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Abstract Understanding the links among plant genotype,
plant chemistry, and food selection by vertebrate herbivores
is critical to assess the role of herbivores in the evolution of
plant secondary chemistry. Some specialized vertebrate
herbivores have been shown to select plants differentially
according to plant genotype, but examples from generalists,
which constitute the vast majority of vertebrate herbivores,
are few, especially in natural conditions. We examined the
relationship between the North American porcupine (Ereth-
izon dorsatum), a generalist mammalian herbivore, and
clonal trembling aspen (Populus tremuloides), a preferred
food source of porcupines. We determined preference for
certain aspen trees through visual examination of porcupine
climbing scars left on tree bark, and through a controlled
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feeding experiment. We used genetic and biochemical anal-
yses to link the behavioral archives (climbing scars) left by
porcupines on aspen trunks to the clonal structure and
chemical composition of trees. We show that two phenolic
glycosides (tremulacin and salicortin), which are under a
high degree of genetic control and thus vary in concentra-
tion across clones, are the chemical variables that most
influence (deter) feeding choices by porcupines. Using
behavioral archives left by a wild herbivore on a natural
stand of plants thus allowed us to demonstrate that a gener-
alist vertebrate herbivore can choose plants according to
their clonal structure and genetically based chemical
composition. Our results contribute to extending previous
findings obtained with generalist herbivores studied in con-
trolled conditions, and with specialist herbivores studied in
the field.

Keywords Phenolic glycoside - Mammalian herbivory -
Selective herbivory - Plant—animal interactions -
Defensive chemistry

Introduction

Demonstration of the evolutionary role played by herbi-
vores with respect to plant secondary metabolites is a multi-
step process that involves concepts from genetics, chemistry,
ethology, and ecology (Bryant et al. 1991). A number of
studies have attempted to link plant genotype, plant
chemistry, and food selection by invertebrate herbivores
(e.g., Mauricio and Rausher 1997; Fornoni et al. 2004;
Donaldson and Lindroth 2007), but parallel efforts with ver-
tebrate herbivores are less abundant (e.g., Snyder 1992; Jia
et al. 1997; Pusenius et al. 2002; Vourc’h et al. 2002; Bailey
etal. 2004; Laitinen et al. 2004; O’Reilly-Wapstra et al.
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2004). Furthermore, very few of these attempts were made
on wild herbivore populations feeding on natural plant pop-
ulations. For example, Jia etal. (1997), Pusenius et al.
(2002), Laitinen et al. (2004) and O’Reilly-Wapstra et al.
(2004) used plants removed from their original population
to show that vertebrate herbivores can select among plant
genotypes differing in phytochemistry. Whereas the experi-
mental approach bears obvious advantages in its ability to
detect cause—effect relationships, the ecological and evolu-
tionary relevance of experimental results depends on how
the preferences expressed by herbivores translate into natu-
ral conditions, where the relative frequency of plant geno-
types can differ from experimental situations and where
animals face multiple trade-offs as they must avoid preda-
tors, parasites, and weather extremes, and engage in social
interactions (Moore and Foley 2005).

Interestingly, the most demonstrative studies linking intra-
specific variation in plant chemistry to food selection by ver-
tebrate herbivores studied in natural conditions often involve
specialist herbivores, such as Abert’s squirrels (Sciurus
aberti; Snyder 1992) or koala (Phascolarctus cinereus;
Moore and Foley 2005). It is unclear whether or not this refl-
ects an intrinsic difference in the ability of specialists versus
generalists to finely tune plant selection at the intraspecific
level, although generalists could potentially be under less

directional selection to adapt to a particular set of plant sec-
ondary metabolites. Understanding food choice by generalist
herbivores is important because they are the main consumers
of plants in the vast majority of ecosystems (Freeland 1991).
We studied a generalist herbivore, the North American
porcupine (Erethizon dorsatum), originating from South
America and now ranging as far north as the Canadian tun-
dra. Porcupines feed at ground level on a large variety of
herbs, forbs, fruits, and flowers, and climb various conifer-
ous and deciduous trees to eat buds, catkins, bark, twigs,
and leaves (Roze 1989). Their feeding regime varies widely
according to seasons and geographical areas (Roze 1989).
Porcupines feed partly on leaves of trembling aspen
(Populus tremuloides) in summer (Plate 1; Morin et al.
2005; Berteaux et al. 2007). Aspens have the largest distri-
bution of any North American deciduous tree species and
show striking genetic variation (Lindroth and Hwang
1996). This genetic variation is evidenced as visually
apparent differences among clones, including variation in
morphology, autumn coloration, and timing of bud-break
and leaf senescence (Lindroth and Hwang 1996 and refer-
ences therein). Trembling aspens produce phenolic-based
secondary metabolites (phenolic glycosides and condensed
tannins) in abundance, and these are well-known for deter-
ring aspen-feeding insects (Lindroth 2000) and some

