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Abstract

Herbivorous mammals and insect pre-dispersal seed predators are two types of herbivores
that, despite their functional and morphological differences, tend to severely impact many
plant species, highly decreasing their seed production and even imperiling the performance
of their offspring through transgenerational effects. However, how they influence offspring
resistance to herbivory remains largely unknown. In this study we experimentally examined
the effects of ungulates and pre-dispersal seed predators on seed quality as well as on the
emergence, survival and resistance to herbivory of the seedlings of a semiarid herb. We
found that ungulates reduced seedling recruitment but increased seedling resistance to leaf
miners. These effects were probably a consequence of insufficient carbon provisioning in
seeds that reduced seed viability and provoked carbon limitation in seedlings. Pre-dispersal
seed predators did not influence seedling recruitment, but seedlings from mothers damaged
by ungulates and by pre-dispersal seed predators suffered less herbivory by grasshoppers.
Remarkably, intra-individual differences in damage by pre-dispersal seed predators affected
the rate of damage underwent by seedlings. That is, seedlings derived from fruits attacked
by seed predators were more resistant to herbivores than siblings derived from un-attacked
fruits in plant populations exposed to ungulates. To our knowledge, this is the first study
reporting variation in transgenerational-induced resistance of seedlings from the same
maternal plant. This study is a valuable contribution to the understanding of transgenera-
tional effects of multiple herbivores and their implications for a deeper comprehension of the
natural systems in which they co-occur.

Introduction

Plants are subjected to varying stresses during most of their life mainly because they are unable
to escape by moving to another place. However, they have evolved multiple phenotypic traits
enabling them to handle stressful conditions [1]. It is well known that not only parental geno-
types but also the parental environment determine the expression of traits in plants [2,3].
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When both parental and offspring environments are alike they may attenuate any detrimental
effect on fitness caused by the stressful conditions [2,3]. There is an intense debate trying to
elucidate whether changes in the offspring phenotype are merely a response to the allocation
of the resources made by the parents (maternal provisioning) or whether they are adaptive
transgenerational effects [3-5]. Regardless of the mechanisms, the parental environment can
potentially affect not only plant population dynamics but also evolutionary processes [3].

Transgenerational responses to the parental environment associated with abiotic stresses
(e.g. nutrients, light, temperature) have been recognized for many years [2]. More recently, the
role of biotic stresses in altering offspring phenotype has also been highlighted [3,6-9]. In par-
ticular, several studies have shown that herbivores can alter offspring success through transge-
nerational effects [6,10-12]. Herbivore-mediated transgenerational effects can alter offspring
phenotypes by affecting traits associated with offspring performance (e.g. height, biomass) or
defense (e.g. trichome density, chemical defense) [8-14]. These biotic-mediated transgenera-
tional effects can help offspring to better cope with herbivores, and consequently increase its
fitness [6,10-12]. Therefore, the quantification of transgenerational effects of herbivory may
provide a better understanding of the complex impact of herbivores on plant fitness [15].

During their lifespan plants are usually subjected to the attack of numerous herbivores.
Herbivore effects on plants vary according to herbivore characteristics such as their specializa-
tion degree, size, or the part of the plant consumed [16-18]. Large herbivores such as mam-
mals are important disturbance agents in most terrestrial ecosystems both by their direct and
indirect impacts on plants [19]. They alter nutrient cycling, modulate succession and vegeta-
tion dynamics and can generate spatial heterogeneity [20,21]. Herbivorous mammals impact
plants mostly by trampling and/or consuming them [19]. These impacts entail a significant
decrease in the number of seeds produced by damaged plants. Additionally, mammalian her-
bivores may diminish the quality of the seeds produced by the attacked plants, greatly lessening
their germination, emergence and establishment [22-25]. Seed quality is related to the
resource investment into the seeds by the maternal plant, and for many species it is critical for
germination and seedling survival [6,7,10,26,27].

Herbivore mammals also have important indirect effects on plants by consuming herbivo-
rous insects associated with the plant [28-30] or by disrupting the interaction between plants
and their mutualists [31,32]. The interaction between herbivore mammals and phytophagous
insects is generally asymmetric, due to their huge differences in size [28,33]. Herbivore mam-
mals especially affect endophytic insects, including pre-dispersal seed predators (PSPs)
[29,34]. PSPs are important components of ecological communities and usually have negative
effects on plants by reducing seed production, seed germination and seedling establishment
[35-37]. However, there are exceptions with some pre-dispersal seed predators having neutral
effects (see [37]) or even increasing host plant seed production [Aguirrebengoa et al. under
review]. Interestingly, plants often exhibit within-individual phenotypic variation in organs
such as reproductive tissues, with seeds being one of the most variable structures [38,39]. This
can have important implications for the interactions between plants and PSPs. In fact, the
action of PSPs may alter resource allocation processes within the plant and promote a local
induction of defenses, and therefore enhance within-plant variability in seed attributes and
entail significant transgenerational consequences.

Although there are some studies examining the effects of mammals and PSPs on seed qual-
ity and their consequences on seed germination and seedling survival, none than we are aware
of go a bit further and examine the effect of both herbivores on offspring resistance to herbiv-
ory. In Moricandia moricandioides, a predominantly semelparous Brassicaceae herb inhabiting
dryland environments in the Iberian Peninsula, PSPs induce a compensatory response by
enhancing plant height and flower production which results in overcompensation in seed
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number [Aguirrebengoa et al. under review]. In a 7-year study, we found that ungulates nega-
tively affected M. moricandioides populations by reducing plant density and increasing the var-
iability in population size among years. Similarly, ungulates decreased M. moricandioides
fitness by reducing PSPs attack rate [Gonzalez-Megias et al. in prep.]. In the present study, we
examined the effects of long-term ungulate pressure and of PSPs on seed quality and seedling
emergence and survival. We hypothesized negative effects of both herbivores in line with a pre-
vious study on M. moricandioides that revealed that seeds derived from plants undergoing root
and floral herbivory were of lower quality and performed worse during early establishment
[40]. We then determined whether the exposure to both herbivore types by parental plants
increased the resistance of the offspring to the damage by insect herbivores. We predicted dis-
tinct outcomes in response to both herbivore types due to their specialization degree (general-
ist versus specialist), size (the magnitude of damage and the part of the plant consumed), and
net effect on the plant (negative for ungulates and positive by PSPs). Finally, because pheno-
typic difference can be found even between individual parts of single plant individual, we
determined whether maternally-mediated effects occurred within plants by comparing the fate
of seeds and siblings from fruit with and without PSPs, and whether these differences are influ-
enced by the exposure of maternal plants to ungulates.

Materials and methods
Study area

The experimental study area is located at the Barranco del Espartal, a seasonal watercourse in
the arid Guadix-Baza Basin (Granada Province, southeastern Spain). The climate at the study
area is continental Mediterranean with strong temperature fluctuations (ranging from -14°C
to up to 45°C) and high seasonality (hot summers, cold winters). Annual precipitation rarely
exceeds 300 mm and potential evapotranspiration is 3-4 times higher than precipitation,
severely conditioning vegetation diversity and cover [41]. The soil is characterized by a sandy-
loam texture, high pH, low water-retention capacity and high salinity. The vegetation is an
arid open shrub-steppe dominated by Artemisia herba-alba Asso, A. barrelieri Bess. (Astera-
ceae), Salsola oppositifolia Desf. (Amaranthaceae), Stipa tenacissima L. (Poaceae), Retama
sphaerocarpa L. (Fabaceae), Ononis tridentata L. (Fabaceae) and Lygeum spartum L. (Poaceae)
[41].

The study area comprises private and governmental land and suffered different human
pressure: some of the properties are used exclusively for hunting (mainly rabbits, hares and
partridges) and grazing by domestic ungulates has not been permitted for at least the last 25
years. The rest of the area is open to be used by domestic ungulates (mainly sheep) and num-
bers has varied from 500 to 700 sheep (50 or more years ago) to around 100 sheep (since 2011
to today). In the areas to which they have access, ungulates cause a pronounced impact on
annual and short-lived plant populations [42].

