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Abstract —The evolutionary purpose of a fleshy fruit is to attract seed dispersers and get the seeds
dispersed by frugivorous animals. For this reason, fruits should be highly rewarding to these mutualists.
However, insect herbivory can alter plant reproductive success e.g. by decreasing fruit yield or affecting
the attractiveness of the fruits to mutualistic seed dispersers. Under natural conditions, we tested the
effects of experimental larval-defoliation on berry ripening and consumption of a non-cultivated dwarf
shrub, the bilberry (Vaccinium myrtillus L.), which produces animal-dispersed berries with high sugar and
anthocyanin concentration. Bilberry ramets with high fruit yield were most likely to get their berries
foraged, indicating that frugivores made foraging choices based on the abundance of berries. Moreover,
the probability for berries being foraged was the lowest for non-defoliated ramets that grew adjacent to
larval-defoliated ramets, even though larval-defoliation did not affect the biochemical composition (total
concentrations of anthocyanins, sugars and organic acids) or the probability of ripening of berries. We
hypothesise that the lower probability for berries being foraged in these ramets may be a consequence of
rhizome- or volatile-mediated communication between ramets, resulting in a priming effect of the

herbivore defence and lower attractiveness of the non-defoliated ramets.
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INTRODUCTION

Since the evolutionary purpose of fleshy fruits is to attract seed dispersers and get the seeds dispersed by
frugivorous animals, fruits should be highly rewarding to mutualistic dispersers. However, there is
intraspecific variation e.g. in size (Pato and Obeso 2012;Wheelwright 1993) and number of fruits
produced per plant (e.g. Jordano 1995), as well as in concentrations of sugars, anthocyanins and other
nutrients in the fruits (Izhaki et al. 2002; Kalt et al. 1999; Levey 1987; Laétti et al. 2008; Schaefer and
Braun 2009; Uleberg et al. 2012). Because seed dispersers should favour plants with most rewarding
fruits, differences in quality or quantity of fruits can affect their attractiveness. For example, some
frugivores favour large fruits over small or medium ones (e.g. Alcéntara et al. 1997; van Lent et al. 2014,
Wheelwright 1993) or plant individuals with large crop size (Alcantara et al. 1997; Blendinger et al.
2008; Christensen and Whitham 1991; Ortiz-Pulido et al. 2007; Pizo and Almeida-Neto 2009; Sallabanks
1993). Variation in the concentrations of sugars and acids can also affect attractiveness of fruits due to
differences in taste. For example, some tanagers are able to detect very small differences in sugar
concentration of the fruits (Levey 1987; Schaefer et al. 2003). Variation in anthocyanin content can also
affect the attractiveness of fruits, because anthocyanins are not only pigments but also potent antioxidants
(Schaefer et al. 2004; 2008; Tamura and Yamagami 1994; Wang et al. 1997; Zheng and Wang 2003), and
their presence can indicate the presence of some colourless antioxidants (Schaefer et al. 2008; Zheng and
Wang 2003). Indeed, some birds actively select anthocyanins, as well as other antioxidants and lipids in
their diet and are able to discriminate between varying anthocyanin or lipid concentrations based on the
colour of the fruit (Alan et al. 2013; Bolser et al. 2013; Catoni et al. 2008; Schaefer et al. 2008, 2014).
Because the differences in plant characteristics and frugivore preferences likely lead to
differences in seed dispersal success, it is important to understand factors affecting fruit production and
attractiveness of plants to frugivores. Abiotic (e.g. availability of water, nutrients and light) and genetic
factors can affect the characteristics of flowers and fruits of plants. In addition, insect herbivory may
affect plant fitness due to investments in defence, which can result in allocation or ecological costs
(Bronstein et al. 2007; Heil 2002; Strauss et al. 2002). Herbivory may lower reproductive effort if the
plant allocates resources to defence or regrowth, while investing fewer resources to reproduction. For
example, several studies indicate that damage on vegetative tissue reduces the amount of resources

invested in reproduction (Louda 1984; Marquis 1984; Pratt et al. 2005; Puentes and Agren 2012;
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Treadwell and Cuda 2007; van Lent et al. 2014; Wise and Sacchi 1996, but see e.g. Oyama and Mendoza
1990). Herbivory may also lead to ecological costs e.g. due to pleiotropy, as induced defence against
herbivory in vegetative tissues may result in accumulation of secondary metabolites also to reproductive
tissues (Adler 2000; Adler et al. 2006; Eriksson and Ehrlén 1998; Irwin and Adler 2006; McArt et al.
2013), which may affect the foraging behaviour of seed dispersers. Whitehead and Poveda (2011) found
that insect herbivory can have a negative impact on foraging choices of seed dispersing birds by affecting
the palatability and developmental time of fruits in Hamelia patens Jacg. (Rubiaceae). In clonal plants,
herbivory may potentially affect fruit production and fruit quality of several ramets (i.e. functionally
autonomous clones) or the whole genet, because attack in one ramet can induce systemic resistance in
other interconnected ramets (Chen et al. 2011; Gomez et al. 2007, 2010; Gémez and Stuefer 2006).
Although the purpose of potentially unpalatable secondary metabolites in fleshy fruits and their possible
effects on seed dispersers has long been of interest (reviewed in Cipollini and Levey 1997; Eriksson and
Ehrlén 1998; Herrera 1982), the effects of herbivory on other biochemical characteristics, such as sugar or
anthocyanin concentrations, are poorly known. However, removal of leaf tissue can negatively affect
anthocyanin and sugar concentration as well as pH of fruits (Casierra-Posada et al. 2013; Pastore et al.
2013).

