fayos 1998). Nevertheless, seed emptiness might not be necessarily an
evolutionary response to seed predation and the production of cones with empty seeds may be
triggered by particular conditions that a plant experiences during reproductive stages. For
instance, empty seeds could be produced by deficient pollination (in J. oxycedrus, Ortiz et al.
1998) or by fertilisation failure caused by asynchronous development of male or female
gametophytes (in J. communis, Gruwez et al. 2013). However, J. thurifera male and female
trees present more or less synchronously masting flowering years and are usually not pollen
limited (Montesinos et al. 2012; Montesinos et al. 2010). A limited availability of resources
could also restrict the number of viable seeds increasing the presence of empty seeds.
Nevertheless, results from a resource supplementation experiment in this species do not
support this hypothesis (Montesinos et al. 2010). In that experiment, plants with resource
supply produced more ripe cones but the proportion of empty seeds remained invariable and
independent of resource availability.

The phenomenon of producing empty seeds could be maintained if the reproductive
cost of allocating resources to cones with empty seeds is counterbalanced by the final
establishment gain. Firstly, the waste of resources is reduced when having early-aborted and
ultimately empty seeds. Seed emptiness might evolve when the number of uneaten seeds
exceeds the optimum number of seeds that one plant can develop (Sakai and Harada 2007).
Secondly, empty-seeded cones of gymnosperms could have the same adaptive role as
parthenocarpic fruits of angiosperms in seed predation avoidance, acting as a decoy for
predators (Traveset 1993). Thirdly, deceptive fruits could also attract a higher number of seed
dispersers that will also disperse some viable seeds (Jordano 1989). Then, J. thurifera may

benefit from producing cones with a higher number of empty seeds or even with no offspring
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when seed predation pressure is high in order to reduce the global incidence of predation
within the population by preserving undamaged viable seeds and maintaining the attraction of

dispersers.

Evolutionary consequences of pre-dispersal predation on seed-packaging

Different predation levels and either seed packaging strategies or seed viability were
found in the studied populations. Our results partially match the predictions forecasted by the
Sakai and Harada’s model (2007) on the effect of predation on seed size-number evolution.
The model forecasts that if predation is high or unpredictable, plants will increase the number
of ovules produced to ensure a minimum offspring number (Sakai and Harada 2007).
Consistently, predators may have exerted selection on seed packaging in J. thurifera towards
multi-seeded cones in European populations, where high level of cone pre-dispersal predation
was observed. This selection would not happen in Moroccan populations where predation is
lower and larger seeds could increase germination rates and seedling establishment (Moles
and Westoby 2004; Seltmann et al. 2006). The model developed by Sakai and Harada (2007)
also predicts an increase in seed size under an increment of the proportion of eaten seeds as a
result of the size/number trade-off of the whole plant. The authors based their prediction on
the assumption that the cost of predation for the plant increases with an increasing number of
seeds. However, this model did not take into account the hierarchical resource investment in
several seeds within a fruit. The size/number trade-off may not be restricted to the individual,
and finite resources within a fruit may also lead to a size/number trade-off constraining the
increase in seed size because it comes at expense of producing fewer seeds (Leishman 2001).
Therefore, Sakai and Harada’s model (2007) might only partially predict pre-dispersal

predation effect on multi-seeded species.
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Although the evolutionary response of seed packaging to predation seems to be
consistent with the prediction of increasing seed number, a multi-small-seeded cone strategy
was maintained in Monegros despite the low predation pressure observed. Under low
predation pressure, large-seeded cones could be favoured in stressful environments because
larger seeds benefit from size-related advantages to survive the hazards of establishment, such
as drought, shade, defoliation, burial depth, competition, and nutrient shortage (Moles and
Westoby 2004). Unfavourable climate could, thus, act as selective regime towards the single-
large seed strategy in African J. thurifera populations. These populations are mainly located
in the High Atlas Mountains above 2,000 m a.s.l., and have to cope with a drier and warmer
climate with a longer summer drought (DeSoto et al. 2014). Within European populations,
Luna and Soria are located in the Spanish Plateau up to 1,300 m a.s.l. and withstand colder
and more humid climate, while Monegros has a climate more similar to that found in the
African populations (DeSoto et al. 2014). Therefore climate by its own does not explain why
seed packaging in Monegros is similar to Luna and Soria and different from the African
populations.

