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a b s t r a c t

Secondary metabolites (SMs) are organic compounds of low molecular mass that represent a vast chem-
ical diversity. In plants, one of their preeminent roles is their repellent activity against predators. The
Eurasian red squirrels (Sciurus vulgaris) is one of the most important predators of conifer tree seeds
in boreal and alpine forests in Europe. Its population dynamics and space use are strongly affected by
the size of Norway spruce (Picea abies) seed-crops, but not by silver fir (Abies alba) seed-crops. More-
over, squirrel heavily feed on spruce seeds but tend to avoid fir seeds, although the latter has a higher
seed-energy content per cone. We tested the hypothesis that a higher concentration of some SMs in fir
than in spruce seeds and/or cone scales, the protective tissue of seeds, was related with squirrel feed-
ing preferences. We determined terpene concentrations in the cyclohexane extract of seeds and scales
by gas-chromatography–electron ionisation mass-spectrometry (GC/EI-MS), and measured the protein
precipitation activity of tannin contained in spruce and fir seeds and scales. Of the nearly 300 separated
chemical entities, only limonene, �- and �-pinene and myrcene occurred in all samples and their levels
accounted for 80% or more of all cyclohexane-extractable materials of fir and for less than 50% of that of
spruce. In fir, limonene was by far the most abundant compound, and fir scales had a 13 times higher

concentration of �-pinene than spruce scales. Fir seeds had much higher limonene concentrations than
fir scales and than seeds or scales of spruce. Tannin concentrations were higher in cone scales than in
seeds, with no differences between the two tree species. This study suggests that high concentrations of
limonene might reduce the feeding activity of red squirrels on fir seeds, and that the preferred spruce
seeds had much lower monoterpene concentrations. Feeding trials using food items treated with different
concentrations of limonene will be carried out to confirm this hypothesis.
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Conifer tree seeds are an important component of the diet of
any rodents and the major food resource for arboreal species,

uch as tree squirrels, in boreal and alpine conifer forests, man-
ade conifer stands and mixed broadleaf-conifer woods (Abbott

nd Quink 1970; Wauters and Dhondt 1987; Lurz et al. 2000; Boutin
t al. 2006; Wauters et al. 2008; Lobo and Millar 2011). Often, these
odents are not only seed predators, potentially reducing the tree’s

eproductive output, but also act as seed dispersers, potentially
nhancing seedling establishment (reviewed in Theimer 2005;
teele et al. 2005).
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Conifers have evolved different mechanisms to reduce seed pre-
dation. The marked temporal (annual) variation in seed-crop size,
producing large seed-crops at irregular intervals, so-called masting,
is widely accepted to have evolved as a predator satiation mecha-
nism in producer–consumer dynamics (Kelly 1994; but see Boutin
et al. 2006). Other mechanisms, which tend to result in preferences
and/or avoidance of seeds of certain conifers species, or even of
individual trees of a given species, are: (i) the amount of protective
tissue in cones; (ii) the energy and/or nutrient content of seeds;
(iii) the presence and concentration of secondary compounds in
seeds or cone scales; and (iv) the patchiness of different tree species
affecting time budgets while foraging and thus potential rate of

energy-intake (e.g. Farentinos et al. 1981; Benkman 1995; Lewis
et al. 2001; Forget et al. 2005; Molinari et al. 2006; Lobo et al. 2009).

Tree squirrels are the most important vertebrate seed predators
in boreal and temperate conifer forests and, during periods of seed

e Gesellschaft für Säugetierkunde.
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Table 1
Parameters of seed and cone energy, nutrient value (mean ± SD) and cone morphol-
ogy of Picea abies and Abies alba.

Parameter Picea abies Abies alba

Number of seeds/cone 232 ± 59 123 ± 36
Total seed mass/cone (g) 2.563 ± 0.638 6.888 ± 1.183
% seed/cone fresh mass 3.4 10.3
Seed dry mass (mg/seed) 9.1 ± 1.7 43.3 ± 8.8
Seed energy-content (kJ/g dry mass) 24.1 ± 0.2 27.3 ± 0.3
Energy content/cone (kJ) 51.1 ± 4.5 145.8 ± 10.0
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% protein/seed dry mass 10.6 ± 0.5 17.0 ± 5.7
% lipid/seed dry mass 17.2 ± 0.6 32.6 ± 0.2