Despite the above-mentioned consequences that herbivory may inflict upon plant reproduction,
we are not aware of studies that have simultaneously investigated the effects of insect herbivory on
multiple reproductive aspects of fleshy fruiting plants, such as ripening, yield, and biochemical
characteristics of fruits and foraging preferences of frugivores. Thus, using a non-cultivated clonal dwarf
shrub, bilberry (Vaccinium myrtillus L.) and autumnal moth (Epirrita autumnata Borkhausen) larvae as
study species in the field experiment, we tested the effects of insect herbivory on fruit ripening and non-
defence related biochemical characteristics of berries while monitoring the removal of ripe fruits by
mutualistic frugivores. We also analysed the profiles of anthocyanins, sugars and acids to confirm typical
compounds of bilberries. However, we focus on their total concentrations, because birds can discriminate
different anthocyanin and sugar concentrations (e.g. Bolser et al. 2013; Levey 1987; Schaefer et al. 2003,
2008), and because to our knowledge it is not known if some individual anthocyanins or sugars are
especially attractive to birds. We hypothesised that possible trade-offs between induced herbivore defence

and reproduction should be seen as either 1) allocation costs between defence and reproduction, observed
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as lowered probability for berries to ripen, or changed concentrations of anthocyanins, sugars and acids,
together with 2) ecological costs, i.e. lowered probability of ripe berries to be removed from herbivore-

treated plants by frugivorous birds.

METHODS AND MATERIALS

Species. Bilberry is a common perennial clonal shrub, with a distribution ranging from northern- to
central Europe, often being a dominating species in spruce forests (Albert et al. 2003; Eriksson and
Froborg 1996; Miina et al. 2009; Ritchie 1956). In bilberry, a ramet is an orthotropic shoot that is
connected to a belowground rhizome (i.e. horizontal stem) (Tolvanen and Laine 1997), and ramets
belonging to the same clone tend to be closely associated due to phalanx growth strategy (Albert et al.
2003). Despite vegetative propagation, bilberry produces large amounts of sweet-tasting berries with high
concentrations of anthocyanins (Kalt et al. 1999; Laaksonen et al. 2010; Ritchie 1956; Riihinen et al.
2008). These dark blue-black berries are consumed and dispersed by a large number of birds, such as
grouses, partridges, thrushes and warblers, and by some mammals (Honkavaara et al. 2007; Pato and
Obeso 2012; Ritchie 1956). Furthermore, the berries have a wax coating that reflects UV-light, which acts
as a visual foraging cue for frugivorous birds (Siitari et al. 1999).

Autumnal moth was used as an herbivore species in the herbivory treatment, because it is a
generalist that feeds also on bilberry (Silvonen et al. 2014). It has also been used as a defoliator in
previous studies on bird foraging behaviour (Mantyl4 et al. 2008a, b, 2014). The larvae from our breeding
stock were reared on bilberry in laboratory conditions until they reached at least the 3™ instar and were

used in the experiment.

Field Experiment. The field experiment was launched in 20 forest blocks of ca. 100 m? in mixed forest
on the island of Ruissalo (60° 27°N, 22°16’E), Turku, southern Finland, in 2013 and 2014. There was ca.
50 m interval (minimum 10 m but no more than 1 km) between the forest blocks. In each forest block,
three control and three herbivore treatment plots (ca. 1-3 m?; Figure 1) were established. The minimum
distance between the plots in a forest block was five meters. In each plot, two randomly chosen bilberry

ramets were partially bagged with mesh bags (mesh 0.3 mm), while another two ramets in the same plot



were left without bags. To maximise the berry yield, we avoided bagging flowers and unripe berries with
autumnal moth larvae, because although the larvae are leaf chewers, they can also feed on reproductive
structures of bilberries when enclosed inside mesh bags (T.-M. K., personal observation). On average, 25
% of the ramet was covered, (min. ca. 10 %, max 50 %, depending on the size and architecture of a
ramet). The distance between the four ramets in a plot was ca. 1.5 meters (ranging from ca. 0.5 m to 3 m),
which is close to the size of an average bilberry clone (Albert et al. 2003). In herbivore treatment plots,
the mesh bags contained two to five autumnal moth larvae, while in control plots the mesh bags were
empty. The non-bagged ramets in the herbivore treatment plots were expected to have rhizome or root
connections to the neighbouring larval-defoliated ramets, because the ramets belonging to the same clone
tend to be closely associated (Ritchie 1956; Albert et al. 2003). In addition, interconnected ramets likely
induce systemic resistance upon insect herbivory (Chen et al. 2011; Gmez et al. 2007, 2010; G6mez and
Stuefer 2006). Herbivore-damage can also lead to defence induction in neighbour intact plants via
airborne signals (e.g. Engelberth et al. 2004; Karban et al. 2003). Consequently, the non-bagged ramets in
the herbivore treatment plots were considered “rhizome signalling treatment”. Because the mesh bags
(while still allowing air flow) could potentially reduce evaporation or cause shading, the bagged ramets in
control plots were considered methodological controls and the non-bagged ones controls. Thus, the
bilberry ramets in herbivore treatment plots were 1) larval-defoliated or 2) in expected rhizome
connection to larval-defoliated ramets, while the ramets in control plots were 3) methodological controls
(bagged) or 4) (non-bagged) controls (Figure 1). In total, 477 ramets in 120 plots in 20 forest blocks were
used when the two study years were combined. To ensure efficiency of the herbivore treatment, the larvae
were allowed to feed from 7 to 21 days, after which the mesh bags were removed and the defoliation
damage was visually estimated from the amount of chewing damage on the leaves and stem. The amount
of chewing damage ranked from ca. 20 % (the branch had some chewing damage but most of the leaves
and stem were intact) to 100 % (completely defoliated branch). The mean damage was 76.1 % (+ SE 3.2)
in 2013 and 71.9 (x SE 3.2) in 2014.