The theoretical adaptation of seed packaging to low predation pressure in Monegros
may have been constrained by other selective pressures that maintain multi-seeded cones. For
instance, European multi-small-seed strategy yields a benefit since seed number can be
directly translated into fitness and is negatively related to seed cost (Leishman 2001). Second,
seeds tend to be less regurgitated, longer retained in bird guts and, thus, dispersal efficiency
increases in small-seeded species (Jordano 1995; Obeso et al. 2011). Third, post-dispersal
predation may also exert a positive selective pressure towards smaller seeds, since they are
less likely to be found and consumed, but also seeds of small-seeded species can be more
easily buried and escape from disturbances (Peco et al. 2003; Gomez 2004). Finally, a high

inter-population gene flow (Teixeira et al. 2014) might prevent divergence of seed packaging
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traits among European populations maintaining multi-small-seeded cones in Monegros. All
these hypotheses are not mutually excluding, and, thus, deserve further research.
Conclusions

Seed predators have an impact on the size of the non-preyed co-occurring seeds within
a cone. In European populations, these co-occurring seeds may be deprived of resources
because trees may identify seed attack, particularly by the predominant Trisetacus predator,
and therefore try to reduce the resources allocated to preyed cones compromising seed
viability. In African populations, trees may not react to the attack and non-preyed seeds would
be larger by the elimination of a competing seed within a cone. The two seed packaging
strategies, via the seed size/number trade-off, of J. thurifera could be subjected to selection by
pre-dispersal predation leading to different consequences on population dynamics. African
one-larger-seeded cones could be a better strategy than European multi-smaller-seeded cones
under low predation rates since seed germination success was higher in African populations.
In European populations a considerable fraction of reproductive investment is lost through
deceptive cones with empty seeds probably to avoid predation. High incidence of seed
emptiness could represent a problem in understanding the patterns of reproductive allocation

and in the conservation of the species.



462

463

464

465

466

467

468

469

470

471

472

473

474

475

Acknowledgements: We are especially grateful to MD Garcia-Gonzalez for her valuable
advices on nursery procedure and R Heleno for the early review of the manuscript. We also
thank D Caimel, M Esteve, L Lope, P Lorenzo for helping in the laboratory, and M Alifriqui
for his help in field work.

Funding: This work was supported by Fundacdo para a Ciéncia e a Tecnologia (FCT) with
the project MEDIATIC (PTDC/AAC-CLI/103361/2008). LDS and RT were supported by a
postdoctoral fellowship from FCT (SFRH/BPD/70632/2010) and Spanish Ministry of
Education (BVA 2010-0375) respectively.

Conflict of Interest: The authors declare that they have no conflict of interest.

Ethical Approval: This article does not contain any studies with human participants or
animals performed by any of the authors.

Legal statement: The experiments comply with the current laws of Portugal in which the

experiments were performed.



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

References

Adams RP (2008) Junipers of the World: The genus Juniperus. Trafford Publisher
Vancouver, EEUU. 2nd Ed.