Model system

The short-lived Brassicaceae species Moricandia moricandioides (Boiss.) Heywood is highly
abundant in the study area and was used as a model system. Moricandia moricandioides plants
grow as a vegetative rosette during winter, and produce reproductive stalks during late spring
[42]. Most individuals reproduce only once, but few individuals are able to resprout the next
season and reproduce more than one year (less than 10% of the population). As a Brassicales,
M. moricandioides is provided with potent chemical defenses, with the glucosinolate-myrosi-
nase system being probably the most important defense [43]. In particular, seeds are expected
to be one of the most well defended tissues, due to their value in terms of fitness [44].
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The pre-dispersal seed predator Crossobela trinotella (Herrich-Schaffer, 1856; Lepidoptera,
Gelechiidae) is among the most abundant herbivores of M. moricandioides. The attack rate of
C. trinotella fluctuates between years and among populations [Gonzalez-Megias et al. in prep.].
This Brassicaceae specialist oviposits on flowers or immature fruits, and the caterpillar devel-
ops inside the fruits feeding on seeds [45]. There can be more than one caterpillar per fruit,
each of them eating 8-12 seeds (fruits have usually 20-60 seeds).

Experimental set-up and data collection

We selected 12 populations of M. moricandioides in the study area (S1 Fig); six populations
located in areas with ungulate presence (UNG+), and six populations in areas inaccessible for
ungulates (UNG-). As populations, we refer to patches of M. moricandioides isolated from
other M. moricandioides patches or individuals for at least 100 m.

During July-August 2013, we selected 15 random plants from each of the 12 experimental
populations. We counted the total number of fruits per plant in the field and collected five
fruits of each of the 15 plants per population (900 fruits in total). Once in the lab and during
autumn, we recorded the presence (PSP+) or absence (PSP-) of the pre-dispersal seed predator
at both plant and fruit level (see S2 Fig flow diagram). The percentage of fruits with seed preda-
tors found during the study year was 13% for the surveyed populations.

C. trinotella was the main seed predator found in the fruits (84% of the PSPs), followed by
an unidentified curculionid. Only in three fruits (0.33% of fruits) both PSP species were pres-
ent together. Due to the predominance of C. trinotella, seed predator identity was not consid-
ered in the following analyses.

Seed quality

Seed quality was measured as seed mass, C and N contents and the concentrations of chemical
defenses (glucosinolates) in the seed. Each of these attributes was estimated in a subset of
plants (S2 Fig). We weighed groups of 10 seeds from each fruit to estimate the mean weight of
a seed for each fruit (with a 0.01 mg accuracy Sartorius Cubis MSE-125P precision balance).
Mean seed weight from 209 fruits from 62 plants that belonged to populations with and with-
out ungulates, and plants with and without PSPs was estimated. Fruit sample size across treat-
ments varied between plants (see sample sizes in S2 Fig) and at within-plants (fruits with and
without PSPs from the same plant; S2 Fig).

Carbon and nitrogen contents in seeds were measured at fruit level for another set of seeds
in five UNG+ and five UNG- populations of M. moricandioides. A pool of ~15 seeds from each
of 197 fruits from 64 plants were analyzed (range 1-5 fruits per plant), most of the plants being
the same than those used for assessing seedling emergence (see below). Fruit selection was
done to ensure a minimum of 10 fruits per treatment (see between-plant and within-plant
sample sizes in S2 Fig). Carbon and nitrogen contents in seeds were measured using a CHN
Elemental Analyzer (Thermo Scientific Flash 2000) and the C/N ratio calculated.

Glucosinolate concentrations were quantified for another a set of seeds from five UNG
+ and six UNG- populations of M. moricandioides. For glucosinolate concentrations at
between-plant level, a pool of 20-25 seeds from all collected fruits of 99 plants was analyzed,
many of the plants being the same than those used for assessing seedling emergence rate, and
with a varying sample size across treatments (S2 Fig). For glucosinolate concentrations in
fruits within the same plant, a pool of 20-25 seeds from all fruits without PSPs was compared
to a pool of 20-25 seeds from all fruits with PSPs from the same plant. Due to limitations in
seed number, this analysis was restricted to 19 plants from 6 UNG- populations. Seeds were
ground and extracted three times in 80% methanol, adding p-hydroxybenzyl glucosinolate
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(sinalbin) as an internal standard at the first extraction. Glucosinolate extraction and conver-
sion to desulfoglucosinolates as well as measurement by high performance liquid chromatog-
raphy coupled to a diode-array detector (1200 Series, Agilent Technologies) were done as
previously described [46]. Desulfoglucosinolates were identified by comparison of UV-spectra
and retention times to those identified in earlier studies [46]. Peaks were integrated at 229 nm
and response factors of 1 for aliphatic glucosinolates and 0.26 for indolic glucosinolates were
considered and related to the internal standard (response factor 0.5) and sample dry weight for
calculation of concentrations.

Seedling emergence

To determine the effects of ungulates and PSPs on seedling emergence rate, ten M. morican-
dioides populations were selected (five UNG+ and five UNG-). In each population, up to eight
plants were selected according to the presence of PSPs (four PSP+ and four PSP-). For each
plant, we selected up to 25 intact seeds (range 8-25) from each of the five fruits collected from
the field (S2 Fig). A total of 6317 seeds were planted in black peat moss between 10 and
12-Dec-2013, in 34 seedbeds at a greenhouse with natural temperature and photoperiod con-
ditions. Seedbeds were rotated in the same direction every other day to avoid possible location
effects.

Seedling emergence was supervised every other day from the planting day until the end of
January 2014 (last emergence was on 24-Jan-2014), when emergence of M. moricandioides
stopped. Additionally, we calculated emergence time as the time lapse from planted to emerge.

Transgenerational effects of ungulates and pre-dispersal seed predators on
seedlings: Field experiments

We carried out two experiments in the field to test transgenerational effects on seedling sur-
vival, performance and herbivory on M. moricandioides:

Experiment 1: Between-plant level. For this experiment, we selected seedlings belonging
to six populations (three UNG+ and three UNG-). Ten seedlings from 6 mother plants (three
PSP+ and three PSP-) per population were randomly positioned in 5 blocks in the study area
(72 seedlings x block: 360 seedlings; S2 Fig).

Experiment 2: Within-plant level. Following the same methodology as in experiment 1,
we selected seedlings belonging to mother plants with PSPs from 8 populations (four UNG+
and four UNG-). From each plant (6 plants from UNG+ and 5 from UNG- populations), we
selected 10 seedlings derived from fruits with PSPs and other 10 seedlings derived from fruits
without PSPs. A total of 220 seedlings were randomly positioned in each of 5 designed blocks
(44 seedlings x block; S2 Fig).

Seedlings for both experiments were planted in the field between 12 and 14-Feb-2014. All
selected seedlings had two young leaves when planted. During the experiment (from 17-Feb-
2014 to 27-Apr-2014), the number of leaves attacked by herbivores, the identity of the herbi-
vore, and plant survival were noted three times per week. The number of leaves per plant was
counted once a week. Herbivory on seedlings corresponded almost exclusively to three herbiv-
orous insect guilds, which were differentiated due to their distinguishable damage on leaves:
generalist chewers (predominantly acridid grasshoppers, Acrididae, Orthoptera), specialist
chewers (Phyllotreta spp., Chrysomelidae, Coleoptera) and leaf miners (Diptera). Herbivory
was analyzed as the total number of leaves attacked by all herbivores, and by each individual
guild. The number of attacked leaves was monitored rather than the amount of leaf consumed
because leaves were too small, and because grasshopper and chrysomelid attacks on leaves
many times implied the total or almost total consumption of leaves.
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Statistical analyses

A1) Effects of ungulates and pre-dispersal seed predators on seed quality and seedling
emergence rate: Between-plant level. We analyzed the effects of both herbivore types (ungu-
lates and PSPs) and their interaction on seed traits and seedling emergence. Seed quality traits
(mass, carbon and nitrogen content, C/N ratio, and aliphatic and indolic glucosinolate con-
centrations) were analyzed using linear mixed models (LMM:s) with REML-based estimations.
Glucosinolate concentrations were log (x+1) transformed. Because both maternal lineage and
population origin could influence the traits of interest, several models with different random
structures were tested for all these variables to control for origin (S1 Appendix). Plant identity
was always included as random factor, with the exception of glucosinolate concentrations
because we had a single measure per plant.