Plate 1 Variation in utilization of trembling aspen by North Ameri-
can porcupines in Parc National du Bic, Quebec, Canada. Top Aspen
avoided by porcupines. Bottom Aspen heavily used by porcupines.
Each panel shows the canopy of a clone (left), a close up of a single
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branch (center), and a close up of the bark of a tree trunk (right). Note
the defoliated branch and cut stems on the lower middle panel, and the
scars left by porcupine claws on aspen bark on the lower right panel.
Photo credits: Dominique Berteaux
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mammals (Basey et al. 1990; Wooley et al. 2008). Variabil-
ity in phenolic glycosides is potentially high across clones
but low within clones, and concentrations of phenolic
glycosides are influenced strongly by clonal genetics
(Hemming and Lindroth 1995; Osier and Lindroth 2001;
Donaldson and Lindroth 2007; Lindroth et al. 2007). Natural
aspen stands typically contain multiple trees of the same
genotype, as well as multiple units (clones) of differing
genetic composition (Barnes 1969a; Wall 1971; Mock et al.
2008).

The hard claws of porcupines leave long-lasting marks
on the thin bark of aspens, and the build-up of these marks
through the years constitutes a collection of historical
records (a natural archive) of past herbivory pressure on
individual trees (Plate 1). We used this opportunity to
investigate porcupine food selection on trembling aspen.
We tested the hypothesis that phytochemical variation
among clones would affect food selection by porcupines.
More specifically, we predicted that aspen clones would
differ in their concentrations of phenolic glycosides, and
that porcupines studied in natural conditions would bias
their food choice toward clones with lower concentrations
of these secondary metabolites.

In supporting these predictions, and based on the known
importance of genetics in the phytochemical variation of
aspens, we show the ability of a wild generalist herbivore to
recognize variation in aspen chemistry (and thus most prob-
ably variation in aspen genetics), and to translate this rec-
ognition into biased food selection at the individual tree
level.

Methods
Study site

We worked from 6 June to 25 August 2002, and from 5
May to 5 July 2003, in Parc National du Bic (48°21'N,
68°45'W), Quebec, Canada, at the southern limit of the
boreal forest. Details on the topography, vegetation, and
climate of the study area, and on the demography and natu-
ral history of the porcupine population are available in
Klvana et al. (2004) and Berteaux et al. (2005).

We performed field work in a 2.2 ha patch of forest dom-
inated by trembling aspens, of relatively uniform topogra-
phy, and heavily used by porcupines. We tagged all aspen
trees with a minimum circumference of 20 cm (n = 577).
We excluded trees smaller than this from the study, due to a
distinct absence of climbing scars and to the developmental
variation in the phytochemistry of aspens under 10 years of
age (basal circumference 10-15cm) (Donaldson et al.
2006). We measured the circumference at 1.30 m of each
tree, and determined its spatial position (1 m) using a land

survey theodolite (Leica TC 605/L, Leica Geosystems, St.
Gallen, Switzerland).

Identification of aspen clones

We delineated clones using the field techniques described
in Barnes (1969b) and Kemperman (1977). In May 2003,
we examined all trees daily for bud break, flowering, and
leaf flush. We recorded the phenology of these events and
determined the sex of flowers. We also examined tree bark
for differences in color, texture, and susceptibility to frost
cracks and disease, and characterized stem and branch form
(straight, undulated or twisted), branching habit (upwards,
downwards or horizontal), and stem fork (presence or
absence; if present, height of lowest fork). Variation in
these traits is usually sufficient for delineating clones due to
the heritable basis of these phenological and morphological
characteristics, providing that multiple traits are used in
the analysis (Gom and Rood 1999 and references therein).
Similar morphometric techniques employed in related
research proved accurate in over 90% of clone identifica-
tions, when compared with molecular (microsatellite) tech-
niques (R.L.L., unpublished data).

Using these qualitative characteristics of aspen trees,
two observers independently clumped trees into clones
according to the observed spatial variation in tree character-
istics. Observers classified 81% (n =467) of trees into the
same set of 16 clones. We excluded from subsequent analy-
ses the remaining 110 trees that were not classified simi-
larly by the two independent observers. Amplification of
microsatellite markers (using four to ten loci as necessary
for unique characterization of individual clones) from the
DNA of 24 trees (three trees taken randomly from each of
eight presumed clones) confirmed the field delineation [see
Sect. S1 in the electronic supplementary material (ESM) for
laboratory techniques].