Adams RP, Thornburg D, Corbet M (2014) A survey of percent-filled and empty seeds in
Juniperus of the western United States. Phytologia 96:2-12

Amaral-Franco J (1986) Juniperus. In: Castroviejo S, Lainz M, Lépez-Gonzalez G, et al.
(eds.) Flora Ibérica. Real Jardin Botanico, C.S.1.C., Madrid, pp 181-188

Alcantara JM, Rey PJ (2003) Conflicting selection pressures on seed size: evolutionary
ecology of fruit size in a bird-dispersed tree, Olea europaea. J Evol Biol 16:1168-1176.
doi: 10.1046/j.1420-9101.2003.00618.x

Bonal R, Mufioz A (2008) Seed growth suppression constrains the growth of seed parasites:
premature acorn abscission reduces Curculio elephas larval size. Ecol Entomol 33:31-
36. doi: 10.1111/j.1365-2311.2007.00935.x

Bonal R, Mufioz A, Diaz M (2007) Satiation of predispersal seed predators: the importance of
considering both plant and seed levels. Evol Ecol 21:367-380. doi: 10.1007/s10682-006-
9107-y

Boratynski A, Jasinska AK, Marcysiak K, et al. (2013) Morphological differentiation supports
the genetic pattern of the geographic structure of Juniperus thurifera (Cupressaceae).
Plant Syst Evol 299:773-784. doi: 10.1007/s00606-013-0760-7

Bradford DF, Smith CC (1977) Seed predation and seed number in Scheelea palm fruits.
Ecology 58:667-673

Carrion JS, YII EI, Walker MJ, et al. (2003) Glacial refugia of temperate, Mediterranean and
Ibero-North African flora in south-eastern Spain: new evidence from cave pollen at two

Neanderthal sites. Glob Ecol Biogeogr 12:119-129



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

DeSoto L, Varino F, Andrade JP, et al. (2014) Different growth sensitivity to climate of the
conifer Juniperus thurifera on both sides of the Mediterranean Sea. Int J Biomet
58:2095-2109. doi: 10.1007/s00484-014-0811-y

El Alaoui El Fels MA, Roques A (2006) Les arthropodes associés aux galbules et aux graines
des genévries autochtones dans la partie sud du Bassin Mediterranéen. In: Garcia-
Gonzalez MD, Alifriqui M, Broto M, et al. (eds) Actas del 111 Coloquio Internacional
sobre Sabinares y Enebrales (Gen. Juniperus): Ecologia y gestion forestal sostenible.
Junta de Castilla 'y Ledn, Soria, pp 437-445

Eriksson O (1999) Seed size variation and its effect on germination and seedling performance
in the clonal herb Convallaria majalis. Acta Oecologica 20:61-66. doi: 10.1016/S1146-
609X(99)80016-2

Escribano-Avila G, Sanz-Pérez V, Pias B, et al. (2012) Colonization of abandoned land by
Juniperus thurifera is mediated by the interaction of a diverse dispersal assemblage and
environmental heterogeneity. PLoS One 7:e46993. doi: 10.1371/journal.pone.0046993

Farjon A (2005) A monograph of Cupressaceae and Sciadopitys. Royal Botanic Gardens,
Kew, UK

Fernandes GW, Whitham TG (1989) Selective fruit abscission by Juniperus monosperma as
an induced defense against predators. Am Midl Nat 121:389-392. doi: 10.2307/2426044

Fuentes M, Schupp EW (1998) Empty seeds reduce seed predation by birds in Juniperus
osteosperma. Evol Ecol 12:823-827. doi: 10.1023/A:1006594532392

Garcia D (1998) Interaction between juniper Juniperus communis L. and its fruit pest insects:
Pest abundance, fruit characteristics and seed viability. Acta Oecologica 19:517-525

Garcia D, Zamora R, Gomez JM, et al. (2000) Geographical variation in seed production,
predation and abortion in Juniperus communis throughout its range in Europe. J Ecol

88:436—446. doi: 10.1046/].1365-2745.2000.00459.x



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

Garcia-Gonzalez MD, De Pefia M, De Pedro R, Verde N (2009) Estudio de viabilidad y
tratamientos de germinacion de semillas de Juniperus thurifera L. en tres localidades de
la provincia de Soria. V Congr. For. Espafiol. Montes y Soc. Saber qué hacer. Avila, pp
1-9

Gauquelin T, Bertaudiere V, Montes N, et al. (1999) Endangered stands of thuriferous juniper
in the western Mediterranean basin: ecological status, conservation and management.
Biodiversity & Conservation 8:1479-1498

Geritz SAH (1998) Co-evolution of seed size and seed predation. Evol Ecol 12:891-911.