Seedling emergence rate and time were analyzed using generalized linear mixed models
(GLMMs), emergence rate with a binomial distribution with logit link function and emergence
time with Poisson distribution with log link function. Several models with different random
structures were also tested for these variables (S1 Appendix).

A2) Effects of ungulates and pre-dispersal seed predators on seed quality and seedling
emergence rate: Within-plant level. Within-plant level effects on seed traits and seedling
emergence were estimated from the subsample of plants with PSPs from both UNG+ and
UNG- populations, comparing fruits with and without PSPs from the same plants. Ungulate
presence/absence was included as a factor in all analyses to determine whether ungulates affect
the potential within-plant effect of PSPs. We were interested in the single effect of PSPs and
the interactive effect of the two types of herbivores rather than in the single effect of ungulates
(which cannot be tested within the same plant). However, to avoid confounding the readers,
when the single effect of ungulates was significant in our analysis, it is indicated in the result
section. Several models with different random structures were also tested for these variables
with fruit nested within plant (S1 Appendix).

B1) Transgenerational effects of ungulates and pre-dispersal seed predators on seed-
lings: Between-plant level. LMMs and GLMM:s were also used to determine the effects of
ungulates, PSPs and their interaction on variables from the between-plant level field experi-
ment (Field Experiment 1). Maternal plant identity was always included as random factor to
control for origin, and block was tested for all variables as a random factor and included when
it contributed to model improvement (S1 Appendix). Seedling leaf production was analyzed
with Gaussian distribution, and seedling survival rate with a binomial distribution. In the case
of herbivore-related variables, zero-truncated Poisson and zero-inflated Poisson models with
log link function were performed (S1 Appendix).

B2) Transgenerational effects of ungulates and pre-dispersal seed predators on seed-
lings: Within-plant level. Within-plant level effects in offspring were estimated from the
selected mother plants with PSPs from both UNG+ and UNG- populations for the within-
plant level field experiment (Field Experiment 2), comparing siblings from fruits with and
without PSPs. Maternal ungulate presence/absence was included as factor, maternal plant
identity was included as random factor, fruit of origin was nested within plant and block was
tested as a random factor for all variables (S1 Appendix). Seedling leaf production, seedling
survival rate and herbivore-related variables were analyzed with the same distributions
described for between-plant level effects.

All models for each variable from the above sections were compared by three Information
Criteria (IC), Akaike’s Information Criterion (AIC), small sample size corrected Akaike’s
Information Criterion (AICc) and Bayesian Information Criterion (BIC), and weighed when
there were >2 models (S1 Appendix). ICs values were used for model selection on variables
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with 2 possible models, in which strictly best models (lowest IC values) were chosen. On vari-
ables for which there were >2 possible models, model weighing showed relatively high support
for choosing the best model based on lowest IC values. Results were very similar for the three
IC values and weights, and on the few cases in which there was divergence between them, BIC
was used for model selection, as it tends to favor more parsimonious models [47]. All analyses
were performed in R 3.1.1 [48] using nlme [49] and Ime4 [50] packages, and with the
glmmADMB [51] package in the case of zero-truncated and zero-inflated models.

Results
A) Effects of herbivores on seed quality and seedling emergence rate

There was no effect of herbivores on seed mass at neither between-plant level nor within-plant
level (Table 1). Carbon content in seeds was negatively affected by ungulates at between-plant
level and within-plant level (Fig 1; Table 1). There was no effect of herbivores on nitrogen con-
tent and C/N ratio at between-plant level or at within-plant level (Table 1).

There was no effect of ungulates or PSPs on the concentration of total glucosinolates, ali-
phatic glucosinolates, or indolic glucosinolates in seeds at between-plant level or within-plant
level (Table 1).

Ungulates negatively affected emergence rate at between-plant level (Fig 1C) and within-
plant level (Fig 1D; Table 2). Emergence time was not affected by ungulates or PSPs at any
level (Table 2).

B) Transgenerational effects of ungulates and pre-dispersal seed predators
on seedlings

Experiment 1: Between-plant level. There was no transgenerational effect of ungulates or
PSPs on the number of leaves produced per seedling or on seedling survival rate (Table 3).

Table 1. Ungulate and PSP effects on seed quality and glucosinolate concentrations at between-plant and within-plant levels of Moricandia moricandioides.

Ungulate PSP Ungulate x PSP
F P DF F P DF F P DF
Between-plant level
Seed quality
Seed mass 0.00 0.97 1,58 0.49 0.48 1,58 1.92 0.17 1,58
Carbon in seeds 4.90 0.031 1,53 0.20 0.65 1,53 2.20 0.14 1,53
Nitrogen in seeds 0.00 0.97 1,8 0.11 0.74 1,45 1.00 0.32 1,45
C/N ratio in seeds 0.26 0.62 1,8 0.23 0.63 1,45 0.27 0.60 1,45
Glucosinolates
Aliphatic glucosinolates in seeds 0.00 0.97 1,95 0.45 0.50 1,95 0.39 0.53 1,95
Indolic glucosinolates in seeds 2.16 0.14 1,95 0.20 0.65 1,95 1.89 0.17 1,95
Within-plant level
Seed quality
Seed mass 0.86 0.36 1,28 0.04 0.84 1,17 0.25 0.62 1,17
Carbon in seeds 8.23 0.007 1,27 0.30 0.59 1,14 0.00 0.97 1,14
Nitrogen in seeds 0.33 0.57 1,27 0.31 0.58 1,14 1.40 0.25 1,14
C/N ratio in seeds 0.09 0.76 1,27 0.15 0.70 1,14 1.43 0.25 1,14
Glucosinolates
Aliphatic glucosinolates in seeds - - 0.23 0.63 1,6 -
Indolic glucosinolates in seeds - - 0.16 0.69 1,6 -

Significant effects (P < 0.05) are shown in bold.

https://doi.org/10.1371/journal.pone.0207553.t001
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Fig 1. Effects of ungulates on seed carbon content and seedling emergence rate. Ungulate effect on seed carbon content of Moricandia moricandioides at between-
plant (a) and at within-plant level (b). Ungulate effect on emergence rate at between-plant (c) and at within-plant level (d). Mean + SE.

https://doi.org/10.1371/journal.pone.0207553.9001

There was no effect of previous generation herbivores on the number of leaves attacked in
total or by chrysomelid beetles (Table 3). However, there was a negative transgenerational
effect of ungulates on the number of leaves attacked by leaf miners (Fig 2, Table 3). The num-
ber of leaves attacked by grasshoppers was lower in seedlings derived from maternal plants
that suffered from both herbivores, as shown by the significant interaction term (Fig 2B,

Table 3).

Experiment 2: Within-plant level. There was no transgenerational effect of herbivores on
the number of leaves produced per seedling (Table 3), but there was a negative transgenera-
tional effect of ungulates on seedling survival rate in the field (UNG- = 0.64 + 0.05, UNG+ =
0.45 + 0.06; Table 3).
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Table 2. Ungulate and PSP effects on seedling emergence and emergence time at between-plant and within-plant levels of Moricandia moricandioides.

