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Abstract

Voles are a major pest in orchards and coniferous plantations. Currently, vole control relies primarily on the use of rodenticides

and herbicides. Our goal was to identify a plant species that could be used to develop a non-lethal and effective repellent. No-choice
feeding trials with prairie voles (Microtus ochrogaster, Wagner) were used to assess the relative ability of 10 plant species to deter
voles from consuming a preferred food, applesauce. Two highly preferred forage plants were included in the trials for comparative
purposes. Finely ground leaves of each of the 12 species were mixed with applesauce at three concentrations of plant material (14%,

25% and 50%), giving 36 mixes. Each mix was offered once to each of 20 male/female pairs of adult voles. Plant species that resulted
in the lowest mean consumption were assumed to be the most repellent. Pachysandra (Pachysandra terminalis Sieb. and Zucc.),
boxwood (Buxus sempervirens L.), daffodil (Narcissus pseudonarcissus L.), and crownvetch (Coronilla varia L.) were the best feeding

deterrents at the lowest plant: applesauce concentration, and were among the most effective at the higher concentrations. At the
lowest concentration (14%), mean intake of the plant/applesauce mix was 85% less with pachysandra than with the most preferred
species, dandelion (Taraxicum officinalis Weber ex Wiggers). r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Certain species of herbivorous mammals, such as
voles (Microtus spp.) and deer (Odocoileus spp.), cause
significant damage to agricultural and ornamental crops
(Conover et al., 1995). Chemical repellents provide an
important control method (Mason, 1998), but at best
they lose their efficacy after a few weeks (Nolte et al.,
1995), and reduce browsing by less than 80% (El Hani
and Conover, 1997). Therefore, more effective, longer-
lasting, and ecologically safe repellents are needed.
Several different types of active ingredients are used in
repellents (Mason, 1998), including plant secondary
compounds. These compounds are produced by many
plant species as part of their defense against herbivory,
and deter herbivores because they cause irritation,
hinder digestion or are toxic (Harborne, 1991). Over

100,000 secondary plant compounds have been identi-
fied (Harborne, 2000); some occur in many plant species,
while others are confined to a few (Harborne et al.,
1999). At present, few commercial repellents are based
on plant compounds. For example, capsaicin (from
Capsicum plants) is frequently used in repellents, and
deters a variety of mammalian herbivores moderately
well, but loses its efficacy after a few weeks (Wagner and
Nolte, 2000). In recent years, a few other plant
secondary compounds have been examined as potential
candidates for use in a repellent (e.g. Wager-Page et al.,
1997), but no commercial product has been produced
from these.

The long-term goal of our research is to develop a
vole repellent based on plant secondary compounds. We
chose voles as the target species for three reasons. First,
they cause significant damage in orchards (Byers, 1984)
and coniferous plantations (Sullivan et al., 2001) by
gnawing the bark and vascular tissue of trees (Pearson
and Forshey, 1978). In US orchards, vole damage may
result in annual economic losses of $40 million (Byers,
1974). Voles are also serious pests in nurseries (Bromley
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et al., 1992). Second, only a few repellents, including
Hot Sauces and those based on thiram, are registered
for use on voles and neither provides satisfactory
protection. Currently, control tends to rely heavily on
the use of rodenticides, and/or herbicides (Merwin et al.,
1999). These chemicals are expensive and can be
hazardous to non-target species (Byers, 1984). Third,
voles are easy and inexpensive to maintain in captivity,
and are abundant in the wild, making them preferable
over other herbivore pests as a study species.

Although many plant secondary compounds are
known to be toxic to various herbivores (e.g. Bryant
et al., 1992; Meyer and Karasov, 1991; Tahvanainen
et al., 1991), only a few have been tested for their effects
on voles (Jung and Batzli, 1981; Lindroth and Batzli,
1984; Lindroth et al., 1986). This study represents the
first stage of a search for additional secondary plant
compounds that could serve as a vole repellent. Our
objective was to determine which of 10 plant species, all
known or suspected to be unpalatable for herbivores,
was most repellent to captive prairie voles, Microtus
ochrogaster (Wagner). To achieve this for each plant
species, we mixed finely ground plant material with a
preferred food and offered this to voles in no-choice
trials. We designed the study so that the plant species
containing the best deterrent(s) would result in the
lowest mean consumption of the mix.