To ensure pollination without any disturbance, the experiment was established in late May- early
June during late flowering when unripe berries were starting to form. The total number of flowers and
unripe berries per ramet was counted (hereafter referred to as reproductive potential). The development of

berries from flowers and unripe berries to ripe ones was surveyed 11-12 times (every two or three days)
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per ramet during the fruiting season. From these data, we calculated the total number of ripe berries
produced per ramet and how many of the ripe berries disappeared during the surveillance, interpreted as
eaten by birds (hereafter referred to as foraged berries). During the surveillance, birds (mostly fieldfares
Turdus pilaris L. and blackbirds Turdus merula L.) were seen feeding on the ripe berries but no direct
quantitative data on avian foraging behaviour were collected. In mid-July samples of ripe berries were
collected for biochemical analysis (two ramets per plot: one bagged and one without a bag) from each
plot of all forest blocks. Since the berries (both within and between ramets) ripened asynchronously, the
berry samples were collected twice (ca. one week apart) from each ramet. The samples were combined
according to treatment and forest block: each treatment group in a particular forest block formed an
individual sample. In total, 37 samples from year 2013 and 40 samples from year 2014 were analysed.

The samples were stored at —20 °C and analysed in a random order (see below).

Biochemical Analyses.
Total Anthocyanins. The total content of anthocyanins (mg/g of dry weight, DW) was determined by
spectrophotometer as cyanidin-3-O-galactoside (Extrasynthese, Genay, France) equivalents at 530 nm.
The anthocyanins were extracted as previously described (Zheng et al. 2012). In total, 5 mL of
MeOH:HCI (99:1) was added to ca. 40 mg of freeze-dried bilberry sample and mixed with Vortex for two
minutes followed by centrifuging for 10 min at 3400 x g. The efficiency of extraction was tested by four
consecutive extractions of three parallel samples, and the correction factors for two extracts were
calculated. Absorbance of the diluted samples was determined spectrophotometrically using Ultrospec
7000 UV/visible spectrophotometer at 530 nm, and the 100 % vyield was calculated as previously
described (Sandell et al. 2009). In final analyses, each sample was extracted twice, absorbance of both
diluted samples was determined and the 100 % recovery calculated as above. The total concentrations of
anthocyanins were calculated based on five-point external standard curves (R?>0.99, Figure S1 in the
Supplementary material) of cyanidin-3-O-galactoside.

UHPLC-DAD Analysis of Anthocyanins. The anthocyanin profiles were determined with ultra-
high performance liquid chromatograph with diode array detector (UHPLC-DAD) Shimadzu Nexera and
Prominence LC system (Kyoto, Japan) consisted of a SIL-30AC autosampler, LC-30AD pumps, a CTO-

20AC column oven, and a DGU-20A5 degasser. Prior to LC analysis, the samples were filtered through a
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0.45 pm syringe filter. Anthocyanins were separated at 25 °C (flow rate according to Létti et al. 2008)
using a Kinetex C18 column (2.6 pum, 100 x 4.60 mm, Phenomenex, Torrance, CA). UV spectra were
recorded from 200 to 700 nm, and anthocyanins were detected at 520 nm with a SPD-M20A DAD. In
chromatographic separation, 5 % formic acid v/v in ultra-pure water (A) and acetonitrile (B) were used as
solvents according to the modified gradient program of Létti et al. (2008). Acetonitrile, methanol,
hydrochloric acid and formic acid were of HPLC grade or of the highest purity available. The most
common anthocyanins of bilberries were identified based on the UV-Vis spectra and literature
(Laaksonen et al. 2010). The proportions of individual anthocyanins in each sample were defined by their
shares in the HPLC chromatograms. Based on this information, the contents of each anthocyanin (mg/g
DW) in all samples were calculated.

GC-FID Analyses of Sugars and Organic Acids. Concentrations of sugars and organic acids were
analysed by using gas chromatograph with flame ionization detector (GC-FID). On average, 70 mg of
freeze-dried bilberries were extracted with 3 mL of ultra-pure water, vortexed for 2 min, sonicated for 30
min and centrifuged 1000 x g for 5 min. For three parallel samples the extraction procedure was repeated
three times, and correction factors for 100 % vyield were calculated. In addition, compound-specific
correction factors were determined based on the analyses of pure reference compounds (Table 1). Internal
standards, sorbitol for sugars and tartaric acid for acids, were added to the aliquot of 1 mL of bilberry
extracts. A portion of 300 pL of the filtrated (0.45 um) samples were evaporated to dryness under
nitrogen flow and kept in a desiccator until analysed. Trimethylsilyl (TMS) derivatives were prepared by
adding Tri-Sil HTP reagent (HMDS: TMCS:pyridine, 2:1:10, Thermo Scientific, Pierce Biotechnology,
Rockford, IL), shaking vigorously, and incubating for 30 min at 60 °C (Tiitinen et al. 2006).

The gas chromatographic analysis of TMS derivatives of sugars and organic acids was carried out
using Shimadzu GC-2010Plus equipped with Autoinjector-20i / Autosampler AOC-20s and a flame
ionization detector (Shimadzu Corp., Kyoto, Japan). Helium was used as the carrier gas with a flow rate
1.4 mL/min. A non-polar capillary column SPB™-1 (30 m x 0.25 mm, liquid film 0.25 pum, Supelco,
Bellefonte, PA) was used for separation of the TMS derivatives. The split ratio was 1:15. The
temperatures of the injector and the detector were 210 °C and 290 °C, respectively. The column oven was
programmed to hold 150 °C for 2 min, increase to 210 °C at 4 °C/min, and finally to increase to 275 °C at

40 °C/min and to hold for 5 min. The peaks of the TMS derivatives of sugars and acids were identified by
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comparing their retention times with the retention times of external standards. Quantifications (mg/g DW)

were made in relation of area to that of the internal standards.