Ungulate PSP Ungulate x PSP

7 P DF 2 | P DF 2 | P DF
Between-plant level
Emergence rate 9.85 0.001 1,57 2.90 0.08 1,57 0.97 0.32 1,57
Emergence time 0.62 0.43 1,56 0.14 0.70 1, 56 0.02 0.88 1, 56
Within-plant level
Emergence rate 4.59 0.032 1,32 0.18 0.67 1, 30 1.58 0.20 1,30
Emergence time 0.04 0.84 1,31 0.45 0.51 1,28 2.44 0.13 1,28

Significant effects (P < 0.05) are shown in bold.

https://doi.org/10.1371/journal.pone.0207553.t002

There was an interactive transgenerational effect of ungulates and PSPs on seedling herbi-
vores (Table 3). The total number of leaves attacked by herbivores was lower in seedlings
derived from maternal plants under both ungulates and PSPs exposure (Fig 2C). A similar but
marginally significant transgenerational effect was found for the number of leaves attacked by
grasshoppers (Fig 2D, Table 3). There was no effect of previous generation herbivores on the
number of leaves attacked by chrysomelid beetles or leaf miners (Table 3).

Discussion

Effects of herbivores on seed quality and seedling emergence rate
The present study supports the idea that the maternal biotic environment has important con-

sequences for the offspring. In particular, ungulates had strong and significant negative effects

Table 3. Ungulate and PSP effects on seedling performance and herbivory (seedling resistance) at between-plant and within-plant levels of Moricandia
moricandioides.

Ungulate PSP Ungulate x PSP

#/F | P | DF F£/F | P DF £/F | P DF
Between-plant level
Seedling performance
Survival rate 0.00 0.97 1,32 0.00 0.97 1,32 0.42 0.51 1,32
Produced leaves 0.67 0.41 1,32 0.34 0.56 1,32 1.25 0.27 1,32
Seedling resistance
Leaves attacked by chrysomelids 0.73 0.39 1,32 2.20 0.13 1,32 0.03 0.86 1,32
Leaves attacked by leaf miners 4.61 0.031 1,32 0.81 0.36 1,32 0.15 0.69 1,32
Leaves attacked by grasshoppers 0.00 0.97 1,32 1.41 0.23 1,32 6.19 0.012 1,32
Leaves attacked in total 0.65 0.42 1,32 0.05 0.82 1,32 0.27 0.60 1,32
Within-plant level
Seedling performance
Survival rate 3.98 0.046 1,9 0.07 0.79 1,9 0.10 0.75 1,9
Produced leaves 2.12 0.20 1,9 0.04 0.84 1,9 0.00 0.97 1,9
Seedling resistance
Leaves attacked by chrysomelids 0.22 0.63 1,9 0.65 0.42 1,9 2.03 0.15 1,9
Leaves attacked by leaf miners 2.06 0.15 1,9 0.58 0.44 1,9 1.05 0.30 1,9
Leaves attacked by grasshoppers 0.03 0.86 1,9 0.03 0.86 1,9 3.51 0.06 1,9
Leaves attacked in total 1.65 0.19 1,9 2.66 0.10 1,9 5.86 0.015 1,9

F values are shown for the variable Produced leaves, y° values are shown for the rest. Significant effects (P < 0.05) are shown in bold.

https://doi.org/10.1371/journal.pone.0207553.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0207553 December 12, 2018 9/18


https://doi.org/10.1371/journal.pone.0207553.t002
https://doi.org/10.1371/journal.pone.0207553.t003
https://doi.org/10.1371/journal.pone.0207553

®PLOS | one

Delayed effects of herbivores on plants

a)
All mother plants
0.5
O UNG -
g ® UNG +
£ 0.4-
£
(T
©
9
o, 0.3
L
©
2
o 0.24
8
©
o
® 0.1 §
©
(]
-l
0
PSP plant - PSP plant +
C .
) Mother plants with PSPs
2.5
S
g 2]
£
T
()
¥
§ 1.5
©
N
()
5 1
Q
= O UNG -
@® UNG +
0.5
PSP fruit - PSP fruit +

Leaves attacked by grasshoppers

Leaves attacked by grasshoppers

All mother plants

“To unG-
©® UNG + T
1.6
1.4- O
7= ®
O +
1 -
0.8
PSP plant - PSP plant +
Mother plants with PSPs
2 -
1.5
1 —
057 0 uNG -
® UNG +
PSP fruit - PSP fruit +

Fig 2. Transgenerational effects of ungulates and PSPs on next generation seedling herbivory. a) Transgenerational ungulate and PSP effects on attacked leaves of
Moricandia moricandioides seedlings by leaf miners at between-plant level (Field Experiment I). b) Transgenerational ungulate and PSP effects on total number of
attacked leaves in seedlings at between-plant level (Field Experiment 1). c) Transgenerational ungulate and PSP effects on total number of attacked leaves in seedlings at
within-plant level (Field Experiment 2). d) Transgenerational ungulate and PSP effects on total number of attacked leaves in seedlings by grasshoppers at within-plant
level (Field Experiment 2). Mean + SE.

https://doi.org/10.1371/journal.pone.0207553.g002

on M. moricandioides offspring. Ungulates effects on the mother plants significantly reduced
the emergence rate of their seedlings in greenhouse conditions. This transgenerational effect
of ungulates on emergence rate has been previously reported for other herbs and shrubs
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[22,52]. We presume that this effect may even be underestimated, as any effects of herbivores
on seedling emergence are expected to be much higher under field conditions [40]. Further-
more, damage by ungulates to mother plants also significantly lessened the survival of seed-
lings in field conditions. Interestingly, this effect was mostly evident in plants attacked also by
PSPs, suggesting that PSPs may also impinge some, albeit weak, transgenerational effects.
Therefore, our results suggest that ungulates may have much larger long-term effects on M.
moricandioides population than inferred from their solely effects on seed production. The cur-
rent study, thus, indicates that an accurate and precise estimate of ungulate effects on plant
population dynamics requires not just quantifying their intra-generational impacts but also
the transgenerational consequences of the damage. When these two processes act synergisti-
cally, the long-term negative effects on plant populations are greatly amplified and cannot be
deduced from studies focusing exclusively on intra-generational effects.

Many theoretical and empirical studies have found that the effects of herbivores on plant
performance are stronger in short-lived herbs than in perennials [17,53]. This is logical given
that reductions in fecundity for short-lived plants directly translate into a reduction in lifetime
fitness, whereas the effects of herbivores on perennial plant fitness are more difficult to deter-
mine because perennials can compensate for herbivore damage across years [17]. Recruitment
is crucial for the fitness of short-lived plants, as the majority of plant mortality occurs at this
stage [54]. Our results on M. moricandioides, in which more than 90% of the individuals repro-
duce only once, support the evidence that herbivores can strongly influence the performance
of short-lived plants.

Ungulates affected seed viability by decreasing seed mass in some arid and semiarid shrubs
[23,25]. In our system, ungulates affected seed quality by reducing the content of carbon in the
seeds, but there was no effect in seed mass or nitrogen content. This reduction in carbon con-
tent in seeds might explain the lower seed viability, and even the higher mortality of seedlings.
Net carbon balance is necessary for plant growth and survival, and modest changes in carbon
allocation patterns may have large consequences for seedling emergence and seedling survival
[55]. Indeed, recent studies in Arabidopsis reveal that carbon-dependent signaling pathways
could be ubiquitous regulators of seed germination and as important as nitrogen content and
seed mass in determining germination success [56,57]. Carbon limitation in seeds could be a
cost of resprouting after being grazed or trampled by ungulates, which immediately reduce the
photosynthetic capacity and affect the rate of accumulation of water-soluble carbohydrates in
the plant [58]. Ungulate damage does not only lead to tissue loss and thus losses of carbon, but
also affects the stored reserves, which mostly consist of carbon resources [22]. Thus, ungulates
limit the amount of carbon that could be allocated to seeds, because the resources used for
regrowth may translate to fewer resources allocated to reproduction [59]. Our previous work
also showed that floral herbivores alter carbon and nitrogen content in seeds of M. morican-
dioides resulting in a reduction in seedling emergence and establishment [40].