hortage, also feed on male flowers, twigs and shoots (Moller 1983;
auters and Dhondt 1987; Steele et al. 2005). Furthermore, they

re known to respond selectively to all of the above mechanisms
Gurnell 1987; Lurz et al. 2005; Steele et al. 2005; Boutin et al. 2006;

olinari et al. 2006).
The main objective of this study was to explore whether dif-

erences in plant secondary metabolites (PSMs) between silver fir
Abies alba) and Norway spruce (Picea abies) could be related with
he marked feeding preference of Eurasian red squirrels (Sciurus
ulgaris) for seeds of the latter species. PSMs are low molecu-
ar mass organic compounds with widely varied structures. One
ecognised function of these molecules is to protect plants against
oxious external agents such as herbivores (insects, vertebrates),

ungi, bacteria or virus, as biocides against other plants competing
or nutrients (water and/or light) or to protect tissues from UV-
ays or from other physical stressors (Wink 1999). In most plants,
SMs accumulate in organs vulnerable to predators or parasites
nd important for plants survival and/or reproduction. The largest
roup of PSM are terpenes (Breitmaier 2006) among which the
onoterpenes (compounds which formally derive from metabolic

ransformation of a C10 precursor consisting of 2 isoprene units)
re the most common. Many of them, for example the monoter-
enes, �-pinene and limonene, act as deterrents or even as toxins
n invertebrates and on herbivorous or granivorous mammals
Kimball et al. 1998; Ibrahim et al. 2001; Petrakis et al. 2005; Bakkali
t al. 2008). Another important class of deterring compounds are
annins (complex, structurally heterogeneous poliphenolic com-
ounds that bind to and cause precipitation of proteins). High levels
f some tannins in food-items give raise to several digestive disor-
ers, since they interfere with protein absorption, reduce the action
f digestive enzymes, damage the gastrointestinal mucous mem-
rane, or cause loss of endogenous nitrogen (Robbins et al. 1987;
lytt et al. 1988; Shimada and Saitoh 2003). These effects can be
ighly species-specific for some animals: for example captive held
rey squirrels thrived on a pure acorn diet (oak seeds containing
igh levels of tannins) while captive red squirrels, fed only acorns,
ie within a few weeks from enteritis (Kenward and Holm 1993).

The Eurasian red squirrel is an opportunistic tree-seed preda-
or which occurs in all alpine and subalpine conifer forest types
hroughout Europe (Lurz et al. 2005; Mari et al. 2008). It selects
eeds of different conifer species and from individual trees within
pecies, based on characteristics that permit to maximise rate of
nergy-intake and minimise the animal’s feeding effort, such as
ccessibility, a cone structure allowing an easy recovery of seeds,
nd the correct degree of seed maturation (Moller 1983; Lurz et al.
000; Molinari et al. 2006). The study of the relationship of tree-
eed abundance and squirrel population dynamics (Wauters et al.
008) and space- and habitat use in mixed Norway spruce (Picea
bies) – silver fir (Abies alba) forests (Di Pierro et al. 2011), indi-

ate that squirrels feed only rarely on silver fir seeds. Of all alpine
onifers, fir has the highest energy-content per cone (Table 1) and
he highest ratio of seed/cone mass, hence the lowest amount
f protective tissue (Table 1, from Salmaso et al. 2009). Thus, if
iology 77 (2012) 332–338 333

foraging would be determined mainly by (i) rate of energy-intake,
(ii) cone morphology, in particular the reduced amount of protec-
tive tissue (Molinari et al. 2006), or (iii) temporal availability of the
food source, red squirrels should strongly select fir seeds between
mid August and mid October, when they are available in the tree
canopy. However, squirrels prefer Norway spruce over fir seeds in
all seasons and years and fir seed consumption is limited, occur-
ring to some extent only in years with spruce seed-crop failure (Di
Pierro et al. 2011). Since previous studies on squirrel food choice
have demonstrated that tannins and terpenes contained in seeds
and/or cone scales of some tree species induce animals to reduce
consumption of these food items, we have considered the hypoth-
esis that avoidance of fir seeds is caused by higher ratio of some
PSMs on dry mass or by higher concentrations of specific PSM(s)
in silver fir seeds and/or cones. Although the protective tissue of
the cones (scales) is not ingested, bad taste or high resin content of
scales might induce squirrels to avoid manipulating cones. In this
article we report data on the presence and the concentration of sev-
eral terpenes in the fresh seeds and cone scales of Picea abies and
Abies alba collected in our study areas in the Central Italian Alps
and on the protein precipitation activity of contained tannins.