Statistical Analysis.

Development of Berries and Removal of Ripe Berries by Frugivores. From the surveillance data of berry
development, we calculated the total number of ripened berries in relation to the reproductive potential in
the beginning of the experiment. We also calculated the total number of foraged ripe berries in relation to
total number of ripe berries that were available for birds, i.e. excluding the ripe berries that were collected
for biochemical analyses, and the ones that dried out or were unintentionally detached. It was noticed in a
few cases that approximately half of the volume of a berry was destroyed by wild, fruit-boring insect
larvae, but despite this the bilberries often still ripened (T-M Koski, personal observation). These berries
were nevertheless not included in the total number of ripened berries because they were likely to be
avoided by frugivorous birds (Traveset et al. 1995) and to dry out.

Using the GLIMMIX procedure of the SAS (v. 9.4) statistical software, the probability of
ripening was analysed with a generalized linear mixed model (GLMM) with binomial error distribution
and logit link function. For the response variable, we used the events/trial syntax, where events were the
total number of ripened berries and trials were the reproductive potential. Year (2013 or 2014), treatment
nested within plot type (with or without larvae), plot type and their pairwise interactions were set as
independent variables. The treatment was nested within plot type to take into account that each plot type
contained only two treatment levels (larval-defoliation and rhizome signalling in one plot type and control
and methodological control in another plot type). Spatial non-independencies of observations were
controlled for by setting forest block, plot nested within forest block, and an individual ramet nested
within a plot as random effects. The probability of an individual berry to be foraged by frugivores was
analysed with similar events/trial analysis, where events were the total number of foraged berries and
trials were the total number of berries available for birds in a ramet. In this analysis, the total number of
ripened berries in a ramet was included as a covariate. Because the pairwise interactions between the
covariate and other independent variables were not significant, they were left out of the model. The
Kenward-Roger method (latest version, Kenward and Roger 2009) was used to compute the denominator

degrees of freedom for all models.



Total Concentrations of Anthocyanins, Sugars and Organic Acids. To meet normality and
homoscedasticity assumptions of the residual distribution, the total concentration (mg/g DW) of
anthocyanins was analysed by a GLMM with lognormal error distribution and identity link function,
while the total concentrations of sugars and acids were analysed with normal error distribution and
identity link function. The independent variables were the same as in the analyses of the ripening data.
Forest block was set as random effect in all biochemical analyses to control for spatial non-independence
of the samples. In addition, although the main interest in this study was in the total concentrations, similar
analyses were conducted for the concentrations (mg/g DW) of individual anthocyanin, sugar and acid
compounds (with normal or lognormal distribution and identity link function, see Supplementary material
Table S1). Due to low concentrations of sucrose and xylose, the concentrations of these compounds were

analysed together.

RESULTS
There was no difference in the reproductive potential between treatments or plot types in the beginning of
the experiment in 2013 (GLMM on count data with negative binomial error distribution: treatment nested
within plot type: F 2 1819 = 1.63, P = 0.20; plot type: F 1, 4886 = 0.89, P = 0.35) or in 2014 (F 2, 181.4= 1.76,
P =0.18; F 1,4513= 0.37, P = 0.54, respectively).

There was an interaction effect between treatment and year on the probability of ripening of the
berries (Table 2). Methodological control ramets had the highest ripening probability in 2013 but
differences in the ripening probability between treatments were not found in 2014 (Figure 2). In addition,
the probability of ripening was very low, especially in non-bagged ramets, in 2013 compared to 2014
(Figure 2).

There was a significant difference among treatments (nested within plot type) in the foraging
probability of ripe berries by frugivores (Table 3). Rhizome signalling ramets were least likely to get their
berries foraged (Figure 3). Furthermore, the total number of berries in a ramet, [estimate in logit scale
0.013 (95 % CI: 0.001 to 0.024)] significantly affected the foraging probability (Table 3): ramets with
high fruit yield were most likely to get their berries foraged independently of the treatment level.

Treatment or its interaction with year did not have any significant effects on total concentrations

of anthocyanins, sugars or organic acids (Table 4). The total concentrations for anthocyanins, sugars and
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acids in each treatment are given in Table 5. In these analyses, only the year by plot type interaction was
significant on sugars: the berries in control plots of 2013 had lower sugar concentration compared to other
factor combinations (Figure 4). Example profiles of HPLC-DAD of the anthocyanins and GC-FID of the
TMS derivatives of sugars and acids are presented in Supplementary material Figure S2 a and b,
respectively. The proportions of individual anthocyanin, sugar and acid compounds (mg/g DW) in each
treatment are presented as in Figure S3 a, b and c.

None of the explanatory variables had significant effects on the concentration of individual
anthocyanins (Table S1). However, year and its interaction with plot type affected concentration of
glucose (Table S1), and similarly year by plot type interaction affected the concentration of quinic acid
(Table S1): berries collected from control plots in 2013 had the lowest glucose and highest quinic acid
concentration compared to other factor combinations (Figure S4 a and b). Year, treatment, their pairwise
interaction, and year by plot type interaction had significant effect on the summed concentration of
sucrose and xylose (Table S1): berries from defoliated ramets in 2014 had lower concentration of sucrose
and xylose compared to other treatments in 2014 (Figure S5). Concentration of malic acid was
significantly lower in 2013 [back transformed values from log scale: mean 14.2 (95 % CI: 10.9 to 18.5)

mg/g DW] compared to 2014 [mean 21.7 (95 % CI: 16.9 to 27.9) mg/g DW].