Ghazoul J, Satake A (2009) Nonviable seed set enhances plant fitness: The sacrificial sibling
hypothesis. Ecology 90:369-377. doi: 10.1890/07-1436.1

Gbémez JM (2004) Bigger is not always better: conflicting selective pressures on seed size in
Quercus ilex. Evolution (N Y) 58:71-80

Gruwez R, Leroux O, De Frenne P, et al. (2013) Critical phases in the seed development of
common juniper (Juniperus communis). Plant Biol 15:210-219. doi: 10.1111/j.1438-
8677.2012.00628.x

Guo H, Mazer SJ, Du G (2010) Geographic variation in seed mass within and among nine
species of Pedicularis (Orobanchaceae): effects of elevation, plant size and seed number
per fruit. J Ecol 98:1232-1242. doi: 10.1111/j.1365-2745.2010.01688.x

Harper JL, Lovell PH, Moore KG (1970) The shapes and sizes of seeds. Annu Rev Ecol Syst
1:327-356

Herrera CM (1984) Selective pressures on fruit seediness: differential predation of fly larvae
on the fruits of Berberis hispanica. Oikos 42:166-170

Herrera CM (2009) Multiplicity in Unity. Plant Subindividual Variation and Interactions with
Animals. The University Chicago Press

Janzen DH (1971) Seed predation by animals. Annu Rev Ecol Syst 2:465-492



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Jordano P (1995) Frugivore-mediated selection on fruit and seeds: birds and St. Lucie’s
Cherry, Prunus Mahaleb. Ecology 76:2627-2639

Jordano P (1989) Pre-dispersal biology of Pistacia lentiscus (Anacardiaceae): cumulative
effects on seed removal by birds. Oikos 55: 375-386

Knight RS (1987) Coping with seed parasitism: A possible response by Protasparagus
aethiopicus. Oikos 48:15-22

Kolb A, Ehrlen J, Eriksson O (2007) Ecological and evolutionary consequences of spatial and
temporal variation in pre-dispersal seed predation. Perspect Plant Ecol Evol Syst 9:79—
100. doi: 10.1016/j.ppees.2007.09.001

Leishman MR (2001) 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

Levey DJ (1987) Seed size and fruit-handling techniques of avian frugivores. Am Nat
129:471-485

Llorente R, Alonso R (2006) Influencia de la fauna con6faga y conoseminifaga en la
capacidad reproductiva de Juniperus thurifera en Soria. In: Garcia-Gonzélez MD,
Alifriqui M, Broto M, et al. (eds) Actas del I1l Coloquio Internacional sobre Sabinares y
Enebrales (Gen. Juniperus): Ecologia y gestion forestal sostenible. Junta de Castilla y
Ledn, Soria, pp 447-454

Lord JM, Westoby M (2006) Accessory costs of seed production. Oecologia 150:310-317.
doi: 10.1007/s00442-006-0523-z

Mehlman DW (1993) Seed size and seed packaging variation in Baptisia lanceolata

(Fabaceae). Am J Bot 80:735-742



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Meyer KM, Soldaat LL, Auge H, Thulke H-H (2014) Adaptive and selective seed abortion
reveals complex conditional decision making in plants. Am Nat 183:376-83. doi:
10.1086/675063

Mezquida ET, Olano JM (2013) What makes a good neighborhood? Interaction of spatial
scale and fruit density in the predator satiation dynamics of a masting juniper tree.
Oecologia. 173:483-492.doi: 10.1007/s00442-013-2631-x

Moegenburg SM (1996) Sabal palmetto seed size: causes of variation, choices of predators,
and consequences for seedlings. Oecologia 106:539-543. doi: 10.1007/BF00329713