2. Materials and methods

2.1. Material offered in feeding trials

We selected 10 locally available, candidate plant
species (Table 1), two that are known to be unpalatable
to voles (Coronilla varia L. and Vinca minor L; Lewis
et al., 1983), and eight that were suspected to be so
because they are avoided by deer (Cummings et al.,
1980), or are poisonous to livestock (Kingsbury, 1994).
Offering a mix of ground plant material with a preferred
food is a novel approach to testing repellent properties
of plant species, and provides a more rapid assessment
that is less expensive than previously used bioassays
where an extract of the plant was made, then applied
topically to (Swihart, 1990), or mixed with (Reichardt
et al., 1990) a preferred food or laboratory diet. We
selected applesauce as the preferred food because apples
are highly preferred by voles (Byers, 1984).

Plain applesauce was not used as a control because
this had a different color and consistency from the plant/
applesauce mixes. Instead, we used two plant/apple-
sauce mixes for controls made with plant species that are
preferred vole forage; dandelion (Taraxicum officinalis
Weber ex Wiggers) and clover (Trifolium repens L.)
(Lewis et al., 1983; Thompson, 1965). We established
baseline applesauce consumption for one vole pair (our

experimental unit) by offering each of 20 vole pairs 8 g
unsweetened applesauce (Food Club, Topco Associates
Inc, Skokie, IL). The mean consumption of applesauce
was 2.8 g, so during the repellent trials, we offered 4 g of
the plant/applesauce mixes to each pair of voles.

For all plant species tested (Table 1) except garlic,
young leaves and petioles were used, because the
concentration of defensive compounds in a plant is
often highest during its juvenile stage (Bryant et al.,
1991a; Menkovic et al., 2000). For garlic, tender flower
stems were used. All the plants were collected near
Ithaca, New York, from gardens, roadsides or forests,
except the daffodil (Narcissus pseudonarcissus L.), which
was grown by Cornell University’s Department of
Horticulture. For each species, the required plant
material (minimum of 100 g) was collected from one
location on one day (Table 1). Immediately after
collection, the plant material was stored in sealed plastic
bags at �201C. Later, the frozen tissue was ground to a
coarse powder in a mortar under liquid nitrogen, and
then finely ground in an electric grinder. The powder
was quickly transferred to a plastic bag, sealed and
returned to the freezer. Prior to testing a particular
species, the relevant plant material was thawed while in
the sealed bag. Because we did not know the concentra-
tion of plant material that would be needed in a plant/
applesauce mix to deter voles from consuming the mix,
we prepared three mixes, one at each of the following
concentrations of plant material (by weight): 14%, 25%,
and 50%. This provided a range of concentrations over
which repellency might be shown, and enabled us to
document any dose-dependent effects. Each mix was
stored in a separate, sealed, glass jar at 41C, and was
used within 5 days.

2.2. Vole selection and maintenance

We used compatible adult (weighing>40 g) male/
female pairs of laboratory-reared Microtus ochrogaster,
from an outbred colony that had been maintained at
Cornell University since 1969. The origin and main-
tenance of this colony is described elsewhere (Richmond
and Conaway, 1969). Male/female pairs were used
because this combination more closely matches the
social organization of M. ochrogaster (Getz et al., 1993)
than does single sex pairing, and was presumably less
stressful to the voles. Each pair was given an identity
number, and 20 pairs were used in each feeding trial.
Because pups over 10 days old might have eaten the mix,
we selected pairs without 10–21 day old pups (pups were
removed from their parents when weaned at 21 days).

Each pair was housed in a clear polycarbonate cage
(25.4� 48.3� 20.3 cm3) in a controlled environment
room with a 14/10 light-dark cycle at 21–241C, and
30–70% relative humidity. Water and commercial food
pellets (Teklad 15% Rabbit Diet [W] 8630, and Teklad
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Woodchuck Diet 7778; Harlan, Madison, IL) were
provided ad libitum, including during feeding trials. The
cages were supplied with softwood shavings, and were
cleaned biweekly.