DISCUSSION

We tested whether larval-defoliation influences resource allocation in bilberry, measured as the ripening
probability of berries and their biochemical composition. We also tested whether herbivory causes an
ecological cost to bilberry by affecting the attractiveness of the berries to frugivores, measured as the
probability for berries to be foraged. The size of fruit yield significantly affected the probability of berries
being foraged: berries in ramets with high fruit yield had higher probability to be foraged compared to
berries in ramets with lower fruit yield. This is in accordance with previous studies, indicating that birds
prefer plants with high fruit yield (Blendinger et al. 2008; Ortiz-Pulido et al. 2007; Sallabanks 1993). By
visiting plants with high fruit yield a frugivore likely minimizes search and travel time while maximizes
foraging efficiency (Martin 1985; Sallabanks 1993). Large fruit displays may also be more detectable due
to higher conspicuousness (Denslow et al. 1986; Howe and Estabrook 1977; Sallabanks 1993). For

example, Schmidt et al. (2004) suggested that conspicuousness of fruits is an important foraging cue for
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frugivorous birds because birds prefer fruits with high contrast against their background. Furthermore,
berries that reflect UV light, such as bilberry, may be especially conspicuous against leaves, as leaves
strongly absorb UV irradiance while effectively reflecting green light (Altshuler 2001).

In addition to fruit yield, the herbivory treatment indirectly affected the probability for berries to
be foraged. Rhizome signalling ramets were least-favoured by seed-dispersers (Figure 3, Table 3).
Bilberry ramets belonging to a same clone tend to be closely associated (Albert et al. 2003), and
interconnected ramets are likely able to induce systemic resistance upon insect herbivory (Chen et al.
2011; Gomez et al. 2007, 2010; Gomez and Stuefer 2006). For these reasons, we suspect that the ramets
in a same plot were likely rhizome-connected, which enabled the priming effect in the non-defoliated
ramets in herbivore treatment plots. It is also possible that the ramets neighbouring larval-defoliated
ramets may have responded to a release of herbivore-induced volatile organic compounds (HI-VOCs)
from defoliated ramets. Volatile mediated plant-plant signalling has been identified in several plant
species (e.g. Engelberth et al. 2004; Karban et al. 2003; Ton et al. 2007), and a closely related species, the
highbush blueberry (Vaccinium corymbosum L.) uses HI-VOCs to prime itself against herbivore attack
(Rodriguez-Saona et al. 2009). Regardless of the potential defence signalling mechanism between ramets,
priming may have affected the attractiveness of berries e.g. by affecting their conspicuousness. Systemic
defence induction has been shown to reduce light reflectance and/or photosynthetic activity of leaves in
some plants (Amo et al. 2013; Mantyla et al. 2008 a,b; Zangerl et al. 2002; ), which likely changes the
contrasts of berries against leaves. In addition, induced defence response may also affect palatability of
fruits and alter the attractiveness of the plants to mutualistic birds (Whitehead & Poveda 2011). However,
Forst et al. (2008) concluded that even though priming is expected to be less costly than direct induction
of defence chemicals, costs of priming in the context of plant-herbivore interactions and how long the
primed stage can last, are poorly known issues. Further studies about the mechanism on how herbivory
affects neighbouring ramets in bilberry and how this affects foraging preferences of frugivores, are
needed to confirm our ramet-ramet signalling and defence-induction hypotheses.

Despite the difference in the probability of berries to be foraged, we did not find an allocation
cost between defence and reproduction as larval-defoliation did not significantly affect the probability of
ripening. This was unexpected, as accumulation of sugars, water, pigments and other resources to berries

during ripening likely demands resources. This is also in contrast with some previous studies where
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allocation costs between vegetative damage and reproduction have been found (e.g. Koptur et al. 1996;
Obeso 1993; Thalmann et al. 2003). Contrariwise, Obeso and Grubb (1993) did not find effects of
defoliation on fruit production of Ligustrum vulgare (L). Similarly, larval-defoliation did not affect seed
production of horse chestnut trees (Aesculus hippocastanum L.), although seed weight was affected
(Thalmann et al. 2003). In case of bilberry, it is possible that storages in roots or rhizomes may have been
able to compensate the resource loss caused by herbivory. Roots and rhizomatous tissue can act as
storages for e.g. nitrogen and carbohydrates and some clonal plants transport resources between
interconnected ramets (Alpert 1991; Evans 1992; Kaur et al. 2012; Loescher et al. 1990; Lahdesméki et
al. 1990), and this resource storage and transport possibility in bilberry has also been discussed in some
previous studies (Tolvanen 1994; Tolvanen et al. 1994; Tolvanen and Laine 1997). Alternatively, plants
may have increased their photosynthetic capacity, because according to Tolvanen and Laine (1997),
bilberry responses to vegetative damage by allocating resources to growth. In addition, previous studies
also suggest that bilberry likely is moderately tolerant to vegetative damage (Tolvanen 1994; Tolvanen et
al. 1994; Tolvanen and Laine 1997).

