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A multiyear study was conducted to determine if soil amendment combined with topical application of elemental sulfur could be
employed to reduce deer browse damage to four conifer species. Fertilizer and sulfur were applied to conifer seedlings at seven
sites near Corvallis, OR. Growth and browse damage data were collected for all seedlings over a period of 17 months. Additionally,
foliar concentrations of monoterpenes and simple carbohydrates were assessed in western redcedar (Thuja plicata) seedlings over
a period of three years. Fertilization and sulfur treatments had a moderate impact on growth and no influence on browse damage
or the chemical responses. Over the course of the study, browse damage diminished while foliar monoterpene concentrations
increased in redcedar. It appears that silvicultural manipulation via sulfur application and/or soil amendment cannot accelerate
or alter the ontogenetical changes that may naturally defend seedlings against mammalian herbivores. In a brief trial with captive
deer, redcedar browse resistance was influenced by seedling maturation, but not monoterpene content. Other maturation effects
may yield significant browse protection to young seedlings.

1. Introduction

Ever-increasing populations of deer are having dramatic
effects on ecosystem processes in temperate and boreal
forests [1]. Among these varied and widespread effects are
significant growth losses in plantation forests [2]. Although
few studies have quantified the economic impacts of deer
browse to forest crops, a recent evaluation of net present
value (NPV) of Sitka spruce (Picea sitchensis (Bong.) Carr.)
demonstrated significant NPV declines when 55% or more
of the trees became multistemmed at harvest as a result
of seedling browse to the apical meristem [3]. Even in the
absence of deformed trees, delayed establishment (growth

cost of regenerating lost tissues) resulted in precipitous
declines of NPV.

Plant-herbivore interactions are subject to dynamic
influences at multiple scales. Factors such as plant het-
erogeneity, herbivore density, and predation risk impact
foraging behavior at large scales such as plot selection,
residence time, and bout duration [4–6]. At smaller scales,
plant characteristics such as individual defense and neighbor
effects impact diet selection of specific plants or plant
parts [7–9]. Fine-scale diet preferences are constrained by
herbivore anatomy and physiology and influenced by the
individuals’ experience with the food [10]. Management
tools employed to reduce deer damage in managed forests
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similarly act at multiple scales. For example, population
management, dispersal, and exclusion have been used to
impact large herbivore behavior at large scales [11]. Exclu-
sion can also be employed at finer scale in the form of
individual tree barriers or bud caps [12]. Additionally, a
wide variety of topically applied repellents have been used to
impact diet selection behavior with varied success [13, 14].

Silvicultural approaches to alleviating browse damage
can be employed at multiple scales. Site preparation and
clear-cutting techniques have been tested for their impacts
on ungulate dispersal and land use [11, 15]. Silvicultural
manipulations may also alter individual plant phytochem-
istry to impact fine-scale browsing behavior [16, 17]. Several
theories have been introduced to describe the occurrence
and distribution of chemical defenses in plants. These
theories put forward the knowledge that phytochemicals
are regulated by genetics and influenced by environment
[18–20]. For example, among eucalyptus genotypes with
different constitutive levels of defense, fertilization treatment
increased monoterpene (1,8-cineole) and structural (lignin)
defenses in all genotypes [21]. Soil nutrient content has been
shown to influence production of monoterpenes in many
plant species to varying extent [22–25].

It follows that deer browse damage may be reduced
in managed plantations by manipulating the distribution
phytochemicals in seedlings such that plant palatability
is reduced. Examination of black-tailed deer (Odocoileus
hemionus) preference for western redcedar (Thuja plicata)
foliage indicated that forage preferences were based, in part,
on the plant chemical constituents [26, 27]. Specifically,
deer preferred plants and test foods with low monoter-
pene concentrations. In western redcedar, the predominant
monoterpene is the bicyclic ketone, α-thujone [28].

The objective of the present study was to examine fine-
scale plant-herbivore interactions by determining if seedling
palatability could be altered via silvicultural manipulation.
We experimentally tested the effect of soil nutrient amend-
ment (for increased growth and disease resistance) and topi-
cal application of elemental sulfur (used to combat the Swiss
Needle Cast fungus) to lower browsing damage caused by
deer on conifer seedlings. Anecdotal observations indicated
that these treatments may reduce deer browsing. In addition
to measuring browse and growth responses in multiple
conifer species, foliar concentrations of monoterpenes and
monosaccharides were determined in western redcedar in
response to the silvicultural treatments.