Moles AT, Warton DI, Stevens RD, Westoby M (2004) Does a latitudinal gradient in seedling
survival favour larger seeds in the tropics? Ecol Lett 7:911-914. doi: 10.1111/j.1461-
0248.2004.00647.x

Moles AT, Westoby M (2004) Seedling survival and seed size: a synthesis of the literature. J
Ecol 351:372-383. doi: 10.1111/j.0022-0477.2004.00884.x

Montesinos D, Garcia-Fayos P, Verdid M (2010) Relictual distribution reaches the top:
Elevation constrains fertility and leaf longevity in Juniperus thurifera. Acta Oecologica
36:120-125. doi: 10.1016/j.acta0.2009.10.010

Montesinos D, Garcia-Fayos P, Verdid M (2012) Masting uncoupling: mast seeding does not
follow all mast flowering episodes in a dioecious juniper tree. Oikos 121:1725-1736.
doi: 10.1111/5.1600-0706.2011.20399.x

Murray BR, Brown a. HD, Dickman CR, Crowther MS (2004) Geographical gradients in seed
mass in relation to climate. J Biogeogr 31:379-388. doi: 10.1046/j.0305-
0270.2003.00993.x

Nalepa CA, Grisselli EE (1993) Host seed size and adult size, emergence, and morphology of
Megastigmus aculeatus nigroflavus (Hymenoptera : Torymidae). Environ Entomol

22:1313-1317



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

Obeso JR (2004) A hierarchical perspective in allocation to reproduction from whole plant to
fruit and seed level. Perspect Plant Ecol Evol Syst 6:217-225. doi: 10.1078/1433-8319-
00080

Obeso JR, Martinez I, Garcia D (2011) Seed size is heterogeneously distributed among
destination habitats in animal dispersed plants. Basic Appl Ecol 12:134-140. doi:
10.1016/j.baae.2011.01.003

Ortiz PL, Arista M, Talavera S (1998) Low Reproductive Success in Two Subspecies of
Juniperus oxycedrus L. Int J Plant Sci 159:843. doi: 10.1086/297605

Peco B, Traba J, Levassor C, et al. (2003) Seed size, shape and persistence in dry
Mediterranean grass and scrublands. Seed Sci Res 13:87-95. doi: 10.1079/SSR2002127

Quinn GP, Keough MJ (2002) Experimental design and data analysis for Biologists.
Cambridge University Press. UK

Sakai S, Harada Y (2007) Optimum size and number of seeds when seeds suffer pre-dispersal
predation. Evol Ecol Res 9:599-617

Rouault G, Turgeon J, Candau J-N, et al. (2004) Oviposition strategies of conifer seed
chalcids in relation to host phenology. Naturwissenschaften 91:472-480. doi:
10.1007/s00114-004-0554-4

Seltmann P, Leyer I, Renison D, Hensen | (2006) Variation of seed mass and its effects on
germination in Polylepis australis: Implications for seed collection. New For 33:171—
181. doi: 10.1007/s11056-006-9021-8

Stephenson AG (1981) Flower and fruit abortion: Proximate causes and ultimate functions.
Annu Rev Ecol Syst 12:253-279

Stowe KA, Marquis RJ, Hochwender CG, Simms EL (2000) The evolutionary ecology of

tolerance to consumer damage. Annu Rev Ecol Syst 31:565-595



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

Teixeira H, Rodriguez-Echeverria S, Nabais C (2014) Genetic Diversity and Differentiation
of Juniperus thurifera in Spain and Morocco as Determined by SSR. PL0oS One
9:88996. doi: 10.1371/journal.pone.0088996

Thompson JN (2005) The Geographic Mosaic of Coevolution. University of Chicago Press.
USA

Traveset A (1993) Deceptive fruits reduce seed predation by insects in Pistacia terebinthus L.
(Anacardiaceae). Evol Ecol 5:187-361. doi: 10.1007/BF01237867