Material and methods

Field sample collection and transport

In September 2006 we collected cones with mature seeds from
spruces and fir-trees in three sites in the Central Alps, Lombary,
Italy. Sites were part of continuous mixed alpine and subalpine
conifer forests. Fir seeds were collected in Valle di Albaredo,
(46◦04′42′′N, 9◦35′51′′E, 1310 m a.s.l.), spruce seeds in Valfurva
(locality. S.Nicolò, 46◦27′36′′N, 10◦24′50′′E, 1380 m a.s.l.) and in
Valdisotto (locality Bormio 2000, 46◦26′47′′N, 10◦23′30′′E, 1970 m
a.s.l.).

Spruce cones were cut from lower branches, using a 5-m
extension pole with a clipper attached at the end, from trees
with diameter at breast height (DBH) > 30 cm. Fir cones, located
only in the top of the canopy, were taken from freshly cut trees
(DBH > 30 cm). In both cases, one or two cones were taken per tree,
and cones were cut leaving 2–3 cm of branch attached to avoid oleo-
resin leaking from the cone. To minimise evaporative loss of volatile
terpenes between collection and arrival in the laboratory, sampled
cones were closed into air-tight glass containers and immediately
refrigerated by storing them in a cool bag filled with ice bricks
(temp < 0 ◦C). At the end of samples collection the cones were trans-
ported to the lab and stored at −20 ◦C until processing.

Sample preparation

The extraction of terpenes and of tannins was performed on
separate aliquots of ground cone material. From each frozen cone,
scales and seeds were manually separated and ground with an elec-
tric coffee grinder, adding dry ice into the grinding vessel to keep
the sample frozen during this heat-generating process. Between
80 and 100% of seeds were extracted from spruce and 20–30% from
fir, respectively. Cone scales were taken from the basal third of the
cone, a region where variation in the composition of terpenes is
reported smaller than in the apical part (Čermák 1987).

Terpene extraction and analysis
The terpene fraction was extracted by stirring a specimen of
1.000 ± 0.001 g of ground seeds or scales in 10 ml of cyclohexane
(PESTANAL®, Fluka) containing a known amount of octafluoron-
aphthalene (OFN, C10F8; 88,8 mg/l) as internal standard for 24 h at
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oom temperature. The mixture was then transferred in a 15 ml Fal-
on tube and centrifuged (Eppendorf AG, model 5804) at 4000 rpm
or 10 min at 15 ◦C. At the end of this step, the surnatant solvent
as siphoned off and stored in a freezer at −20 ◦C until analyses.
1 ml portion was transferred with a syringe in a crown capped
ml vial and used for gas-chromatography–mass-spectrometry

GC/MS) analysis while another 1 ml portion was transferred to a
reviously weighted (±0.1 mg) glass vial. From this second vial, the
olvent was evaporated to dryness under a gentle nitrogen stream
ntil the residue showed a constant weight, thus obtaining the total
ass of organic compounds present in the cyclohexane extracts.
The cyclohexane extracts were analysed by gas-

hromatography–electron ionisation mass-spectrometry
GC/EI-MS) in an Agilent HP5972 MSD instrument. Separation was
ccomplished on a trifluoropropyl methyl polysiloxane column
RESTEK, Bellefonte, PA, USA, Rtx®-200MS 30 m × 0.25 mm, film
hickness 0.1 mm) with helium as carrier gas at a constant veloc-
ty of 10 m/s. Samples (1 �L) were injected into a split/splitless
njector at a temperature of 300 ◦C. A multilinear temperature
rogramme was employed, starting with a 10 min isothermal at
0 ◦C, followed by a 5 ◦C/min ramp to 270 ◦C, then a final 2 min

sotherm at 290 ◦C, for a total duration of the run of 60 min. Solvent
as vented for 50 s and data capture (0.8 s per scan, from 45 to

50 Th) was started 5 min after injection.
Following this procedure, four types of samples were analysed:

a) silver fir seeds (SFSe); (b) silver fir scales (SFSc); (c) Norway
pruce seeds (NSSe) and (d) Norway spruce scales (NSSc). To take
nto account the natural variability of content in the material, nine
pecimen (each from a different cone) of each sample type were
njected for a total of 36 GC–MS runs. To discriminate compounds
erived from the analysed samples from those carried on during the
xtraction procedure and possibly deriving from sample handling
manual cone opening and grinding), from glassware, from solvents
nd from other extraneous sources, a procedure blank was also
repared with each extraction run and analysed.