Determination of tree use by porcupines

We first evaluated climbing scars left by porcupines on
aspen bark to quantify the intensity of use of individual
aspen trees by porcupines. We then used feeding trials on
captive porcupines to verify that the variability in use of
trees by wild porcupines corresponded to differential food
selection (see section Linking tree use to food selection).
Scratches observed on aspen bark were attributed to porcu-
pine climbing based on two criteria: they were oriented
diagonally on the tree trunk (due to the position of the fore-
paws when climbing) and they were clumped in groups
(multiple scars are left simultaneously when several nails of
a single paw puncture the bark). No other animal in the
study area could have generated such climbing scars (see
S2, Fig. S2.1, for a picture of a fresh climbing scar).
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We quantified the density of climbing scars on individ-
ual trees using two 64 cm* quadrats located on areas of the
trunk considered visually to contain the highest number of
porcupine scars (S2, Fig. S2.2). We adopted this stratified
sampling strategy (one stratum) rather than a random sam-
pling, because preliminary data showed that it was the most
efficient at capturing the among-tree variability in scar den-
sity (scars were highly clumped on tree trunks). We calcu-
lated the average number of scars per quadrat for each tree.
Climbing scars remain on tree trunks for many years (we
first observed fresh climbing scars in May 2000, and these
scars were still clearly identifiable by April 2009; D.B.,
unpublished data). Because older trees may have registered
porcupine climbing scars for a longer period of time, we
performed a regression analysis to remove any effect
caused by tree size. We considered residual values as an
index of tree use independent of tree age and size (S3).
Hereafter, “climbing scar index” refers to the average num-
ber of scars per quadrat per tree, while “tree use index”
refers to residual values of the climbing scar index once the
effect of tree size has been removed. We assumed that these
indices reflected long term herbivory pressure, but this
could not be demonstrated. Scars were produced by an
unknown number of porcupines (but see Discussion). Bark
texture was appropriate to register claw marks on 510 trees
(frost cracks on the bark of 67 trees may have led to an
underestimation of the number of claw marks).

Linking tree use to food selection

We captured five porcupines from 25 May to 10 June 2003
(four adult males and one juvenile female) in the area sur-
rounding the study site, and housed them separately in
cages (1.5m x 1.5m x 1.5 m) to perform feeding trials.
Each cage contained a rubber pipe, which provided shelter
to the porcupine. Cages were placed in a forest stand close
to the capture locations and porcupines were released at
their site of capture immediately after finishing the experi-
ment (on average, 19 days after their initial capture). Cap-
ture and handling techniques were approved by the Comité
de protection des animaux de 1’Université du Québec a
Rimouski (permit # CPA12-02-06) and the Société de la
Faune et des Parcs, Gouvernement du Québec (permit
#20030401-001-01-S-F).

We conducted the experiment over 12 consecutive
nights from 16 June to 28 June 2003. Each night, we offered
the five porcupines a choice between leaves coming from
lightly versus highly scarred aspens. Each evening, we
selected one bundle from each of two trees belonging to
two clones (trees were thus never compared within clones).
Leaves from the two trees did not differ in any obvious
characteristic such as density, size, shape or color. The
lightly and highly scarred trees had an average tree use
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index of —7.2 + 2.2 (range: —10.0 to —2.5) and 19.5 £ 12.8
(range: 5.6-41.3), respectively. We tied three or four 50—
80 cm long terminal branches from individual trees into
equal size bundles containing a similar quantity of leaves
(fresh mass = ca. 250 g). We placed bundles in cages so
that they were equally accessible to porcupines. Once bun-
dles were placed in cages, porcupines were continuously
observed for 1 h, after which the percentage of leaves eaten
in each bundle was estimated visually. Visual estimation
was performed without removing bundles form the cage, so
as not to disturb the porcupines. Unfortunately visual esti-
mations were not calibrated against a more direct method
such as weighing. The observer (B.D.) was blind as to
which bundle came from a lightly versus highly scarred
aspen. The positions of bundles relative to each other were
random. Additional estimates were also performed 1.5, 4,
and 24 h after bundles were placed in cages. In addition to
the aspen leaves offered for the experiment, porcupines
were fed daily with dandelions, apples, grass, clover, and
aspen leaves from trees not used in this study, in order to
ensure that their nutritional requirements were met. We
therefore used 24 trees (one tree per “treatment” X 2
“treatments” x 12 replicates) in the experiment, and each
porcupine went simultaneously through the same set of tests.

Chemistry of aspen

In July 2003, we sampled for chemical analysis leaves from
252 aspen trees representing the diversity of genotypes and
phenotypes present on our study site. Our sampling included
all trees from clones (n = 13) containing <20 trees, and 50%
(randomly selected) of the trees from clones (n=23)
containing >20 trees. We measured the content of nitrogen,
carbohydrates (starch and sugar), condensed tannins, and
phenolic glycosides (tremulacin and salicortin) in order to
assess the quality of leaves to porcupines. The leaf sampling
methodology and chemical analyses are detailed in S4.

Data analysis

Many trees had never been climbed by porcupines, so that
our climbing scar index had numerous null values. We
therefore investigated the influence of clonal structure on
use of trees by porcupines by comparing the observed to
expected (average) proportion of scarred trees in each
clone, using a Chi square test.

To analyze data from the feeding experiment, we first
calculated the mean value of the four estimates (at 1, 1.5, 4,
and 24 h) of leaf consumption obtained every night for each
porcupine and each leaf bundle. We then tested the effects
of treatment (lightly vs highly scarred trees), tree identity,
and individual porcupine on leaf consumption using a
three-way mixed-model ANOVA (Sokal and Rohlf 1981).
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We lumped salicortin and tremulacin (hereafter called
“phenolic glycosides”) together in all analyses of aspen
chemical composition, because these two constituents are
structurally related and were strongly correlated (> = 0.781,
n =252). We compared concentrations of nitrogen, carbohy-
drates, condensed tannins, and phenolic glycosides between
scarred and unscarred trees using a MANOVA. We then cal-
culated the percentage of variation in our tree use index that
could be attributed to concentrations of condensed tannins
and phenolic glycosides (the only two significant variables
in the MANOVA) using multiple regression analysis.
Finally, we investigated the contribution of the clonal struc-
ture of the aspen stand to the heterogeneity of the chemical
composition of aspen trees using a series of ANOVAs with
chemical variables as dependent variables.