Turgeon JJ, Rogues A, Groot P De (1994) Insect fauna of coniferous seed cones: Diversity,
host plant interactions, and management. Annu Rev Entomol 179-212

Verdd M, Garcia-Fayos P (1998) Ecological causes, function, and evolution of abortion and
parthenocarpy in Pistacia lentiscus (Anacardiaceae). Can J Bot 76:134-141. doi:
10.1139/cjb-76-1-134

Von Aderkas P, Rouault G, Wagner R, et al. (2005) Seed parasitism redirects ovule
development in Douglas fir. Proc Biol Sci 272:1491-1496. doi: 10.1098/rspb.2005.3061

Willson MF, Michaels HJ, Bertin RI, et al. (1990) Intraspecific variation in seed packaging.

Am Midl Nat 123:179. doi: 10.2307/2425771



639

640

641

642

643

644

645

646

TABLES
Table 1. Results of generalized mixed model (Type Il1) to test the effect of the fixed factors
predation (seeds from Megastigmus-preyed, Trisetacus-preyed and non-preyed cones),

population and their interaction on the number of seeds and seed mass (n = 9-12 trees per

population)
Number of seeds Seed mass*
df df df df

Fixed effects F P F P

num den num den
Predation 2 5161 12.28 <0.001 2 2078 0.00 0.996
Population 4 5161  81.72 <0.001 4 47.93 2.07 0.099
Population x predation 8 5161 2.40 0.014 8 1885 2.58 0.008
Random effects z p z p
Tree 3.94 < 0.001 431 <0.001
Cone (tree) 17.38 <0.001
No. of cones 5222 1752
No. of seeds 4605

* one-seeded cones were not included in the analysis
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Table 2. Results of generalized mixed model (Type Il1) to test the effect of the fixed factors
predation (seeds from preyed vs. non-preyed cones), population and their interaction on seed

germination and emptiness (n = 6 trees per population)

Germinated seeds** Empty seeds*
Fixed effects a a F P a a F P
num den num den
Predation 1 3404 7.73 0.005 1 672 0.09 0.762
Population 2 3404 20.75 <0.001 4 672 821 <0.001
Population x predation 2 3404 5.65 0.004 4 672 183 0.122
Random effect z P z P
Tree 1.81 0.035 1.12 0.131
No. of seeds 173 germinated out of 3427 633 empty out of 704

* one-seeded cones were not included in the analysis.
T Luna population was not considered for the germination analysis since none seeds
germinated from preyed cones



Figure legends

Fig. 1 Population difference in predation on a) cone predation rate per tree in each population
(9,320 cones; 49 trees), b) seed predation rate within a cone in each population of Juniperus
thurifera (2,435 preyed cones; 49 trees), and c) cone predation rate per tree in each population
for each seed predator: Megastigmus and Trisetacus. Bars are model-adjusted back-
transformed least-square means and 95% confident intervals. Significant differences of least-
square means among populations are indicated with different letters, lowercase and uppercase

for Megastigmus and Trisetacus respectively (P < 0.05)

Fig. 2 Species-specific predation effect on a) the number of seeds per cone and b) seed mass
in preyed M, Megastigmus, and T, Trisetacus, and non-preyed cones in each population. The
figures are model-adjusted back-transformed least-square means and 95% confident intervals
based on the generalized mixed models in Table 1. Significant differences between least-
square means among populations are indicated with different letters (P < 0.05; sample sizes

for non-preyed/preyed cones are indicated in parenthesis)

Fig. 3 Predation effect on a) germination and b) emptiness rates from preyed and non-preyed
cones in each population. Bars are model-adjusted back-transformed least-square means and
95% confident intervals based on the generalized mixed models in Table 2. Significant
differences between least-square means within populations are indicated with asterisks (P <
0.05) and among populations with different letters (sample sizes for non-preyed/preyed cones

are indicated in parenthesis).
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