To identify the compounds in the extracts and to measure their
evels even in the absence of analytical standards, the following
arameters were evaluated for each chromatographic peak and
alculated from the analytical data:

1) The elution time and the total ion current (TIC) area of each
chromatographic peak, as yielded by the instrument’s software;

2) the relative retention time (RRT) of each analyte, calculated as
the elution time of the analyte/the elution time of OFN (both
measured in min:s);

3) the percent abundance of each analyte, calculated as fraction of
all chromatographic peak areas, except that of the IS, summing
up 100%;

4) the mass abundance of each analyte peak, expressed as OFN
equivalents and calculated as the ratio of analyte peak to OFN
(IS) peak area (both measured as as TIC) and referred to the 10-
ml volume of cyclohexane extract (mg OFNeq/g plant material);

5) the normalised mass abundance of each analyte (TICn),
calculated as the ratio of the mass abundance of each ana-
lyte calculated as in (4) and referred to the dry mass of
cyclohexane-extractable material obtained from a 1000 g sam-
ple of pulverised plant material.

Identification of compounds in the GC trace of the analysis
as accomplished by software comparison of the peak-averaged,

ackground-subtracted EI mass spectra obtained from each iden-
ified peak to those of the MS library. Whenever possible,

onfirmation or selection among alternatives was obtained by
uman inspection of the spectra, especially to check the occurrence
f low-abundance molecular peaks. In most cases the possibility
f multiple isomers and stereoisomers yielding undistinguishable
iology 77 (2012) 332–338

70 eV EI mass spectra precluded the accurate assignment of com-
pound identity on the basis of the obtained information.

Tannin extraction and analysis

Based on the principal characteristic of tannins, which are able to
bind to and to precipitate proteins as insoluble complex materials,
and in accordance with earlier work on squirrels (Lurz et al. 2000),
we used the method described by Hagerman and Butler (1979).
This method quantifies the content of condensed and hydrolysable
tannins in plant materials by measuring the ability of the extracts
to bind to and to precipitate bovine serum-albumin (BSA). Tannin
concentration, is calculated by interpolation on a calibration curve
obtained from a tannin-acid solution prepared at known concentra-
tions (from 0.1 to 2.0 mg/ml) and the absorbance of a reagent blank
solution of FeCl3 in SDS/TEA. Three determinations were performed
on separate aliquots of each type of sample (seeds or cone-scales
of spruce or fir).

Statistical analyses

A General Linear Model (GLM) was used to explore variation
in relative concentration (TICn) for each of the seven most impor-
tant monoterpenes as dependent variable (see Terpenes extraction
and analysis for details), using species (spruce or fir) and material
(seeds or scales) as fixed effects and testing for a species by mate-
rial interaction. When the interaction was significant, Differences
of Least Squares Means (DLSM) were used to explore pair-wise dif-
ferences. Similarly, a GLM was used to explore variation in tannine
concentration (dependent variable) using species (spruce or fir) and
material (seeds or scales) as fixed effects and testing for a species
by material interaction.

Results

Cyclohexane-extractable material (CHX) amounted to 2% of the
total mass of seed material and to 0.3% of scales material, with
little difference between fir and spruce. The cyclohexane extract
from seeds and scales of both fir and spruce contained a large
number of compounds (at least 290 chromatographically separated
chemical entities), about two-thirds of which could be at least ten-
tatively identified on the basis of their mass spectra. As an example,
Fig. 1 shows one representative example of the complex chromato-
graphic trace of the GC–MS separation of each sample type (silver
fir seeds, spruce seeds, silver fir cones, spruce cones). Complete
analytical results, including recorded mass spectra and library com-
parison is collected in the Supplementary Material.