We checked normality of data before performing para-
metric tests. We normalized data using log-transforms
when the assumption of normality was not met. We per-
formed analyses using SAS version 9.1 (SAS 2002); results
are expressed as mean £ SE.

Results

Does clonal structure of the aspen stand influence
visitation of trees by porcupines?

Of the 577 aspen trees identified in our study site, 467
could be assigned to a particular clone and 510 had bark
suitable to register porcupine claw marks, while 400 satis-
fied both conditions. Among these 400 trees, 234 (59%)
showed signs of porcupine climbing. The climbing scar
index of these 234 visited trees ranged from 1 to 49 and
averaged 12.3 £ 10.6.

We assigned the 400 trees described above to 16 differ-
ent clones. Within clones, the number of trees suitable to
register porcupine claw marks varied from 5 to 81
(average = 25.0 £ 20.6 trees). The percentage of trees used
by porcupines within clones also varied greatly, from no
tree used to 97% used (average = 48.9% = 7.2). Scarred
trees were thus not distributed evenly among clones
(X, =138.03, df =15, P <0.001, Fig. 1), and the probabil-
ity of a given aspen tree to be visited by porcupines
depended on the clone to which it belonged. We conclude
that clonal structure of the aspen stand influenced visitation
of trees by porcupines.

Does visitation rate of trees reflect porcupine feeding
preferences?

Captive porcupines preferred leaves sampled from highly
scarred trees over leaves coming from trees with fewer
scars (Fy 5, = 8.92, P = 0.0068, Fig. 2). In 10 of 12 feeding

19 20 5 38 25 29 81 13 10 9 15 64 17 8 5 33

Number of trees

g h i j k I mn o p
Clone

Fig. 1 Observed (black bars) and expected (white bars) numbers of
trees bearing porcupine climbing scars in 16 trembling aspen clones
studied in Parc National du Bic, Quebec, Canada. Expected numbers
were generated under the null hypothesis that porcupines climbed
trees randomly. Observed and expected numbers refer to the 400
trees with readable bark that we identified to the clonal level using
field and laboratory techniques. Numbers above bars indicate sample
sizes (e.g. number of trees with readable bark that were assigned to
each clone)

trials, porcupines consumed a greater percentage of leaves
from highly scarred trees (Fig.2). Percent leaf matter
consumed varied significantly among porcupines (Fgs =
24,55, P <0.0001) and trees (F,, gg = 5,45, P < 0.0001), but
no interaction was significant. We conclude that variations
in our tree use index did reflect food preferences of
porcupines, and thus differential herbivory pressure from
porcupines.

% leaf matter consumed

10 11 12 avg

Tree pairs

Fig. 2 Average consumption (%) of trembling aspen leaves offered to
five captive porcupines during a 12-night feeding experiment in June
2003. Every night, a different pair of trees (numbers 1-12) containing
a highly scarred (black bars) and a lightly scarred (white bars) tree was
used as a source of leaves for the experiment. Quantity of leaves
offered to porcupines was ca. 250 g fresh material per tree. Error bars
SE
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Fig. 3 Average (£SE) content of five chemical variables (N Nitrogen,
CT condensed tannins, PG phenolics glycosides, Su sugar, St starch)
measured in trembling aspen leaves from a 2.2-ha study site in Parc
National du Bic, Quebec, Canada. Chemical content of 111 aspen trees
bearing porcupine scars (black bars) is compared to chemical content
of 141 trees showing no scars (white bars). ***P < 0.01

Does chemical composition of a tree influence
its preference by porcupines?

There were no significant differences in the concentrations
of nitrogen (F,50=0.32, P=0.57), sugar (F s, =0.84,
P =0.36), and starch (F|,s50=144, P=0.23) between
scarred and unscarred trees (Fig. 3). However, concentra-
tions of condensed tannins were 15% lower in unscarred
trees relative to scarred trees (F 50 =19.14, P <0.001),
whereas concentrations of phenolic glycosides were 63%
greater in unscarred trees relative to scarred trees
(Fy 250 = 44.93, P <0.001) (Fig. 3).

A multiple regression analysis, using only tannins and
phenolic glycosides shows a significant relation between
our tree use index and concentrations of the two classes of
compounds (R2 =0.19, P<0.001, n=252, Tree use
index = 1.04 tannins — 7.68 phenolic glycosides + 1.0385).
Beta coefficients of the regression equation show that the
effect of phenolic glycosides is considerably stronger than
that of condensed tannins. We conclude that differential use
of aspen trees by porcupines can be attributed partially to
phytochemical variation among trees.

Does clonal structure of the aspen stand influence
the chemical composition of trees?