2.3. Feeding trials

We conducted one no-choice feeding trial with each of
the 36 plant/applesauce mixes (three concentrations for
each of 12 plant species). Based on results from our
preliminary studies, in each trial we offered 20 vole pairs
4 g each of a particular plant/applesauce mix at the same
time for 15 min. The weight of mix consumed by each
pair and their identity number was recorded. Trials were
conducted between July and October 1998, with a
maximum of two trials per day (at least 4 h apart). In
any one trial, the same plant/applesauce mix (species
and concentration) was offered to all 20 vole pairs. The
three concentrations (14%, 25% and 50%) of each plant
species were offered in consecutive trials (in ascending
order of concentration), but the order in which the plant
species were offered was randomized. Possible effects on
palatability based on order of presentation were
examined by looking for trends in consumption over
the study period, and by offering the first candidate
species that we tested (pachysandra) once again after the
36 trials.

2.4. Data analysis

We applied the PROC MIXED procedure of SAS
version 7.0 (SAS Inc., Cary, NC), with Tukeys multiple
comparisons correction. The fixed effects were plant
species, plant concentration, and the interaction of these
two factors; the response term was grams consumed. We
controlled for the effect of vole-pair identity by
including this in the analysis as a random factor. The
consumption data were not transformed prior to
analysis because they were approximately normally
distributed, and transformations did not improve the
normality of the distribution.

3. Results

The relative efficacy of the candidate plant species as
feeding deterrents differed among the three concentra-
tions of plant/applesauce mix tested (Figs. 1–3). At 14%
concentration, pachysandra (Pachysandra terminalis
Sieb. and Zucc.), boxwood (Buxus sempervirens L.),
crownvetch, and daffodil were the most effective species
in reducing intake of the plant/applesauce mix (Fig. 1).
At this concentration, mean consumption of the
pachysandra mix was 85% less than that of the
dandelion mix. Mixes with pachysandra, boxwood,

Table 1

Plant species used in feeding trials on captive prairie voles (Microtus ochrogaster) aimed at identifying a suitable candidate for development of a

plant-based repellent. All plants collected from the Ithaca NY area, 1998

Common name Latin name Plant parts used Date collected

Beech Fagus grandifolia Ehrh. Young leaves 22 June

Fagaceae

Black cherry Prunus serotina Ehrh. Young leaves 10 June

Rosaceae

Boxwood Buxus sempervirens L. Young leaves 14 July

Buxaceae

Clover Trifolium repens L. Young leavesa 15 July

Fabaceae

Crownvetch Coronilla varia L. Young leaves and petiolesa 10 July

Fabaceae

Daffodil Narcissus pseudonarcissus L. Young leaves Grown in greenhouse

Amarillidaceae

Dandelion Taraxicum officinalis Weber ex Wiggers Young leavesa 15 July

Asteraceae

Garlic Allium sativum L. Stems onlya 23 June

Liliaceae

Hay-scented fern Dennstaedtia punctilobula (Michx) Moore Leaflet and some of finer midrib 10 June

Cyatheaceae

Myrtle Vinca minor L. Top 3 or 4 leaves with stem 10 July

Apocynaceae

Pachysandra Pachysandra terminalis Sieb. and Zucc. Top whorl of leaves with stem 10 June

Buxaceae

St. John’s Wort Hypericum perforatum L. All thin stems and young leavesa 7 July

Hypericaceae

a Flowering when collected.
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crownvetch, and daffodil were also amongst the least
consumed mixes at the higher plant concentrations
(25% and 50%, Figs. 2 and 3, respectively). However,
compared to these four species, myrtle was as effective at

the 25% plant concentration (Fig. 2). Also, myrtle, St.
John’s wort, cherry, and fern were as effective as
pachysandra, boxwood, crownvetch, and daffodil at
the 50% concentration (Fig. 3).
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Fig. 1. Mean grams of plant/applesauce mix consumed by vole pairs ðn ¼ 20Þ for 12 plant species where plant material comprised 14% of the mix.

Lines with arrows connect plant groups with similar consumption ðPX0:05Þ: Bars not connected by arrows indicate significant differences ðPp0:005Þ
in consumption.
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Fig. 2. Mean grams of plant/applesauce mix consumed by vole pairs ðn ¼ 20Þ for 12 plant species where plant material comprised 25% of the mix.