Due to lack of analytical standards for most of the compounds,
a semi-quantitative evaluation of the amount of the different
components of the extracts was accomplished by employing
1,2,3,4,7,8,9,10-octafluoro-naphtalene (OFN) as the internal stan-
dard throughout sample preparation and analysis. This particular
compound was selected since it is at all extraneous to any nat-
ural mixture or as an environmental contaminant and is mostly
employed in analytical laboratories to check the performance of
GC–MS systems according to manufacturers’ specifications. There-
fore OFN can be employed both to lock the relative retention
time (RRT) of chromatographic peaks and to relate the abundance
of compounds to that of OFN even in the absence of a system-
atic compound-specific analytical calibration. The semiquantitative
side of this procedure implicitly accepts that absolute values
(expressed as micrograms OFNeq/mL or as milligrams OFNeq/g of

processed material) tend to be unreliable, especially for samples
with a higher proportion of volatile terpenes, such as limonene,
since these compounds are usually more highly responsive to EI-
GC–MS than OFN (i.e., they yield much more intense peaks than
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ig. 1. Representative GC–MS traces of the analysis of fir and spruce seeds and scal
cales; (c) Norway spruce seeds; (d) Norway spruce scales.

FN on a mass basis). According to this calculation, the fraction of
C-amenable substances in the cyclohexane extract (i.e., the frac-

ion of semi-volatile, non-resinous material) can be estimated, as
eported in Table 2.

The seeds of silver fir are the richest in CHX-extractable GC-
luting organic materials, while both seeds and scales of spruce
ontain very little terpenoids (Table 2). As evaluated from the com-
arison of the mass of GC-eluted materials (although expressed
s mg of OFN equivalents) to the mass of CHX-extracted mate-
ial, which often results in >100% mass ratios, it is likely that little
igh-mass polymerised resin, unamenable to GC analysis, is either
resent as such in the plant materials or is artificially formed during
ample storage and extraction.

Of the nearly 300 separated chemical entities, only limonene,
inene �- and �-isomers and myrcene have been identified in all 36
xamined samples and their abundance account for 80% or more of

ll cyclohexane-extractable GC-eluting organic materials of fir and
or less than 50% of that of spruce (average all 36 samples > 75%).

Besides from the large number of natural products, also minute
races of ubiquitary lipophilic environmental contaminants, such

able 2
esults of chemical analyses of cyclohexane (CHX) extracts of Abies alba and Picea abies c

Plant material (N) Dry weight of CHX extract (mg/g material)

Mean ± DS Min–ma

A. alba – seeds (9) 24.5 ± 2.6 18.9–28
A. alba – scales (9) 3.6 ± 2.0 1.7–7.
P. abies – seeds (9) 20.7 ± 5.9 14.3–32
P. abies – scales (9) 3.4 ± 2.2 1.4–7.
r analysis conditions, see “Materials and Methods”. (a) Silver fir seeds; (b) silver fir

as some isomeric C-3 and C-4 alkylbenzene isomers and a few
polycyclic aromatic hydrocarbons were detected in the samples,
possibly making this plant material an unexpectedly convenient
matrix to study bioaccumulation of persistent organic pollutants
(POPs, e.g. Schröter-Kermani et al. 2006).

Table 3 lists the abundance (mean ± DS; interval), expressed as
mg of OFN equivalents per g of cyclohexane-extractable material,
of the seven most represented compounds in each sample type.
As apparent, in fir one individual component, limonene, is by far
the most abundant compound (>75% by weight in seeds and 34%
in scales), while in spruce cyclohexane-extractable matter is dis-
tributed over a wider range of compounds, pinene �- and �-isomers
and caryophyllene isomers being more abundant than limonene.

In fir scales, �-pinene is the most abundant, with a concentra-
tion 13 times higher than in spruce scales. In spruce seeds the
content of �-pinene is very low while in fir seeds is comparable

with the amount found in the scales. In spruce scales, �-pinene has
the highest concentration, being only slightly lower the concentra-
tion in both seeds and scales of fir. Myrcene was found in larger
concentration in fir seeds and in spruce scales. Several isomers of

ones.

mg OFNEQ/g material

x Mean ± DS (mg/g material)

.0 340.9 ± 178.9 73.0–600.9
6 11.5 ± 6.4 2.1–22.2
.5 8.3 ± 11.2 0.04–33.4

4 4.9 ± 4.9 0.7–16.6
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Table 3
Relative concentration (TICn) of the seven most abundant terpenes found in seeds and scales of Abies alba and Picea abies. Interaction refers to the species × material interaction
in the GLM model.