Examination of the 252 trees analyzed for chemical compo-
sition shows significant differences in chemical variables
among clones. The largest variations were found in con-
densed tannins and phenolic glycosides, which varied
across clones by as much as 283% and 392%, respectively.
By comparison, maximum differences found between
clones for the other compounds were 129% (nitrogen),
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163% (sugar), and 221% (starch). Descriptive chemistry of
clones (as well as that of the sub-sample of trees used for
the feeding experiment) and statistical testing of variations
among clones are given in S5, Table S5.1. We conclude
that the clonal structure of studied aspen trees did influence
their chemical composition.

Discussion

We found that porcupines select aspen leaves with lower
concentrations of phenolic glycosides and higher concen-
trations of condensed tannins. The deterrent effects of trem-
ulacin and salicortin are well established. These chemicals
reduce the performance of gypsy moth (Lymantria dispar
L.) and forest tent caterpillar (Malacosoma disstria Hbn)
larvae (Hemming and Lindroth 1995; Osier and Lindroth
2004) and high concentrations of phenolic glycosides
reduce browsing of aspen by elk (Bailey et al. 2007).

In contrast to our findings, the association between tan-
nins and mammalian herbivory is usually negative (Downs
etal. 2003; Marsh et al. 2003; Bailey et al. 2004). Some
positive associations have been found between aspen-feed-
ing insects and the foliar concentration of condensed tan-
nins, but they were likely due to the negative covariance
between phenolic glycosides and condensed tannins, rather
than to a preference for high concentrations of condensed
tannins (Hemming and Lindroth 1995). The same chemical
covariance likely explains apparent selection for high-tan-
nin trees in this study. Alternatively, the positive correla-
tion between porcupine herbivory and condensed tannins
may be a result, rather than a cause, of porcupine food
choice. Peters and Constabel (2002) and Osier and Lindroth
(2001, 2004) showed an increase in tannin concentration in
trembling aspen following wounding or defoliation.

Concentrations of phenolic glycosides in aspen are
determined strongly genetically, but weakly environmen-
tally (i.e., genetically canalized; Osier and Lindroth 2001,
2004, 2006; Donaldson and Lindroth 2007). In our study
plot, 16 clones grew within a relatively uniform 2.2-ha
patch of forest containing no obvious variation in soil char-
acteristics, water availability, or light accessibility. In addi-
tion, most clones were intertwined and did not form
isolated clumps of trees. Yet concentrations in phenolic
glycosides markedly differed among clones. Similarly,
Lindroth and Hwang (1996) reported marked variation in
foliar concentrations of tremulacin (5.9-fold) and salicortin
(10.3-fold) across 31 clones in Michigan. Some strong
developmental changes in chemistry do occur in trembling
aspen (Donaldson et al. 2006), but ontogenetic variation in
chemistry occurs mostly before trees reach the 6- to 10-year
age class, and is thus irrelevant to this study (see Methods).
Finally, levels of phenolic glycosides were unlikely to have
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been affected by prior porcupine feeding. Phenolic glyco-
sides are not induced in damaged leaves (Osier and Lind-
roth 2001) or in leaves produced a year after defoliation
(Osier and Lindroth 2004). Levels are elevated in new
leaves produced from lateral buds immediately following
extreme defoliation (Stevens and Lindroth 2005; Donald-
son and Lindroth 2008) but such was not the case for feed-
ing by porcupines.

Our pen experiment involved only five porcupines, and
food choice studies performed on wild herbivorous mam-
mals typically face a large inter-individual variability in diet
preferences (Berteaux etal. 1998; Brathen etal. 2004).
Although our sample size was sufficient to allow rejection of
the null hypothesis of no difference between control and
treatment, confidence in our results might have been
increased by using more individuals. This, however, must be
weighed against the ethical costs of restraining the move-
ments of wild mammals in small pens for several weeks.

We have some evidence that scars were not due to a very
small number of individuals. Our study plot is part of a
larger study area where a long-term study involving marked
individuals is ongoing (Berteaux et al. 2005). From 2000 to
2002, 46 individuals were observed within 200 m of the
center of our 2.2 ha study plot (D.B., unpublished data).
Many of these individuals probably fed in the study plot. In
addition, climbing scars remain on tree trunks for many
years (see Methods), so that some unknown individuals that
were alive before 2000 could also have produced some
scars.

North American porcupines can climb trees to feed, to
rest in a safe place, or to escape predators (Roze 1989). The
number of scars on aspen trunks would be unrelated to the
intensity of herbivory if feeding was not the main reason
why porcupines climbed aspens. In our study area, Morin
et al. (2005) found that aspen was the main food source of
porcupines whereas porcupines used rock dens and eastern
white cedars as resting places. Typically they spent the
night in one or a few aspens and the day in a rock den or
cedar tree. This shows that porcupines climb aspens to feed,
not to rest. Porcupines do sometimes climb aspens to
escape terrestrial predators (D.B., unpublished data). When
doing so, however, they climb the first available tree, so
that scars generated by predator avoidance could not have
biased use of aspen clones.