Lines with arrows connect plant groups with similar consumption ðPX0:05Þ: Bars not connected by arrows indicate significant differences ðPp0:005Þ
in consumption.
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Plant concentration did not significantly affect
intake for the preferred species (dandelion and clover;
Fig. 4). Similarly, two of the most repellent species,
pachysandra and boxwood were equally effective at all
concentration levels (Fig. 4). All the other candidate
species (except garlic) showed some dose-dependent
effect, with a significant decrease in consumption

at one or both of the higher plant concentrations
(Fig. 4). There was no trend in consumption over
time for any concentration level, and intake of the
pachysandra mixes was the same at the start and end of
the study (Fig. 4), indicating that the order in which
the plant mixes were offered did not greatly affect
consumption.
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Fig. 3. Mean grams of plant/applesauce mix consumed by vole pairs ðn ¼ 20Þ for 12 plant species where plant material comprised 50% of the mix.

Lines with arrows connect plant groups with similar consumption ðPX0:05Þ: Bars not connected by arrows indicate significant differences ðPp0:005Þ
in consumption.
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4. Discussion

Many studies have shown that plants that are
unpalatable to herbivores tend to contain plant second-
ary compounds (e.g. Bryant et al., 1991b; Reichardt
et al., 1990). The few relevant studies on voles support
this finding (Lindroth et al., 1986; Marquis and Batzli,
1989; Roy and Bergeron, 1990). All our candidate plant
species contain at least one secondary compound
(Harborne et al., 1999). Therefore, the observed varia-
tion in intake of different plant/applesauce mixes (plant
species and concentrations) may have been due to effects
of plant secondary compounds present in the mix.
Secondary compounds may be bitter-tasting, toxic,
offensively odored, or have anti-nutritional effects
(Harborne, 1991). Herbivores may avoid ingesting these
compounds using several mechanisms, including an
innate ability to taste or smell toxins, and learning by
aversive conditioning (Provenza, 1995, 1996). One or
more of these mechanisms may have influenced the
voles’ consumption of plant mixes we offered.

Most plant toxins show a dose-dependent effect
(Harborne, 1991). This could explain the positive dose-
dependent response shown by all the candidate species
except pachysandra and boxwood. The absence of this
response in the latter two species suggests that they
produce plant compounds that provoke a strong
aversive reaction even at low concentrations. Another
factor that may have influenced palatability of the mixes
could be the presence of structural plant compounds
such as lignin and silica.

Of the three concentrations of plant material we
tested, the lowest (14%) best revealed the most repellent
plant species. The group of least palatable plant/
applesauce mixes comprised only four species at this
level, compared with eight species at the 50% level. At
the 14% level, the most effective feeding deterrents were
pachysandra, boxwood, daffodil and crownvetch.

Over 30 steroidal alkaloids have been identified from
Pachysandra species (Qiu et al., 1994), and P. terminalis
contains at least 20 steroidal alkaloids and four
triterpenes (Funayama et al., 2000; Hsu et al., 1982).
Some Pachysandra alkaloids are known to be toxic
(Harborne et al., 1999), and some of those from P.
terminalis have cytotoxic effects against leukemia cells
(Funayama et al., 2000), or anti-ulcer effects (Watanabe
et al., 1986).

Boxwood also contains more than 20 steroidal
alkaloids (Attaur Rahman et al., 1999; Harborne et al.,
1999), many of which have strong purgative effects, and
some are poisonous to cattle, horses, sheep and pigs
(Harborne et al., 1999; Muenscher, 1951). Daffodil
contains many toxic alkaloids (Harborne et al., 1999;
Kreh and Matusch, 1995; Tojo, 1991), and is poisonous
to humans and other animals (Kingsbury, 1994).
Crownvetch contains at least two glucosides that are

poisonous to livestock (Harborne et al., 1999), and an
ethanol extract of this species may result in low
performance or death of voles (Barnes et al., 1974).

The greater palatability of the other six candidate
species may relate to their plant secondary compounds.
They may produce fewer, or less toxic compounds, or
both. Fewer secondary compounds appear to have been
isolated from these six candidate species (apart
from garlic), compared with the number reported for
pachysandra, boxwood, daffodil, and crownvetch
(Harborne et al., 1999), but this may simply reflect a
lack of phytochemical research on these plant species.
In the case of garlic, at least six compounds have
been identified, but these are not highly toxic
(Harborne et al, 1999) or poisonous to livestock
(Kingsbury, 1994).