Terpene Abies alba Picea abies GLM statistics

Seeds Scales Seeds Scales Species Material Interaction

Limonene 12.27 ± 2.22 1.292 ± 0.384 0.026 ± 0.012 0.092 ± 0.014 F = 36.7 F = 23.4 F = 23.9
(1.91–19.77) (0.250–2.830) (0.001–0.117) (0.040–0.156) P < 0.001 P < 0.001 P < 0.001

�-Pinene 1.09 ± 0.33 1.674 ± 0.325 0.031 ± 0.015 0.122 ± 0.026 F = 31.4 F = 2.07 F = 1.11
(0.13–3.33) (0.191–3.022) (0.001–0.125) (0.018–0.236) P < 0.001 P = 0.16 P = 0.30

�-Pinene 0.153 ± 0.038 0.228 ± 0.042 0.092 ± 0.045 0.281 ± 0.061 F = 0.01 F = 7.67 F = 1.45
(0.026–0.393) (0.025–0.397) (tr–0.392) (0.055–0.540) P = 0.93 P = 0.009 P = 0.24

Myrcene 0.225 ± 0.033 0.029 ± 0.006 0.043 ± 0.016 0.122 ± 0.026 F = 3.93 F = 6.68 F = 37.1
(0.063–0.337) (0.008–0.052) (tr–0.137) (0.008–0.250) P = 0.06 P = 0.015 P < 0.001

Dehydroabietane 0.003 ± 0.001 0.025 ± 0.008 0.024 ± 0.011 0.020 ± 0.010 F = 0.88 F = 1.23 F = 2.24
(0–0.007) (0–0.057) (0–0.028) (0–0.078) P = 0.35 P = 0.28 P = 0.14

Caryophyllene 0.00 ± 0.00 0.147 ± 0.046 0.087 ± 0.052 0.119 ± 0.043 F = 0.52 F = 4.83 F = 1.99
trans (isomer 1) (0–0.405) (0–0.482) (0–0.350) P = 0.48 P = 0.035 P = 0.17
Caryophyllene 0.009 ± 0.003 0.00 ± 0.00 0.032 ± 0.025 0.050 ± 0.039 F = 2.56 F = 0.05 F = 0.34
trans (isomer 2) (0–0.011) (0–0.227) (0–0.347) P = 0.12 P = 0.83 P = 0.56
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ean ± SE, minimum and maximum values between brackets (N = 9 for each sa
oncentrations (df = 1, 32 in all cases).

he sesquiterpene hydrocarbon C15H24 (MW 204) are detected in
he GC–MS analyses but an accurate definition of the individual
somers is precluded by the close similarity of EI spectra and by
he low intensity of most chromatographic peaks. One of the most
bundant among such components is identified by library compar-
son as caryophyllene and is present in two chromatographically
eparate forms, of which the (earlier eluting) isomer 1 is present in
r scales and (later-eluting) isomer 2 in fir seeds (Table 3).

Fir seeds show a higher concentration of limonene with respect
o that in fir scales, in spruce seeds and in spruce scales (Table 3,
LSM all P < 0.001). There is no difference in limonene concentra-

ion between spruce scales and seeds (DLSM P = 0.97) or between
cales of fir and spruce (DLSM P = 0.42). Only tree species had an
ffect on concentration of �-pinene, with both seeds and scales
f fir having higher concentrations than of spruce (Table 3, DLSM
eeds P = 0.003, scales P < 0.001). Overall, cone scales had higher
oncentrations of �-pinene than seeds (Table 3), however the dif-
erence was significant only in spruce (DLSM spruce P = 0.008,
r P = 0.28). Patterns of myrcene concentrations differed between
pecies (Table 3, species by material interaction): in fir, concen-
rations were higher in seeds than scales (DLSM, P < 0.001), while
he opposite occurred in spruce (DLSM P = 0.02). Consequently,

yrcene concentrations were higher in spruce than fir scales (DLSM
= 0.007). Finally, isomer 1 of caryophillene was more abundant in
cales than seeds (Table 3).

Mean (±SE) tannin concentration of spruce was
.081 ± 0.040 mg/ml and 0.475 ± 0.098 mg/ml for seeds and
cales respectively. For fir it was 0.042 ± 0.013 mg/ml and
.398 ± 0.097 mg/ml for seeds and scales respectively. Scales
ad higher tannin concentrations than seeds, independent of
ree species (material F1,8 = 40.6, P = 0.0002; species × material
nteraction F1,8 = 0.10, P = 0.76). There was no difference between
pruce and fir in tannin concentration (species F1,8 = 0.97, P = 0.35).