Larval-defoliation also did not affected the total concentrations of anthocyanins, sugars, or
organic acids (Table 4), even though their composition and/ or total concentrations can be affected by
environmental factors, such as temperature, light and removal of leaves, despite the strong genetic control
(Casierra-Posada et al. 2013; Castellarin et al. 2006; Etienne et al. 2013; Léchaudel et al. 2005; Létti et al.
2008; Pastore et al. 2013; Uleberg et al. 2012;Wang and Camp 2000; Akerstrém et al. 2010). For
example, Casiera-Posada et al. (2013) showed that defoliation can decrease the concentration of sugars
and increase acidity in the strawberry (Fragaria x ananassa Duch. cv. Chandler). The concentrations of
anthocyanins, sugars and acids in different treatments (Table 5) were similar to previously reported
concentrations found in bilberry (Laaksonen et al. 2010; Latti et al. 2008; Mikulic-Petkovsek et al. 2012;
Uleberg et al. 2012). In addition, the profiles of anthocyanins, sugars and acids were in accordance with
previous studies (Figure S2 a, b) (Laaksonen et al. 2010; Létti et al. 2008). The only between-treatment
difference in the total concentrations was measured for the total sugar concentration, which was the
lowest in control plots in 2013 compared to other year by plot type combinations (Table 4, Figure 4). This
likely resulted from having lower glucose concentrations (Figure S4 a), and higher quinic acid

concentration (Figure S4 b) in these plots. There was also lower summed concentration of sucrose and
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xylose in berries collected from defoliated ramets in 2014 compared to other treatments in that year
(Figure S5). The concentration of malic acid was almost twice as high in 2014 compared to 2013.
Nevertheless, these differences in the biochemical composition of berries did not affect the foraging
preferences of the frugivores (Table 3). Thus, the measured total concentrations of these three metabolite
groups (or individual compounds tested) do not explain why ramets neighbouring larval-defoliated ramets
were less foraged compared to other treatments.

The results both from the ripening and chemical data indicate that herbivory at early reproductive
state (presence of flowers and unripe berries) does not significantly reduce resources from the
developmental process of berries in bilberry. This is in contrast with some previous findings showing
negative effect of vegetative damage on fruit production or their chemical composition (Casierra-Posada
et al. 2013; Hegland et al. 2005; Koptur et al. 1996; Obeso 1993; Pastore et al. 2013; Thalmann et al.
2003). However, our result is similar to findings by Primack and Hall (1990), where the pink lady's
slipper orchids (Cypripedium acaule Aiton) were able to mature their fruits despite defoliation, as well as
Obeso and Grubb (1993) where defoliation did not affect fruit production during the year of damage. The
reason for lack of effect of herbivory in the ripening process in bilberry may be that resource storages in
rhizomes, or e.g. increase in photosynthetic biomass may have compensated the resource loss caused by
larval-defoliation. It would be interesting to test how long-term and severe insect-herbivory (such as
geometrid outbreak) affects the development of berries and their composition. For example, Tolvanen et
al. (1993) found that the vegetative damage (removal of part of the ramet) decreased flowering in the
following year, resulting in fewer ripened berries in the bilberry. Consequently, experiments investigating
the effect of herbivory on the ramet-ramet signalling are needed to fully understand the physiological
effects of herbivory on bilberry.

To conclude, our results indicate that attraction of frugivores to bilberry is partly dependent on
the size of fruit yield, since frugivores favour ramets with large fruit yield. In contrast to some previous
studies where ecological costs between herbivore defence and reproduction have been found (e.g.
Whitehead and Poveda 2011) herbivory did not affect fruit removal in the larval-defoliated ramets.
However, our results suggest that herbivory may lower removal and dispersion of berries by frugivores
from the undamaged neighbouring ramets. In terms of ripening probability and total concentrations of

anthocyanins, sugars and organic acids, herbivory does not significantly reduce resources from the
14



ripening process of berries during that season. To increase understanding of this tritrophic interaction and
to confirm the ramet-ramet signalling and defence-induction hypotheses, future studies should investigate
the signalling mechanism between neighbouring ramets and how severity and frequency of insect-
defoliation affects the development and chemical composition of berries and foraging preferences of

frugivores.
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TABLE 1 Reference compounds used in the GC-FID analysis of sugars and organic acids. Superscript represents internal

standards, and compounds without superscript are external standards.

Compounds

Company

sorbitol |
tartaric acid |
ascorbic acid
citric acid
sucrose
malic acid
quinic acid
glucose
fructose
myo-inositol

xylose

Sigma-Aldrich, St. Louis, MO

Merck, Darmstadt, Germany

VWR, Prolabo, Briare, France
J.T.Baker, Deventer, Holland
J.T.Baker, Deventer, Holland

Fluka Chemika, Buchs, Switzerland
Aldrich, Steinheim, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Fluka Chemie AG, Buchs, Switzerland

Acros Organics, Geel, Belgium
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TABLE 2 Results of fixed explanatory factors from GLMM explaining the probability of ripening of berries

Independent variables F qf P
Year 67 1,15.88 <0.01
Treatment (Plot type) 7.28 2, 3382 <0.01
Plot type 1.011 947 0.32
Year x Plot type 0.351, 047 0.56
Year x Treatment (Plot type) 6.32 23382 <0.01

21



TABLE 3 Results of fixed explanatory factors from GLMM on the probability for berries being foraged by frugivores

Independent variables F of P

Year 0.08 1, 2036 0.78
Treatment (Plot type) 2.96 2 3316 0.05
Plot type 3.06 1, 1078 0.08
Total number of ripened berries in a ramet 4.69 1 2112 0.03
Year x Plot type <0.01 1, 1078 0.99
Year x Treatment (Plot type) 0.83 2, 3311 0.44
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TABLE 4 Results of fixed explanatory factors from GLMM on the total concentrations of anthocyanins, sugars and organic acids

type)

Anthocyanins Sugars Organic acids
Independent variables F o P (= P F P
Treatment (plOt type) 0.52 7518 0.60 1.43 3 4651 0.25 1.55 7 47.08 0.22
Plot type 0.02 15111 0.88 1.29 14737 0.26 0.11 1 4869 0.74
Year 0.42 1,16.71 0.53 3.53 1,16.45 0.08 0.63 1,18.48 0.44
Plot typex Year 0.67 1,51.11 0.42 4.32 14737 0.04 2.84 14869 0.10
Year x Treatment (Plot 0.28 2,518 0.76 1.48 24651 0.24 1.24 54798 0.30
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TABLE 5 Estimated marginal means with 95 % confidence intervals for total concentrations of anthocyanins, sugars and organic

acids of bilberries (mg/g DW) in different treatments. In total, 77 bilberry samples were used.