There was no prominent transgenerational effect of PSPs on M. moricandioides. In other
systems, pre-dispersal seed predation reduces seedling emergence and recruitment in plant
species differing in life cycle [37]. On the contrary, M. moricandioides plants attacked by PSPs
overcompensated increasing seed production [Aguirrebengoa et al. under review, Gonzalez-
Megias et al. in prep.] Therefore, the lack of any transgenerational effect of PSPs on seeds sup-
port the idea that there is a positive net effect of PSPs on M. moricandioides and opens an inter-
esting debate about how this presumably antagonistic interaction has evolved to become a
"mutualistic” one. This type of interaction is even more difficult to explain in resource-limited
environments where both the plant and the insects undergo extreme and unpredictable abiotic
conditions.
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Effects of ungulates and seed predators on seedling herbivory and
performance

Our study demonstrates significant transgenerational and interacting effects of ungulates and
PSPs on plants by affecting the herbivory experienced by the offspring of the same host plant.
Moreover, the transgenerational effects varied according to the herbivore feeding mode and
their specialization degree, which suggests that multiple mechanisms are involved.

There are very few examples in the literature of maternal herbivory affecting the influences
of other herbivore guilds on the offspring than the inducer herbivore (see [6]). We found that
when the parental generation was affected by ungulates, the offspring was less susceptible to
leaf miner attack. Host specificity and adaptations to plant defenses tend to be very high in this
herbivore guild [60,61], and leaf miners are also quite sensitive to leaf nutrient content and
quality [62-64]. Hence, the ungulate transgenerational effect on leaf miners may be the result
of the lower carbon content in seeds that could be inherited in seedlings. Analyses of seedling
leaf nutrient content and defenses will be necessary to elucidate the specific mechanism behind
our results.

One of the most surprising results of our study is that PSPs and ungulates had an interact-
ing transgenerational effect on M. moricandioides seedlings. When maternal plants suffered
the pressure of both herbivores (ungulates and PSPs), seedlings increased resistance against
generalist herbivores (grasshoppers). The fact that only generalist herbivores but not specialists
ones (leaf miners and chrysomelids) were negatively affected by this interaction suggest that
the combined impact of ungulate and PSP herbivory on maternal plants triggers a defense
response in seedlings, because these are usually more effective against generalist than specialist
herbivores [65,66]. Several studies show that maternal herbivory can induce physical (tri-
chomes) and chemical defenses [9,11,13].

Transgenerational defense induction can depend on the degree of predictability of future
attack [67]. According to [10], transgenerational induced resistance to herbivores could be
expected in those plants subjected to a non-predictable attack rate (i.e. PSPs). On the contrary,
if the herbivore attack rate remains constant over time (i.e. ungulates) a constitutive resistance
could have evolved. Transgenerational defense induction to reduce herbivory on offspring
would therefore be expected for PSPs but not so clearly for ungulates that remain constant for
decades and mainly affect plants by trampling. Indeed, ungulate constant impact could have
also favored the development of tolerance that allows survival and reproduction [22,68]. Other
authors suggested that seedlings of stressed plants are able to rapidly induce defenses in
response to a stress similar to the one suffered by the parental plants [69,70]. Seedlings have
limited structures required for resource acquisition, and thus, they might rely more on
induced rather than constitutive resistance [71,72]. By which features herbivores were deterred
in offspring is difficult to elucidate and needs further studies.

Biotic transgenerational effects on seeds and seedlings at within-plant level

Contrary to our prediction, we found no effect in seed traits and seedling performance of PSPs
at within-plant level. Within-plant pre-dispersal seed predation effects have been observed in
some trees [73,74]. A higher emergence rate of un-attacked fruit seeds due to nitrogen alloca-
tion to these fruits has been reported in Mimosa bimucronata [73]. Similarly, higher seed mass
and emergence rate of un-attacked cone seeds have been observed in Juniperus thurifera [74].
All examples in the literature of within-plant variation on seed quality due to PSP pressure are
from long-lived plants. Plant capacity for localized response within the plant may thus depend
on life cycle and predictability of seed predator attack rates.
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Fig 3. Illustrative figure of the observed transgenerational effects of ungulates and PSPs on Moricandia moricandioides. At between-plant level, we observed
that ungulates reduced seed quality (carbon content) and seedling emergence rate, but these seedlings were more resistant to the attack by leaf miners. In addition,
seedlings from mother plants exposed to ungulates and attacked by PSPs suffered less herbivory by grasshoppers. At within-plant level, the negative effect of
ungulates was strengthened on plants with PSPs, as ungulates reduced seed quality and seedling emergence rate but also seedling survival rate. We observed
variation in transgenerational-induced resistance among siblings, as seedlings from mother plants exposed to ungulates and from fruits attacked by PSPs were more
resistant to herbivores than seedlings from the same plants from un-attacked fruits.

https://doi.org/10.1371/journal.pone.0207553.9003

The most novel result arising from our study is that there was a within-plant transgenera-
tional response to ungulates and PSPs. While some plant performance traits such as seedling
emergence or survival were only affected at plant level, transgenerationally induced responses
to herbivores occurred at both plant and within-plant levels, which may be related to within-
plant variation in plant defense, i.e. glucosinolate induction in M. moricandioides. Defense
induction in plants often occurs in the specific tissue damaged, and locally in the specific dam-
aged part [66,75,76]. Regarding within-plant variation, a recent study shows that the patterns
of DNA cytosine methylation in leaves are highly variable within individuals, and within-indi-
vidual variance even surpasses the variance between individuals [77]. Through within-individ-
ual variation, plants probably better cope with the heterogeneous environment and optimize
the exploitation of resources [39]. Therefore, within-plant variation in transcriptional
responses may be caused by within-plant transgenerational differences in gene expression reg-
ulation or defence-inducing hormones [77].

Conclusions

In summary, our results reinforce the idea that the interplay of biotic factors can be especially
relevant on plant recruitment. Additionally, this study reveals the crucial importance of biotic
maternal environment on the outcome of biotic interactions in resource-limited environ-
ments. Two herbivore types, very different in size and feeding strategy, could have indepen-
dent but also interactive effects on seedling recruitment and herbivore damage, for which seed
nutrient provisioning and transgenerational defense induction might be the main mechanisms
(see Fig 3). This study is in line with other studies in which the complexity of ensemble effects
of species interactions were found to be transgenerationally transmitted [40,78,79]. Finally,
our results highlight that biotic transgenerational effect occurred not only at plant level but
also at within-plant level, with siblings differing on their transgenerational-induced resistance
to insect herbivory. This result underlines the need to consider biotic transgenerational effects
and the intra-individual variability when studying the interaction between herbivores and
plants.

Supporting information

S1 Fig. Experimental Moricandia moricandioides populations. Location map of the twelve
experimental populations of Moricandia moricandioides in the study area (Barranco del Espar-
tal, geographical coordinates 37° 31" 12" N 2° 42" 12" W). Blue points denote populations
excluded from ungulates, red points denote populations exposed to ungulates. The map comes
from the public ortophoto repository of the Department of the Environment of the Regional
Government of Andalucia, Spain (Consejeria de Medio Ambiente de la Junta de Andalucia,
Espafia). http://www.juntadeandalucia.es/medioambiente/site/rediam/menuitem.f361184aaad
ba3cf8ca78ca731525ea0/?vgnextoid=168a7c¢119370£210VgnVCM2000000624e50aRCRD &lr=
lang_es.

(EPS)
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S2 Fig. Flow diagram of the study. Experimental design and sample sizes in each step of fol-
lowed procedure: fruit collection, seed trait measurements, seedling emergence determination
and field experiments with seedlings. Between-plant level effects refers to differences between
(mother) plants, within-plant level effects refers to differences within each (mother) plant
depending on whether they had PSPs in the fruits.