iscussion

GC–MS revealed at least 290 chromatographically separated
hemical entities contained in seeds and/or cone scales of silver
r and Norway spruce. The seeds of silver fir were the richest in
yclohexane-extractable GC-eluting organic materials, while both

eeds and scales of spruce contained much lower amounts of ter-
enoids. Despite this diversity in chemical composition of the
xtracts, four compounds, limonene, pinene �- and �-isomers and
yrcene, were identified in all samples, and their levels accounted
type). GLM testing effects of species, material and their interaction on terpene

for 80% or more of all cyclohexane-extractable GC-eluting organic
materials of fir and for nearly 50% of that of spruce. Moreover,
since they all differ in seeds and/or cones between spruce and
fir, they could act as chemical feeding deterrents for squirrels, or
simply cause bad taste (e.g. Ruxton and Kennedy 2006). Deter-
ring effects of terpenes have been documented in detail for the
Pinus ponderosa–Sciurus aberti system. This North-American squir-
rel species, closely linked with Ponderosa pine forests, selects trees
with lower concentrations of monoterpenes, feeding mainly on the
bark of small twigs during winter rather than on random trees, thus
reducing the fitness of individual trees and hence exercising strong
selective pressure on this species towards strains with a higher con-
tent of deterring chemicals (Farentinos et al. 1981; Snyder 1992;
Snyder and Linhart 1994; Latta et al. 2000). We know of no pre-
vious studies that have looked at differences in terpenes between
seeds of different conifer species more or less preferred by Eurasian
red squirrels.

Fir versus spruce

Several studies on food selection of small rodents showed that
seeds of the genus Picea are preferred over Abies seeds (Schreiner
et al. 2000; Lobo et al. 2009; Lobo and Millar 2011).

Our previous work, including observations of feeding behaviour
(Wauters et al. 2008; Di Pierro et al. 2011), showed that also red
squirrels prefer spruce and avoid fir seeds.

Since limonene is by far the most abundant compound (>75% by
weight in seeds and 34% in scales) in fir, we believe it is the most
likely terpenoid to act as a feeding deterrent. We are aware that our
results are only correlative and we cannot conclude that limonene is
the key feeding deterrent for red squirrels in the Alps. Therefore, we
will carry out feeding experiments with captive red squirrels from
subalpine forests, using both seeds, cones and artificial diets with
varying limonene concentrations to verify our hypothesis. Similar
high levels of limonene in fir seeds were found in stands in Central
Europe (Čermák 1987) suggesting it is a characteristic typical for the
species and relatively independent from geographic location and
forest characteristics. There was a 10-fold higher concentration of
limonene in seeds than in scales of silver fir, but a 500 times higher
concentration in fir than spruce seeds, suggesting that allocation

of limonene in the seeds, and not in the protective (scale) tissue,
serves to reduce fir seed predation.

Also �-pinene concentration was higher in fir than in spruce
seeds and could act as a second deterrent. This does not mean that
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he trees do not allocate terpenoids in scales as a strategy to make
anipulation of cones, in particular scale removal by tearing or cut-

ing using the incisors (Rima et al. 2007), more difficult. In fact, also
cales contained high concentrations of terpenoids and �-pinene
ontent was 13 times higher in fir than in spruce scales. More-
ver, cone scales had higher concentrations of �-pinene than seeds,
lthough this difference was significant only in spruce.

imonene and bad taste?

Secondary compounds, in our case terpenoids, can be efficient
ithout being toxic, by having a bad smell or taste (e.g. Ruxton and
ennedy 2006). Both rodents (Weiler et al. 2006) and some birds

McKeegan 2002) appear to use olfaction to detect limonene, which
lso exhibits a strong oral toxicity and induces marked aversive
ehaviour in some insect (Ozaki et al. 2003). The natural d-(+)-R-

imonene enantiomer has the typical smell and acid taste of lemon
EPA 1994) and, therefore is likely to produce a bad taste of fir
eeds. Although the toxicity of limonene in wild animals such as
quirrels has not been reported, detailed studies have been per-
ormed in other animal species of common use in toxicology, such
s in rats and dogs, in the view of relieving concern over the health
azard of popular limonene-containing food. At very high dose
300 mg/kg body mass/day) limonene is toxic in strains of labora-
ory rats (Jameson 1990). Extrapolating this to the 330 g of an adult
ed squirrel (Wauters et al. 2007) an intake of about 99 mg/day
f limonene might be toxic. Based on 75% of limonene of the 2%
yclohexane-extractable material of total seed dry mass, we can
ake a rough estimate of 44–124 mg of limonene in the seeds of

ne fir cone. Hence consuming all seeds of one or two fir cones per
ay could result in a limonene intake that could potentially be toxic

n the long term.
Several experiments in which preferred food items given to deer

pecies were treated with different concentrations of monoter-
enes showed that limonene, �-pinene and myrcene, which were
lso the three most common terpenes in fir seeds in this study,
aused deer to avoid the treated food (Elliott and Loudon 1987;
ourc’h et al. 2002), confirming their effectiveness as deterrents.