Anthocyanins Sugars Organic acids
Mean [95 % Cls] Mean [95 % Cls] Mean [95 % Cls]
(n) (n) (n)
Control 21.1[18.0t024.8]  547.1[483.2 to 611.0] 116.0 [100.9 to 131.1]
(19) (19) (19)
Methodological control ~ 23.1[19.8 to 27.1] 579.7 [515.8 to 643.5] 129.6 [114.5 to 144.7]
(20) (19) (19)
Larval-defoliation 22.7[19.41026.5]  564.4 [496.9 to 632.0] 125.8 [109.9 to 141.7]
(20) an a7
Rhizome signalling 21.0[17.7 t0 24.8] 633.6 [561.8 to 705.4] 115.1[98.2 to 131.9]
(18) (16) (16)
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Fig. 1 A schematic presentation of the experimental design where a represents control plots and b represents
herbivore treatment plots. The non-bagged bilberry ramets (1) in control plots represent controls and ramets with
empty mesh bags (2) represent methodological controls. In herbivore treatment plots, non-bagged ramets (3)
represent rhizome signalling treatment and ramets with mesh bags containing larvae (4) represent larval-defoliated
ramets
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Fig. 2 Estimated marginal means for the probability for ripening in different treatments. Values depict significant
year by treatment (nested within plot type) interaction effect of the GLMM described in the text. Error bars
represent 95 % confidence intervals
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Fig. 3 Estimated marginal means for the probability of berries being foraged in different treatment (nested within
plot type). Error bars represent 95 % confidence intervals

27



Fig. 4 Estimated marginal means for the total concentration of sugars in different plot types in both study years.
Values depict significant year by plot type interaction effect of the GLMM described in the text. Error bars represent
95 % confidence intervals
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Fig. S1 The standard curves for calculating the amount of total anthocyanins as cyanidin-3-O-galactoside

equivalents, a) for 2013 samples and b) for 2014 samples.
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Fig. S2 a) An example UHPLC-DAD chromatogram of anthocyanins (520 nm) in bilberry (Vaccinium myrtillus).
1 delphinidin-3-O-galactoside, 2 delphinidin-3-O-glucoside, 3 cyanidin-3-O-galactoside, 4 delphinidin-3-O-
arabinoside, 5 cyanidin-3-O-glucoside, 6 petunidin-3-O-galactoside, 7 cyanidin-3-O-arabinoside, 8 petunidin-3-O-
glucoside, 9 peonidin-3-O-galactoside, 10 petunidin-3-O-arabinoside, 11 peonidin-3-O-glucoside + malvidin-3-O-
galactoside, 12 peonidin-3-O-arabinoside, 13 malvidin-3-O-glucoside, 14 malvidin-3-O-arabinoside.
Anthocyanins occurring in nature contain several anthocyanidins (three ring structure of aglycone A, B, C).
Usually, there is a sugar moiety attached to the aglycone forming anthocyanin (anthocyanidin glycoside). Example
of anthocyanin structure: cyanidin-3-O-galactoside.

b) An example GC-FID chromatogram of TMS derivatives of the sugars and acids of bilberry (Vaccinium
myrtillus). 15 malic acid, 16 tartaric acid (ISTD), 17 xylose o/B-anomer, 18 xylose o/B-anomer, 19 citric acid, 20
a-D-fructofuranose, B-D-fructofuranose, p-D-fructopyranose, 21 quinic acid, 22 a-D-glucopyranose, 23 ascorbic

acid, 24 sorbitol (ISTD), 25 B-D-glucopyranose, 26 myo-inositol.
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Fig S3 a) Proportions of anthocyanins b) sugars and c) organic acids in different treatments when the two study
years were combined. N = 19 control, 20 methodological control, 20 defoliation and 18 rhizome signaling,
respectively. Abbreviations of anthocyanin compounds; dp-gal: delphinidin-3-O-galactoside, dp-glc: delphinidin-
3-O-glucoside, cy-gal: cyanidin-3-O-galactoside, dp-ara: delphinidin-3-O-arabinoside, cy-glc: cyanidin-3-O-
glucoside, pt-gal: petunidin-3-O-galactoside, cy-ara: cyanidin-3-O-arabinoside, pt-glc: petunidin-3-O-glucoside,
pn-gal: peonidin-3-O-galactoside, pt-ara: petunidin-3-O-arabinoside, pn-glc + ma-gal: peonidin-3-O-glucoside +
malvidin-3-O-galactoside, pn-ara: peonidin-3-O-arabinoside, ma-glc: malvidin-3-O-glucoside, ma-ara: malvidin-

3-O-arabinoside.



Table S1 Results from GLMM, of fixed explanatory factors explaining concentration of (mg/g DW) individual

anthocyanins, sugars and acid compounds identified from bilberry samples. Statistically significant differences are

indicated with bold. “°% indicates lognormal distribution used in the GLMM analysis.