(TIF)

S1 Appendix. Model selection at between-plant and within-plant levels.
(PDF)

Acknowledgments

We would like to thank Angel Caravantes Martinez for his help in the field and the lab, and
Karin Djendouci for her assistance in glucosinolate extraction and identification. We are also
thankful to Igor Vazquez (igor_vazquez@hotmail.com) for his Moricandia’s drawing.

Author Contributions

Conceptualization: Martin Aguirrebengoa, Adela Gonzalez-Megias.

Data curation: Martin Aguirrebengoa, Maite Garcia-Planas.

Formal analysis: Martin Aguirrebengoa, Maite Garcia-Planas.

Funding acquisition: Adela Gonzalez-Megias.

Investigation: Martin Aguirrebengoa, Maite Garcia-Planas, Adela Gonzalez-Megias.
Methodology: Martin Aguirrebengoa, Caroline Miiller, Adela Gonzalez-Megias.
Project administration: Adela Gonzalez-Megias.

Resources: Caroline Miiller, Adela Gonzalez-Megias.

Software: Martin Aguirrebengoa, Caroline Miiller, Adela Gonzalez-Megias.
Supervision: Caroline Miiller, Adela Gonzalez-Megias.

Validation: Martin Aguirrebengoa, Caroline Miiller, Adela Gonzalez-Megias.
Visualization: Martin Aguirrebengoa.

Writing - original draft: Martin Aguirrebengoa.

Writing - review & editing: Martin Aguirrebengoa, Maite Garcia-Planas, Caroline Miiller,
Adela Gonzalez-Megias.

References

1. Crawley MJ. Plant-Herbivore Dynamics. In: Plant Ecology. Oxford, UK: Blackwell Publishing Ltd.;
2009. p. 401-74.

Roach DA, Wulff RD. Maternal effects in plants. Annu Rev Ecol Syst. 1987; 18(1):209-35.

3. Herman JJ, Sultan SE. Adaptive transgenerational plasticity in plants: case studies, mechanisms, and
implications for natural populations. Front Plant Sci. 2011; 2:102. https://doi.org/10.3389/fpls.2011.
00102 PMID: 22639624

4. Uller T, Nakagawa S, English S. Weak evidence for anticipatory parental effects in plants and animals.
J Evol Biol. 2013; 26(10):2161-70. https://doi.org/10.1111/jeb.12212 PMID: 23937440

5. LatzelV, Janecek é, Dolezal J, KlimeSova J, Bossdorf O. Adaptive transgenerational plasticity in the
perennial Plantago lanceolata. Oikos. 2014; 123(1):41-6.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207553 December 12, 2018 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207553.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207553.s003
https://doi.org/10.3389/fpls.2011.00102
https://doi.org/10.3389/fpls.2011.00102
http://www.ncbi.nlm.nih.gov/pubmed/22639624
https://doi.org/10.1111/jeb.12212
http://www.ncbi.nlm.nih.gov/pubmed/23937440
https://doi.org/10.1371/journal.pone.0207553

®PLOS | one

Delayed effects of herbivores on plants

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Agrawal AA. Transgenerational consequences of plant responses to herbivory: an adaptive maternal
effect? Am Nat. 2001; 157(5):555-69. https://doi.org/10.1086/319932 PMID: 18707262

Steets JA, Ashman T. Maternal effects of herbivory in Impatiens capensis. Int J Plant Sci. 2010; 171
(5):509-18.

Holeski LM, Jander G, Agrawal AA. Transgenerational defense induction and epigenetic inheritance in
plants. Trends Ecol Evol. 2012; 27(11):618—26. https://doi.org/10.1016/j.tree.2012.07.011 PMID: 22940222

Colicchio J. Transgenerational effects alter plant defence and resistance in nature. J Evol Biol. 2017; 30
(4):664-80. https://doi.org/10.1111/jeb.13042 PMID: 28102915

Agrawal AA. Herbivory and maternal effects: mechanisms and consequences of transgenerational
induced plant resistance. Ecology. 2002; 83(12):3408-15.

Holeski LM. Within and between generation phenotypic plasticity in trichome density of Mimulus gutta-
tus. J Evol Biol. 2007; 20(6):2092—100. https://doi.org/10.1111/j.1420-9101.2007.01434.x PMID:
17903186

Rasmann S, De Vos M, Casteel CL, Tian D, Halitschke R, Sun JY, et al. Herbivory in the previous gen-
eration primes plants for enhanced insect resistance. Plant Physiol. 2012; 158(2):854—-63. https://doi.
org/10.1104/pp.111.187831 PMID: 22209873

Ballhorn DJ, Kautz S, Laumann JM. Herbivore damage induces a transgenerational increase of cyano-
genesis in wild lima bean (Phaseolus lunatus). Chemoecology. 2016; 26(1):1-5.

Kellenberger RT, Desurmont GA, Schliter PM, Schiestl FP. Trans-generational inheritance of herbiv-
ory-induced phenotypic changes in Brassica rapa. Sci Rep. 2018; 8(1):3536. https://doi.org/10.1038/
s$41598-018-21880-2 PMID: 29476119

Ehrlén J. Fitness components versus total demographic effects: evaluating herbivore impacts on a
perennial herb. Am Nat. 2003; 162(6):796—810. https://doi.org/10.1086/379350 PMID: 14737716

Karban R, Baldwin IT. Induced responses to herbivory. Chicago, USA: University of Chicago Press;
1997.319p.

Maron JL. Insect herbivory above- and belowground: individual and joint effects on plant fitness. Ecol-
ogy. 1998; 79(4):1281-93.

Maron JL, Crone E. Herbivory: effects on plant abundance, distribution and population growth. Proc R
Soc BBiol Sci. 2006; 273(1601):2575-84.

Huntly N. Herbivores and the dynamics of communities and ecosystems. Annu Rev Ecol Syst. 1991; 22
(1):477-503.

Hobbs NT. Modification of ecosystems by ungulates. J Wildl Manage. 1996; 60(4):695.

Horsley SB, Stout SL, deCalesta DS, deCalesta DS. White-tailed deer impact on the vegetation dynam-
ics of a northern hardwood forest. Ecol Appl. 2003; 13(1):98—118.

Tiffin P. Mechanisms of tolerance to herbivore damage: what do we know? Evol Ecol. 2000; 14(4—
6):523-36.

Lecomte X, Fedriani JM, Caldeira MC, Clemente AS, Olmi A, Bugalho MN. Too many is too bad: long-
term net negative effects of high density ungulate populations on a dominant Mediterranean shrub.
PLoS One. 2016; 11(7):e0158139. https://doi.org/10.1371/journal.pone.0158139 PMID: 27387134

Lecomte X, Caldeira MC, Bugalho MN, Fedriani JM. Combined effects of deer, mice and insect seed
predation on the reproductive success of a Mediterranean shrub. Basic Appl Ecol. 2017 Jun;45-54.

Tadey M, Souto CP. Unexpectedly, intense livestock grazing in arid rangelands strengthens the seed-
ling vigor of consumed plants. Agron Sustain Dev. 2016; 36(4):63.

Obeso JR. Does defoliation affect reproductive output in herbaceous perennials and woody plants in dif-
ferent ways? Funct Ecol. 1993; 7(2):150-5.

Zas R, Cendan C, Sampedro L. Mediation of seed provisioning in the transmission of environmental
maternal effects in Maritime pine (Pinus pinaster Aiton). Heredity 2013; 111(3):248-55. https://doi.org/
10.1038/hdy.2013.44 PMID: 23652562

Godmez JM, Gonzalez-Megias A. Asymmetrical interactions between ungulates and phytophagous
insects: being different matters. Ecology. 2002; 83(1):203—11.

Gomez JM, Gonzélez-Megias A. Long-term effects of ungulates on phytophagous insects. Ecol Ento-
mol. 2007; 32(2):229-34.