Influences of herbivory on plant fitness must be demon-
strated before an herbivore is considered to be a selective
agent, and a considerable amount of work on plant life his-
tory is needed to quantify the selection gradient imposed by
herbivory. Heavy defoliation of aspen trees does suppress
plant growth (Osier and Lindroth 2004; Stevens et al.
2007), therefore porcupine browsing may have negative
effects on individual trees. However, the asexual reproduc-
tion of P. tremuloides makes it difficult to measure the

effects of herbivory on individual fitness, because the
growth pattern of clonal units buffers negative impacts,
spreads the risk of death, and retards selection (Jelinski and
Cheliak 1992). Finding a direct link between single-species
herbivory and plant fitness is further confounded by the
interacting effects of multiple herbivores and other vari-
ables in the ecosystem. For example, in our study plot the
effects of aspen-feeding insects need to be separated to
obtain an accurate measure of the impacts of porcupine her-
bivory on trembling aspens.

Our findings echo those of Heiska et al. (2007), who
reported that vole (Microtus agrestis) feeding seemed to be
highly affected by willow (Salix myrsinifolia) cultivation
method and plant genotype. Similarly, Snyder and Linhart
(1997) showed that when porcupines fed on phloem of Pon-
derosa pine (Pinus ponderosa) during winter months, eaten
trees differed biochemically (lower concentrations of the
monoterpene limonene) and genetically (allele frequencies
at two of nine polymorphic loci) from adjacent trees that
had not been fed upon.

Interestingly, when Snyder and Linhart (1997) compared
the feeding patterns of porcupines with those of Abert’s
squirrels, a specialist feeding primarily on the phloem of
Ponderosa pine, the level of feeding selectivity was found
to be far less pronounced in the porcupine. More generally,
many studies have reported that generalist feeders show a
limited amount of preference in their choice of diet (e.g.
Ben-Shahar 1991). This assertion could even appear as a
logical tautology. However, our study shows that a general-
ist species feeding on a large range of plant species and
plant parts can still show selectivity at the level of individ-
ual plants within a species.

In conclusion, our study suggests that a generalist verte-
brate herbivore has adapted the ability to discriminate
among individual plants within a clonal species, in a situa-
tion where the discriminating factor (leaf concentration in
phenolic glycosides) had previously been shown to be
largely of genetic origin. Our demonstration would have
been stronger if the number of porcupines producing the
scars was known, and if we had been able to associate
climbing scars directly to herbivory. Yet our findings are
particularly valuable given the important ecological impact
of generalist vertebrate herbivores on most plant communi-
ties. Much work remains, however, to determine whether
vertebrate herbivores have been sufficiently important play-
ers in the evolutionary past to shape the phytochemistry of
plants (Moore and Foley 2005).

Acknowledgments Field data collection was supported by grants to
D.B. from the Natural Sciences and Engineering Research Council of
Canada (NSERC), the Canada Research Chairs (CRC) program, and
the Fonds Québécois pour la Recherche sur la Nature et les Technolo-
gies (FQRNT). Laboratory analyses were supported by NSF grant
DEB-0074427 to R.L.L. We thank Heidi Barnhill, Jackie Haas, Kim

@ Springer



694

Oecologia (2009) 160:687-695

Poitras, and Isabelle Turcotte for help with field and laboratory work,
and Alain Caron for help with data analyses. We are particularly thank-
ful to Chris Cole who performed genetic analyses. We are grateful to
Mark Chappell and two anonymous reviewers for their constructive
criticisms that greatly improved the manuscript. The study complies
with the current laws of the country in which it was performed.

References

Bailey JK, Schweitzer JA, Rehill BJ, Lindroth RL, Martinsen GD,
Whitham TG (2004) Beavers as molecular geneticists: a genetic
basis to the foraging of an ecosystem engineer. Ecology 85:603—-608

Bailey JK, Schweitzer JA, Rehill BJ, Irschick DJ, Whitham TG, Lind-
roth RL (2007) Rapid shifts in the chemical composition of aspen
forests: an introduced herbivore as an agent of natural selection.
Biol Invasions 9:715-722. doi:10.1007/s10530-006-9071-z

Barnes BV (1969a) The clonal growth habit of American aspens. Ecol-
ogy 47:439-447

Barnes BV (1969b) Natural variation and delineation of clones of Pop-
ulus tremuloides and P. grandidentata in northern Lower Michi-
gan. Silvae Genet 18:130-142

Basey JM, Jenkins SH, Miller GC (1990) Food selection by beavers in
relation to inducible defenses of Populus tremuloides. Oikos
59:57-62

Ben-Shahar R (1991) Selectivity in large generalist herbivores: feeding
patterns of African ungulates in a semi-arid habitat. Afr J Ecol
29:302-315

Berteaux D, Créte M, Huot J, Maltais J, Ouellet JP (1998) Food choice
by white-tailed deer in relation to protein and energy content of
the diet: a feeding experiment. Oecologia 115:84-92

Berteaux D, Klvana I, Trudeau C (2005) Spring to fall mass gain in a
northern population of North American porcupines. J] Mamm
86:514-519

Berteaux D, Diner B, Dreyfus S, Eblé M, Lessard I, Klvana 1 (2007)
Heavy browsing by a mammalian herbivore does not affect fluc-
tuating asymmetry of its food plants. EcoScience 14:188-194