ndirect evidence that limonene acts as a feeding deterrent was also
ound for two other rodents. North American porcupines (Erethizon
orsatum), targetted the phloem of ponderosa pine (Pinus pon-
erosa) trees which had lower levels of limonene in the xylem
leoresin than matched nontarget trees, and there was a significant
egative association between levels of limonene and the amount of
hloem removed from individual trees (Snyder and Linhart 1997).

n a study on meadow voles (Microtus pennsylvanicus) during a pop-
lation peak, undamaged seedlings of white spruce (Picea glauca)
nd white pine (Pinus strobus) contained myrcene and higher lev-
ls of limonene than severely damaged seedlings of Norway spruce
nd Norway pine (Pinus resinosa) (Bucyanayandi et al. 1990).

erpenoids in spruce

Both limonene and �-pinene occurred in low concentrations in
pruce seeds. In contrast, �-pinene had the highest concentration in
pruce scales, which was similar to the concentrations found in fir
cales and seeds. Also myrcene was found in larger concentration in
pruce scales than seeds, and its content was higher in spruce than
n fir scales. Hence, spruce seemed to collocate terpenoids in scales
ather than seeds. This seems also the case in another subalpine
onifer, whose seeds are strongly preferred by squirrels, the Arolla

ine (Pinus cembra, Dormont et al. 1998). Spruce and Arolla pine
ave cones that during and in the first months after seed maturation
re resinous and thus sticky, which must make cone-handling by
eed predators difficult.
iology 77 (2012) 332–338 337

The role of tannins

The role of tannin concentration on food choice of tree squir-
rels is reported mainly for large deciduous nuts (e.g. Short 1976;
Smallwood and Peters 1986; Kenward and Holm 1993; Steele
et al. 1993, 2005). We found no differences in tannin concen-
tration between fir and spruce seeds (or scales) indicating that
tannin is not responsible for squirrels selecting spruce and avoid-
ing fir seeds. Low concentrations in both spruce and fir seeds are
in agreement with those reported in seeds of other conifers such
as Pinus sylvestris and Pinus contorta; in contrast, nuts of many
deciduous trees, e.g. acorns and walnuts, have typically high tan-
nin concentrations (Lurz et al. 2000; Bertolino and Wauters unpubl.
data). It remains uncertain why scales of spruce and fir have rel-
atively high concentrations of tannin. Tannin in scales cannot be
the result of a plant anti-predator strategy against vertebrates,
since tannin must be ingested to reduce protein absorption or
cause other negative effects (Shimada and Saitoh 2003). Never-
theless, tannin in scales might serve as protection against seed-
or cone-feeding insects whose larvae have to penetrate inside the
cone, such as Cydia strobilella (Lepidoptera, Tortricidae) and Res-
seliella piceae (Diptera, Cecidomyiidae), the most important insect
seed-predators of spruce and fir respectively (Skrzypczýnska 1981,
1982).

We conclude that our data suggest that high concentrations
of monoterpenes, in particular limonene, in fir seeds act as feed-
ing deterrents and seem to strongly reduce the feeding activity of
red squirrels on fir seeds. Whether limonene concentration is the
key-factor causing fir seeds to be avoided will have to be further
tested with feeding trials (e.g. Vourc’h et al. 2002). Squirrels prefer
spruce seeds, which have low monoterpene concentrations, from
late summer to the next spring, when cones open and seeds are
dispersed. The short period of fir seed availability in closed cones
in the tree canopy, could potentially produce strong selective pres-
sure on squirrel feeding (and cone caching) behaviour and result
in a evolutionary arms race between conifers and squirrels (e.g.
Benkman 1995; Mezquida and Benkman 2005). In the case of sil-
ver fir, efficient protection against seed predators by accumulating
monoterpenes in seed tissue seems to be the winner’s strategy.
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