Gish M, Ben-Ari M, Inbar M. Direct consumptive interactions between mammalian herbivores and plant-
dwelling invertebrates: prevalence, significance, and prospectus. Oecologia. 2017; 183(2):347-52.
https://doi.org/10.1007/s00442-016-3775-2 PMID: 27878384

Gomez JM. Herbivory reduces the strength of pollinator-mediated selection in the Mediterranean herb
Erysimum mediohispanicum: consequences for plant specialization. Am Nat. 2003; 162(2):242—56.
https://doi.org/10.1086/376574 PMID: 12858267

PLOS ONE | https://doi.org/10.1371/journal.pone.0207553 December 12, 2018 16/18


https://doi.org/10.1086/319932
http://www.ncbi.nlm.nih.gov/pubmed/18707262
https://doi.org/10.1016/j.tree.2012.07.011
http://www.ncbi.nlm.nih.gov/pubmed/22940222
https://doi.org/10.1111/jeb.13042
http://www.ncbi.nlm.nih.gov/pubmed/28102915
https://doi.org/10.1111/j.1420-9101.2007.01434.x
http://www.ncbi.nlm.nih.gov/pubmed/17903186
https://doi.org/10.1104/pp.111.187831
https://doi.org/10.1104/pp.111.187831
http://www.ncbi.nlm.nih.gov/pubmed/22209873
https://doi.org/10.1038/s41598-018-21880-2
https://doi.org/10.1038/s41598-018-21880-2
http://www.ncbi.nlm.nih.gov/pubmed/29476119
https://doi.org/10.1086/379350
http://www.ncbi.nlm.nih.gov/pubmed/14737716
https://doi.org/10.1371/journal.pone.0158139
http://www.ncbi.nlm.nih.gov/pubmed/27387134
https://doi.org/10.1038/hdy.2013.44
https://doi.org/10.1038/hdy.2013.44
http://www.ncbi.nlm.nih.gov/pubmed/23652562
https://doi.org/10.1007/s00442-016-3775-2
http://www.ncbi.nlm.nih.gov/pubmed/27878384
https://doi.org/10.1086/376574
http://www.ncbi.nlm.nih.gov/pubmed/12858267
https://doi.org/10.1371/journal.pone.0207553

®PLOS | one

Delayed effects of herbivores on plants

32.

33.

34.

35.
36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Sakata Y, Yamasaki M. Deer overbrowsing on autumn-flowering plants causes bumblebee decline and
impairs pollination service. Ecosphere. 2015; 6(12):art274.

Gomez JM, Gonzélez-Megias A. Trait-mediated indirect interactions, density-mediated indirect interac-
tions, and direct interactions between mammalian and insect herbivores. In: Ohgushi T, Craig TP, Price
PW, editors. Ecological Communities. Cambridge, UK: Cambridge University Press; 2007. p. 104-23.

Takagi S, Miyashita T. Scale and system dependencies of indirect effects of large herbivores on phy-
tophagous insects: a meta-analysis. Popul Ecol. 2014; 56(3):435—45.

Janzen DH. Seed predation by animals. Annu Rev Ecol Syst. 1971; 2(1):465-92.

Moles AT, Warton DI, Westoby M. Do small-seeded species have higher survival through seed preda-
tion than large-seeded species? Ecology. 2003; 84(12):3148-61.

Kolb A, Ehrlén J, Eriksson O. Ecological and evolutionary consequences of spatial and temporal varia-
tion in pre-dispersal seed predation. Perspect Plant Ecol Evol Syst. 2007; 9(2):79-100.

Herrera CM. Multiplicity in unity: plant subindividual variation and interactions with animals. Chicago,
USA: University of Chicago Press; 2009. 437 p.

Herrera CM. The ecology of subindividual variability in plants: patterns, processes, and prospects. Web
Ecol. 2017; 17(2):51-64.

Gonzalez-Megias A. Within- and trans-generational effects of herbivores and detritivores on plant per-
formance and reproduction. J Anim Ecol. 2016; 85(1):283-90. https://doi.org/10.1111/1365-2656.
12453 PMID: 26433200

Séanchez-Pifero F. Diversidad en ambientes mediterraneos: la fauna de coledpteros de las zonas ari-
das del sureste peninsular. In: Barea-Azcon JM, Moleén M, Travesi R, Ballesteros E, Luzon JM, Tierno
JM, editors. Biodiversidad y conservacion de fauna y flora en ambientes mediterraneos. Granada,
Spain: Sociedad Granatense de Historia Natural; 2007.

Gomez JM. Predispersal reproductive ecology of an arid land crucifer, Moricandia moricandioides:
effect of mammal herbivory on seed production. J Arid Environ. 1996; 33(4):425-37.

Halkier BA, Gershenzon J. Biology and biochemistry of glucosinolates. Annu Rev Plant Biol. 2006; 57
(1):303-33.

Meldau S, Erb M, Baldwin IT. Defence on demand: mechanisms behind optimal defence patterns. Ann
Bot. 2012; 110(8):1503—14. https://doi.org/10.1093/aob/mcs212 PMID: 23022676

Li H, Sattler K. A taxonomic revision of the genus Mesophleps Hibner, 1825 (Lepidoptera: Gelechii-
dae). Zootaxa. 2012; 3373:1-82.

Gonzalez-Megias A, Mller C. Root herbivores and detritivores shape above-ground multitrophic
assemblage through plant-mediated effects. J Anim Ecol. 2010; 79(4):923-31. https://doi.org/10.1111/
j.1365-2656.2010.01681.x PMID: 20302605

Grueber CE, Nakagawa S, Laws RJ, Jamieson, |. G. Multimodel inference in ecology and evolution:
challenges and solutions. J Evol Biol. 2011; 24(4):699-711. https://doi.org/10.1111/j.1420-9101.2010.
02210.x PMID: 21272107

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing. 2014.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. nime: Linear and Nonlinear Mixed Effects Mod-
els. 2014.

Bates D, Mé&chler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. J Stat Softw.
2015;67(1):1-48.

Fournier DA, Skaug HJ, Ancheta J, lanelli J, Magnusson A, Maunder MN, et al. AD Model Builder: using
automatic differentiation for statistical inference of highly parameterized complex nonlinear models.
Optim Methods Softw. 2012; 27(2):233—49.

Baskin CC, Baskin JM. Seeds: ecology, biogeography, and evolution of dormancy and germination.
San Diego, USA: Academic Press; 2014. 1586 p.

Crawley MJ. Insect herbivores and plant population dynamics. Annu Rev Entomol. 1989; 34(1):531-62.

Moles AT, Leishman MR. The seedling as part of a plant’s life history strategy. In: Leck MA, Parker VT,
Simpson RL, editors. Seedling Ecology and Evolution. Cambridge, UK: Cambridge University Press;
2008. p. 217-38.

Kitajima K, Myers JA. Seedling ecophysiology: strategies toward achievement of positive net carbon
balance. In: Leck MA, Parker VT, Simpson RL, editors. Seedling Ecology and Evolution. Cambridge,
UK: Cambridge University Press; 2008. p. 172—-88.