Bréthen KA, Agrell J, Berteaux D, J6nsdéttir IS (2004) Intraclonal var-
iation in defence substances and palatability: a study on Carex and
lemmings. Oikos 105:461-470

Bryant JP, Provenza FD, Pastor J, Reichardt PB, Clausen TP, Dutoit JT
(1991) Interactions between woody-plants and browsing mam-
mals mediated by secondary metabolites. Annu Rev Ecol Syst
22:431-446

Donaldson JR, Lindroth RL (2007) Genetics, environment, and their
interaction determine efficacy of chemical defense in trembling
aspen. Ecology 88:729-739

Donaldson JR, Lindroth RL (2008) Effects of variable phytochemistry
and budbreak phenology on defoliation of aspen during a forest
tent caterpillar outbreak. Agric For Entomol 10:399-410.
doi:10.1111/j.1461-9563.2008.00392.x

Donaldson JR, Stevens MT, Barnhill HR, Lindroth RL (2006)
Age-related shifts in leaf chemistry of clonal aspen (Populus
tremuloides). J Chem Ecol 32:1415-1429. doi:10.1007/s10886-
006-9059-2

Downs CT, McDonald PM, Brown K, Ward D (2003) Effects of Aca-
cia condensed tannins on urinary parameters, body mass, and diet
choice of an Acacia specialist rodent, Thallomys nigricauda. J
Chem Ecol 29:845-858

Fornoni J, Valverde PL, Nunez-Farfan J (2004) Population variation in
the cost and benefit of tolerance and resistance against herbivory
in Datura stramonium. Evolution 58:1696—1704

Freeland WJ (1991) Plant secondary metabolites. Biochemical evolu-
tion with herbivores. In: Palo R, Robbins CT (eds) Plant defenses
against mammalian herbivory. CRC, Boca Raton, pp 61-82

@ Springer

Gom LA, Rood SB (1999) Patterns of clonal occurrence in a mature
cottonwood grove along the Oldman River, Alberta. Can J Bot
77:1095-1105

Heiska S, Tikkanen OP, Rousi M, Julkunen-Tiitto R (2007) Bark salic-
ylates and condensed tannins reduce vole browsing amongst cul-
tivated dark-leaved willows (Salix myrsinifolia). Chemoecology
17:245-253. doi:10.1007/s00049-007-0385-9

Hemming JDC, Lindroth R (1995) Intraspecific variation in aspen phy-
tochemistry: effects on performance of gypsy moths and forest
tent caterpillars. Oecologia 103:79-88

Jelinski DE, Cheliak WM (1992) Genetic diversity and spatial subdi-
vision of Populus tremuloides (salicaceae) in a heterogeneous
landscape. Am J Bot 79:728-736

Jia J, Niemelae P, Rousi M, Haerkoenen S (1997) Selective browsing
of moose (Alces alces) on birch (Betula pendula) clones. Scand J
For Res 12:33-40

Kemperman JA (1977) Aspen clones: development, variability and
identification. Forest Research Information Paper no. 10 1. Ontar-
io Ministry of Natural Resources, Division of forests. Ottawa, ON

Klvana I, Berteaux D, Cazelles B (2004) Porcupine feeding scars and
climatic data show ecosystem effects of the solar cycle. Am Nat
164:283-297

Laitinen M-L, Julkunen-Tiitto R, Yamaji K, Heinonen J, Rousi M
(2004) Variation in birch bark secondary chemistry between and
within clones: implications for herbivory by hares. Oikos
104:316-326

Lindroth R (2000) Adaptations of quaking aspen for defense against
damage by herbivores and related environmental Agents. In:
Symposium Proceedings. Sustaining Aspen in Western Land-
scapes. 13—15 June 2000, Grand Junction, CO. USDA Forest
Service, Rocky Mountain Experiment Station. Proceedings
RMRS-P-18. Fort Collins, CO, pp 273-284

Lindroth R, Hwang S-Y (1996) Clonal variation in foliar chemistry of
quaking aspen (Populus tremuloides Michx). Biochem Syst Ecol
24:357-364

Lindroth RL, Donaldson JR, Stevens MT, Gusse AC (2007) Browse
quality in quaking aspen (Populus tremuloides): effects of geno-
type, nutrients, defoliation, and coppicing. J Chem Ecol 33:1049—
1064. doi:10.1007/s10886-007-9281-6

Marsh KJ, Wallis IR, Foley WJ (2003) The effect of inactivating tan-
nins on the intake of eucalyptus foliage by a specialist eucalyptus
folivore (Pseudocheirus peregrinus) and a generalist herbivore
(Trichosurus vulpecula). Aust J Zool 51:31-42

Mauricio R, Rausher MD (1997) Experimental manipulation of
putative selective agents provides evidence for the role of natural
enemies in the evolution of plant defense. Evolution 51:1435-
1444

Mock KE, Rowe CA, Hooten MB, DeWoody J, Hipkins VD (2008)
Clonal dynamics in western North American aspen (Populus
tremuloides). Mol Ecol 17:4827-4844. doi:10.1111/j.1365-294X.
2008.03963.x