Year Treatment Plot type Plot type x  Treatment (plot
(plot type) year type) xYear
Anthocyanins

DeIphinidin—3—O— F 1,16.79 = 1.40, F 2,51.54 = 0.85, F 1,50.83 = 0.02, F 1,50.83 = 2.13, F 2,51.54— 0.53,
galactoside P=0.25 P=043 P=0.88 P=0.15 P =0.59
DeIphinidin—3—O— F 1,18.21 = 0.55, F 2,52.72 = 0.53, F 1,52.05 = 0.04, F 1,52.05 :0.58, F 2,52.72 = 0.20,
glucoside P=0.47 P=0.59 P=0.85 P=0.45 P=0.82
Cyanidin-3-O- F11110=3.72, | F24422=0.48, F1336=2121, | F14336=0.07, | F2 4420 =0.89,
galactoside P=0.08 P=0.62 P=0.28 P=0.79 P=0.42
DeIphinidin-3—O- F 1,18.11 = 0.11, F 2,52.97 = 0.72, F 1,523 = 0.82, F 1,523 = 1.28, F 2,52.97 = 0.32,
arabinoside P=0.74 P=0.49 P=0.37 P=0.26 P=0.73
Cyanidin-3-O- F11541=0.64, | F2572=112, | F15005=1.35, | F15005=0.06, |F25s072=1.0,
glucoside P=0.44 P=0.34 P=0.25 P=0.81 P=0.37
Petunidin-3-O- F 1,17.01 = 0.05, F 2,51.97 = 0.10, F 1,51.27 = 0.14, F 1,51, 27— 2.36 , F 2,51.97 = 0.20,
galactoside -9 P=0.83 P=0.90 P=0.71 P=0.13 P=0.82
Cyanidin-3-O- F 1,145 =1.04, F 2,487 =0.56, F1,4793=027 | F14793=0.03, | F247=0.70,
arabinoside P=0.33 P =0.58 P=0.61 P =0.87 P =0.50
Petunidin-3-O- F 1,18.21 = 0.04, F 2 5067 =0.73, F 1,521 < 0.01, F 1,52.01= 1.13, F 2,52.67 = 0.41,
glucoside P=0.84 P=0.48 P=0.99 P=0.29 P =0.67
Peonidin-3-O- F11843=0.72, | F2505 =093, | Fu15093=0.30, | F1593=042, |F2s25 =0.25
galactoside P=041 P=0.40 P =0.58 P =0.52 P=0.78
Petunidin-3-O- F 1,18.02 = 0.4, F 2,52.88 = 0.23, F 1,525= 0.86, F 1,525 = 2.17, F 2,52.88 = 0.18,
arabinoside -°¢ P =0.54 P=0.79 P=0.36 P=0.15 P=0.84
Peonidin-3-O- F1128=043, | F24702=0.77, | F14621=0.80, F 14620 =0.05 | F24702=0.67,
glucoside + P=0.52 P =047 P=0.37 P=0.83 P =051
Malvidin-3-O-
galactoside
Peonidin-3-O- F11726=0.01, | F25161=036, | F150=029, | Fu1509=0.39, |F2s16 =0.18,
arabinoside -°¢ P=0.91 P=0.70 P=0.59 P =0.54 P=0.84
Malvidin-3-O- F 1,167 =3.52, F 25167 = 0.31, F 15097 =0.08, | F1,5097=0.90, | F25167=0.58,
glucoside -°9 P =0.08 P=0.74 P=0.78 P=0.35 P =0.56




Malvidin-3-O- F11732=0.07, | F25164=0.54, | F 15090 =0.68, F 15000 =0.19, | F 2 5164= 0.56,
arabinoside 09 P=0.79 P =0.59 P=0.41 P =0.66 P =0.57
Sugars

Fructose F11678=130, | F2475=124, | F14750=184, | F14750=3.06, | F24675=1.38,
P =0.27 P =0.30 P=0.18 P =0.09 P =0.26

Glucose F11619=8.60, | F24661=150, | F 1 4754=0.56, F 14754 =537, | F24661=1.33,
P =0.01 P=0.23 P=0.46 P =0.02 P =0.27

Sucrose + XleSG F 1,15.68 = 26.01, F 2,48.13 = 4.27, F 1,49.14 = 0.39, F 1,49.14 = 6.26, F 2,48.13 = 3.40,
P<0.01 P =0.02 P =0.53 P =0.02 P =0.04

Myo-Inositol F 11777 = 0.04, Fo2a4774=134, | F 1485 =0.40, | Fy, 485 =0.01, F 2 4774 =2.42,
P =0.83 P=0.27 P =0.53 P=0.91 P=0.10

Organic acids

Malic acid 09 F 1,17.94 = 6.05, F 2,472 = 0.55, F 1,47.85 = 0.20, F 1,47.85 = 0.02, F 2,472 = 2.82,
P =0.02 P =0.58 P =0.66 P =0.90 P =0.07

Citric acid F115456=249, | F2463=0.93, | Fy 465=0.68, F 14656 =0.38, | F24563=0.73,
P=0.14 P =0.40 P=0.41 P =0.54 P =0.49

Quinic acid F11013=0.60, | F2422=123, |Fu148=139, | F 14884=5.23, F 2, 4822 = 0.81,
P =0.45 P =0.30 P=0.24 P =0.03 P=0.45

Ascorbic acid Fi 1572 = 0.10, F 2,46.97 = 0.30, F 1,48 = 0.07, F 1,48 = 0.37, F 2,46.97 = 2.17,
P=0.76 P=0.74 P=0.79 P=0.54 P=0.13
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Fig S4. Estimated marginal means and 95 % confidence intervals for the concentration of a) glucose and b) quinic

acid. Values depict significant year by plot type interaction effect of the GLMM described in the text.
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Fig S5 Estimated marginal means and 95 % confidence intervals for the summed concentration of sucrose and

xylose. Values depict significant year by treatment (plot type) interaction effect of the GLMM described in the

text.