Palenchar PM, Kouranov A, Lejay L V, Coruzzi GM. Genome-wide patterns of carbon and nitrogen reg-
ulation of gene expression validate the combined carbon and nitrogen (CN)-signaling hypothesis in
plants. Genome Biol. 2004; 5(11):R91. https://doi.org/10.1186/gb-2004-5-11-r91 PMID: 15535867

PLOS ONE | https://doi.org/10.1371/journal.pone.0207553 December 12, 2018 17/18


https://doi.org/10.1111/1365-2656.12453
https://doi.org/10.1111/1365-2656.12453
http://www.ncbi.nlm.nih.gov/pubmed/26433200
https://doi.org/10.1093/aob/mcs212
http://www.ncbi.nlm.nih.gov/pubmed/23022676
https://doi.org/10.1111/j.1365-2656.2010.01681.x
https://doi.org/10.1111/j.1365-2656.2010.01681.x
http://www.ncbi.nlm.nih.gov/pubmed/20302605
https://doi.org/10.1111/j.1420-9101.2010.02210.x
https://doi.org/10.1111/j.1420-9101.2010.02210.x
http://www.ncbi.nlm.nih.gov/pubmed/21272107
https://doi.org/10.1186/gb-2004-5-11-r91
http://www.ncbi.nlm.nih.gov/pubmed/15535867
https://doi.org/10.1371/journal.pone.0207553

®PLOS | one

Delayed effects of herbivores on plants

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Osuna D, Prieto P, Aguilar M. Control of seed germination and plant development by carbon and nitro-
gen availability. Front Plant Sci. 2015; 6:1023. https://doi.org/10.3389/fpls.2015.01023 PMID:
26635847

Fulkerson WJ, Donaghy DJ. Plant-soluble carbohydrate reserves and senescence—key criteria for
developing an effective grazing management system for ryegrass-based pastures: a review. Aust J Exp
Agric. 2001; 41(2):261.

Suwa T, Maherali H. Influence of nutrient availability on the mechanisms of tolerance to herbivory in an
annual grass, Avena barbata (Poaceae). Am J Bot. 2008; 95(4):434—40. https://doi.org/10.3732/ajb.95.
4.434 PMID: 21632367

Novotny V, Basset Y. Host specificity of insect herbivores in tropical forests. Proc R Soc B Biol Sci.
2005; 272(1568):1083—-90.

Giron D, Huguet E, Stone GN, Body M. Insect-induced effects on plants and possible effectors used by
galling and leaf-mining insects to manipulate their host-plant. J Insect Physiol. 2016; 84:70-89. https:/
doi.org/10.1016/j.jinsphys.2015.12.009 PMID: 26723843

Inbar M, Doostdar H, Mayer RT. Suitability of stressed and vigorous plants to various insect herbivores.
Oikos. 2001; 94(2):228-35.

De Bruyn L, Scheirs J, Verhagen R. Nutrient stress, host plant quality and herbivore performance of a
leaf-mining fly on grass. Oecologia. 2002; 130(4):594-9. https://doi.org/10.1007/s00442-001-0840-1
PMID: 28547262

Han P, Lavoir A-V, Le Bot J, Amiens-Desneux E, Desneux N. Nitrogen and water availability to tomato
plants triggers bottom-up effects on the leafminer. Sci Rep. 2015; 4(1):4455.

Nunez-Farfan J, Fornoni J, Valverde PL. The evolution of resistance and tolerance to herbivores. Annu
Rev Ecol Evol Syst. 2007; 38(1):541-66.

Hopkins RJ, van Dam NM, van Loon JJA. Role of glucosinolates in insect-plant relationships and multi-
trophic interactions. Annu Rev Entomol. 2009; 54(1):57-83.

Karasov TL, Chae E, Herman JJ, Bergelson J. Mechanisms to mitigate the trade-off between growth
and defense. Plant Cell. 2017; 29(4):666—-80. https://doi.org/10.1105/tpc.16.00931 PMID: 28320784

du Toit JT, Olff H. Generalities in grazing and browsing ecology: using across-guild comparisons to con-
trol contingencies. Oecologia. 2014; 174(4):1075-83. https://doi.org/10.1007/s00442-013-2864-8
PMID: 24390413

Beckers GJ, Conrath U. Priming for stress resistance: from the lab to the field. Curr Opin Plant Biol.
2007; 10(4):425-31. https://doi.org/10.1016/}.pbi.2007.06.002 PMID: 17644024

Conrath U. Molecular aspects of defence priming. Trends Plant Sci. 2011; 16(10):524-31. https://doi.
org/10.1016/j.tplants.2011.06.004 PMID: 21782492

Boege K, Dirzo R, Siemens D, Brown P. Ontogenetic switches from plant resistance to tolerance: mini-
mizing costs with age? Ecol Lett. 2007; 10(3):177-87. https://doi.org/10.1111/j.1461-0248.2006.01012.
x PMID: 17305801

Barton KE. Phenotypic plasticity in seedling defense strategies: compensatory growth and chemical
induction. Oikos. 2008; 117(6):917-25.

De Menezes LCCR, Klein J, Kestring D, Rossi MN. Bottom-up and top-down effects in a pre-dispersal
seed predation system: are non-predated seeds damaged? Basic Appl Ecol. 2010; 11(2):126-34.

DeSoto L, Tutor D, Torices R, Rodriguez-Echeverria S, Nabais C. Pre-dispersal predation effect on
seed packaging strategies and seed viability. Oecologia. 2016; 180(1):91-102. https://doi.org/10.1007/
s00442-015-3446-8 PMID: 26400794

Kessler A, Baldwin IT. Plant responses to herbivory: the emerging molecular analysis. Annu Rev Plant
Biol. 2002; 53(1):299-328.

van Dam NM, Tytgat TOG, Kirkegaard JA. Root and shoot glucosinolates: a comparison of their diver-
sity, function and interactions in natural and managed ecosystems. Phytochem Rev. 2009; 8(1):171—
86.

Alonso C, Pérez R, Bazaga P, Medrano M, Herrera CM. Within-plant variation in seed size and inflores-
cence fecundity is associated with epigenetic mosaicism in the shrub Lavandula latifolia (Lamiaceae).
Ann Bot. 2018; 121(1):153-60. https://doi.org/10.1093/aob/mcx140 PMID: 29186299

Irwin RE. The consequences of direct versus indirect species interactions to selection on traits: pollina-
tion and nectar robbing in Ipomopsis aggregata. Am Nat. 2006; 167(3):315-28. https://doi.org/10.1086/
499377 PMID: 16673341

Godmez JM. Sequential conflicting selection due to multispecific interactions triggers evolutionary trade-
offs in a monocarpic herb. Evolution. 2008; 62(3):668—79. https://doi.org/10.1111/].1558-5646.2007.
00312.x PMID: 18182075

PLOS ONE | https://doi.org/10.1371/journal.pone.0207553 December 12, 2018 18/18


https://doi.org/10.3389/fpls.2015.01023
http://www.ncbi.nlm.nih.gov/pubmed/26635847
https://doi.org/10.3732/ajb.95.4.434
https://doi.org/10.3732/ajb.95.4.434
http://www.ncbi.nlm.nih.gov/pubmed/21632367
https://doi.org/10.1016/j.jinsphys.2015.12.009
https://doi.org/10.1016/j.jinsphys.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26723843
https://doi.org/10.1007/s00442-001-0840-1
http://www.ncbi.nlm.nih.gov/pubmed/28547262
https://doi.org/10.1105/tpc.16.00931
http://www.ncbi.nlm.nih.gov/pubmed/28320784
https://doi.org/10.1007/s00442-013-2864-8
http://www.ncbi.nlm.nih.gov/pubmed/24390413
https://doi.org/10.1016/j.pbi.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17644024
https://doi.org/10.1016/j.tplants.2011.06.004
https://doi.org/10.1016/j.tplants.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21782492
https://doi.org/10.1111/j.1461-0248.2006.01012.x
https://doi.org/10.1111/j.1461-0248.2006.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/17305801
https://doi.org/10.1007/s00442-015-3446-8
https://doi.org/10.1007/s00442-015-3446-8
http://www.ncbi.nlm.nih.gov/pubmed/26400794
https://doi.org/10.1093/aob/mcx140
http://www.ncbi.nlm.nih.gov/pubmed/29186299
https://doi.org/10.1086/499377
https://doi.org/10.1086/499377
http://www.ncbi.nlm.nih.gov/pubmed/16673341
https://doi.org/10.1111/j.1558-5646.2007.00312.x
https://doi.org/10.1111/j.1558-5646.2007.00312.x
http://www.ncbi.nlm.nih.gov/pubmed/18182075
https://doi.org/10.1371/journal.pone.0207553