Moore BD, Foley WJ (2005) Tree use by koalas in a chemically com-
plex landscape. Nature 435:488-490. doi: 10.1038/nature03551

Morin P, Berteaux D, Klvana I (2005) Hierarchical habitat selection by
North American porcupines in southern boreal forest. Can J Zool
83:1333-1342. doi:10.1139/Z05-129

O’Reilly-Wapstra JM, McArthur C, Potts BM (2004) Linking plant
genotype, plant defensive chemistry and mammal browsing in a
eucalyptus species. Funct Ecol 18:677-684

Osier TL, Lindroth RL (2001) Effects of genotype, nutrient availabil-
ity, and defoliation on aspen phytochemistry and insect perfor-
mance. J] Chem Ecol 27:1289-1313

Osier TL, Lindroth RL (2004) Long-term effects of defoliation on
quaking aspen in relation to genotype and nutrient availability:
plant growth, phytochemistry and insect performance. Oecologia
139:55-65. doi:10.1007/s00442-003-1481-3


http://dx.doi.org/10.1007/s10530-006-9071-z
http://dx.doi.org/10.1111/j.1461-9563.2008.00392.x
http://dx.doi.org/10.1007/s10886-006-9059-2
http://dx.doi.org/10.1007/s10886-006-9059-2
http://dx.doi.org/10.1007/s00049-007-0385-9
http://dx.doi.org/10.1007/s10886-007-9281-6
http://dx.doi.org/10.1111/j.1365-294X.2008.03963.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03963.x
http://dx.doi.org/10.1038/nature03551
http://dx.doi.org/10.1139/Z05-129
http://dx.doi.org/10.1007/s00442-003-1481-3

Oecologia (2009) 160:687-695

695

Osier TL, Lindroth RL (2006) Genotype and environment determine
allocation to and costs of resistance in quaking aspen. Oecologia
148(2):293-303. doi:10.1007/s00442-006-0373-8

Peters DJ, Constabel CP (2002) Molecular analysis of herbivore-
induced condensed tannin synthesis: cloning and expression of
dihydroflavonol reductase from trembling aspen (Populus tremu-
loides). Plant J 32:701-712

Pusenius J, Prittinen K, Heimonen J, Koiyunoro K, Rousi M, Roininen
H (2002) Choice of voles among genotypes of birch seedlings: its
relationship with seedling quality and preference of insects. Oec-
ologia 130:426-432. doi:10.1007/s00442-001-0816-1

Roze U (1989) The North American Porcupine. Smithsonian Institu-
tion, Washington, DC

SAS (2002) SAS statistical software. Version 9.1, 3rd edn. SAS Insti-
tute, Cary, NC

Snyder MA (1992) Selective herbivory by Abert’s squirrel mediated
by chemical variability in Ponderosa pine. Ecology 73:1730-
1741

Snyder MA, Linhart YB (1997) Porcupine feeding patterns: Selectivity
by a generalist herbivore? Can J Zool 75:2107-2111

Sokal RR, Rohlf FJ (1981) Biometry, 2nd edn. Freeman, New York

Stevens ML, Lindroth RL (2005) Induced resistance in the indetermi-
nate growth of aspen (Populus tremuloides). Oecologia 145:298—
306. doi:10.1007/s00442-005-0128-y

Stevens MT, Waller DM, Lindroth RL (2007) Resistance and tolerance
in Populus tremuloides: genetic variation, costs, and environmen-
tal dependency. Evol Ecol 21:829-847. doi:10.1007/s10682-006-
9154-4

Vourc’h G, Russell J, Martin JL (2002) Linking deer browsing and ter-
pene production among genetic identities in Chamaecyparis noot-
katensis and Thuja plicata (Cupressaceae). J Hered 93:370-376

Wall RE (1971) Variation in decay in aspen stands as affected by their
clonal growth pattern. Can J For Res 1:141-146

Wooley SC, Walker S, Vernon J, Lindroth RL (2008) Aspen decline,
aspen chemistry, and elk herbivory: are they linked? Rangelands
30:17-21. doi:10.2111/1551-501X(2008)30[17:ADACAE]2.0.CO;2

@ Springer


http://dx.doi.org/10.1007/s00442-006-0373-8
http://dx.doi.org/10.1007/s00442-001-0816-1
http://dx.doi.org/10.1007/s00442-005-0128-y
http://dx.doi.org/10.1007/s10682-006-9154-4
http://dx.doi.org/10.1007/s10682-006-9154-4
http://dx.doi.org/10.2111/1551-501X(2008)30[17:ADACAE]2.0.CO;2

	Behavioral archives link the chemistry and clonal structure of trembling aspen to the food choice of North American porcupine
	Abstract
	Introduction
	Methods
	Study site
	IdentiWcation of aspen clones
	Determination of tree use by porcupines
	Linking tree use to food selection
	Chemistry of aspen
	Data analysis

	Results
	Does clonal structure of the aspen stand inXuence visitation of trees by porcupines?
	Does visitation rate of trees reXect porcupine feeding preferences?
	Does chemical composition of a tree inXuence its preference by porcupines?
	Does clonal structure of the aspen stand inXuence the chemical composition of trees?

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