Plants best suited for future research to develop a
plant-based repellent would be those that were most
effective at the lowest concentration: pachysandra,
boxwood, daffodil and crownvetch. Of these, only
pachysandra and boxwood were equally effective at
the lowest and highest concentrations, indicating that
the secondary compounds in these two species may be
more toxic than those in the daffodil and crownvetch.
Therefore, pachysandra and boxwood may be the
preferable species for further research. A further
disadvantage with daffodil is that, according to our
preliminary laboratory studies, several compounds
acting synergistically or additively likely cause its
repellency to voles. This conclusion was reached because
an ethanol extract was more repellent to voles than were
the fractions partitioned from it. Consequently, synth-
esis of daffodil’s active compounds for a repellent is
unlikely to be economically feasible. Pachysandra and
boxwood both belong to the Buxaceae family, and
plants within a family often have similar compounds
(Harborne et al., 1999). This could account for the
similar repellent properties of these species shown in our
study. Being herbaceous as opposed to woody, pachy-
sandra is the preferable candidate for future research
because it is easier to cultivate.

Our investigation appeared to be unique as we
assessed the repellent properties of whole plant material
to voles. However, several studies have investigated the
repellent properties of certain classes of secondary plant
compounds. We found that pachysandra reduced intake
by 85% (compared to intake of dandelion/applesauce),
which is similar to the reduction in consumption by
voles when quebracho (a condensed tannin) is applied to
apple twigs (Swihart, 1990), and greater than when
apple pieces are coated with pine oil extract (Wager-
Page et al., 1997). Therefore, pachysandra compounds
would likely be at least as effective as pine oil or
quebracho for an active ingredient in a repellent.

We confirmed that crownvetch and myrtle are
unpalatable to voles (Barnes et al., 1974; Lewis et al.,
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1983). Five of the candidate species that reduced intake
of applesauce by voles, are also unpalatable to deer;
boxwood (Cummings et al., 1980; Curtis and Richmond,
1994), cherry (Tilghman, 1989), daffodil, myrtle and
crownvetch (Cummings et al., 1980). Pachysandra is also
avoided as forage by Canada geese (Conover, 1991).
These comparisons suggest that many plant species that
are unpalatable to voles may be unpalatable to a range
of other herbivore pests.

The next stage in our research would be to determine
which plant compounds present in pachysandra are
responsible for its repellency to voles. As mentioned,
many Pachysandra compounds have been identified, but
little information on their role in defense against
herbivory is available. Further investigation of the
physiological effects of these compounds on voles would
be useful. Additionally, P. terminalis may produce other
compounds with antifeedant properties that have not
been identified. A bioassay-guided fractionation of
pachysandra extracts might reveal such compounds.
We have recently started such research using an ethanol
extract of P. terminalis and feeding trials as described
here. Results obtained to date suggest that repellency of
pachysandra is mediated by taste rather than odor
because volatiles would have been destroyed during
preparation of the ethanol extract, yet the ethanol
extract was as effective as fresh pachysandra in deterring
voles from consuming applesauce.

Once the active compounds have been identified, a
sprayable formulation, including an effective adhesive
agent would need to be developed. The resulting
repellent would need to be tested to ensure that it is
not toxic to plants or animals. Finally, field trials should
be conducted to assess the efficacy of the spray as a vole
repellent. If the repellent does function through taste,
the herbivore would need to sample a treated plant at
least once before the repellent could become effective. If
the herbivore had an innate aversion (Provenza, 1995) to
the active ingredient, it may cease to consume a treated
plant immediately after sampling. Alternatively, the
animal may consume appreciable amounts initially, but
then learn to avoid the treated plant through condi-
tioned aversion (Provenza, 1996). In contrast, taste-
based repellents currently available tend to lose their
efficacy fairly rapidly, presumably because they are
based on bittering ingredients (Wagner and Nolte, 2001)
that do not necessarily produce adverse effects (Nolte
et al., 1994).

Certain other secondary plant compounds, such as
capsaicin (Andelt et al., 1994; Wagner and Nolte, 2000)
and condensed tannins (Lindroth and Batzli, 1984;
Swihart, 1990) are effective against a range of herbi-
vores. Hence, secondary compounds from pachysandra
are likely to be repellent for several mammalian species.
Therefore, field trials on a pachysandra-based repellent
should include other mammalian pests (e.g., deer and

rabbits [Sylvilagus spp.]). In conclusion, we showed that
P. terminalis was highly repellent to prairie voles, and
would be a promising candidate for the development of
a plant-based herbivore repellent.
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