2. Methods

2.1. Multispecies Browse and Growth Study. Four conifer
species were planted in three blocks at each of seven
sites located in the coastal range near Corvallis, OR, USA
(Table 1). Prior to planting, soil analyses were conducted
by a contract laboratory to determine preexperimental soil
chemistry profiles (Table 2). Each block was comprised of
four treatment plots each consisting of 10 rows (Figure 1).
Each row contained 10 trees of the same species. There were
four rows of western redcedar, and two rows each of western
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Figure 1: Block layout: three replicate blocks located at seven sites
in Western Oregon were employed for the field experiment. Four
treatment plots (whole plot) contained four species (split-plot) of
conifers planted in rows of ten seedlings (D: Douglas-fir; G: grand
fir; H: western hemlock; R: western redcedar).

Table 1: Field site locations in Western Oregon.

Name Longitude Latitude

Alder Creek 123◦ 21.5163′W 44◦ 38.1974′N

Black Bear 123◦ 29.5507′W 44◦ 27.1579′N

Hatchery View 123◦ 33.9968′W 44◦ 25.1491′N

Huffman 123◦ 45.6084′W 44◦ 37.8736′N

Rhubarb 123◦ 30.7554′W 44◦ 38.8319′N

Shot Pouch 123◦ 36.0456′W 44◦ 34.3925′N

Stuck Creek 123◦ 29.2894′W 44◦ 34.2192′N

hemlock (Tsuga heterophylla), Douglas-fir (Pseudotsuga men-
ziesii), and grand fir (Abies grandis). All sites were planted in
the spring of 2003.

Fertilization and topical sulfur were applied to treatment
plots in three combinations (fertilizer only, sulfur only,
and both fertilizer and sulfur) along with a control (no
treatment). Nutrients (Ca, Mg, K, Fe, Cu, Zn, B, and S)
were added to the soil in three yearly increments early each
spring (Table 3). The application rate of each nutrient was
based on pre-experiment soil analyses for each site resulting
in equivalent nutrient concentrations in treatment plots
across all sites (accounting for native soil concentrations).
Plots were fertilized in the spring of 2003, 2004, and 2005.
Elemental sulfur was topically applied to foliage with an
adhesive early each summer in 2003, 2004, and 2005.

Growth and browse data were collected from each
individual tree in May 2003, September 2003, and October
2004. During data collection, the height and caliper of each
tree was measured and the percentage of tree remaining
was estimated by visual estimation of lateral branch loss in
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Table 2: Preexperimental soil chemistry determined at the seven study sites.

Nutrient Unit Alder creek Black bear Hatchery view Huffman Rhubarb Shot pouch Stuck creek

Phosphates (as P2O5) Kg/Ha 5509.3 731.4 3078.9 1640.8 2441.6 2590.6 3171.8

Calcium Kg/Ha 2844.8 193.8 1447.0 702.2 689.9 835.5 949.8

Magnesium Kg/Ha 743.7 210.6 818.7 847.8 630.6 866.9 874.7

Potassium Kg/Ha 112.0 82.9 81.8 89.6 81.8 79.5 76.2

Sodium Kg/Ha 0.9 0.6 0.7 0.5 0.5 1.0 0.6

Boron ppm∗ 0.8 0.6 0.6 0.5 0.4 0.9 0.5

Iron ppm 71.0 94.0 33.0 51.0 142.0 93.0 50.0

Manganese ppm 156.0 83.0 154.0 114.0 146.0 196.0 294.0

Copper ppm 5.8 1.6 1.6 0.8 1.2 1.0 5.1

Zinc ppm 4.2 3.1 4.0 3.6 3.8 3.5 4.9

Sulfur ppm 18.0 13.0 10.0 13.0 13.0 12.0 10.0
∗

ppm: parts per million or mg/Kg.

Table 3: Summary of spring-season soil fertilization application
rates (Kg/Ha) at the seven study sites (X: application; O: no appli-
cation). Foliage was sampled for phytochemical analyses in fall of
2003, 2004, and 2005.

Mineral Min Max 2003 2004 2005

Sulfur 30.6 36.7 Xa Xa Xa

Lime 220.1 2996.4 X X X

Dolomite 1125.2 3130.9 Xb Xb Xb

Potassium sulfate 220.1 562.6 X Oc Od

Iron (II) sulfate 48.9 458.6 X O O

Copper sulfate 6.1 28.1 Xe Of O

Zinc sulfate 24.5 36.7 X O O

Boron 12.2 17.1 O X O

Nitrogen-Phosphorous-
Potassium (11-52-0)

281.3 281.3 O O X

a
Sulfur was applied topically to foliage in summer season.

bNo dolomite was applied in any year at the Alder Creek site.
cPotassium sulfate was applied at Black Bear and Huffman sites in 2004.
dPotassium sulfate was applied at Black Bear in 2005.
eNo copper sulfate was applied at Alder Creek and Stuck Creek sites in 2003.
f Copper sulfate was applied (minimum rate) at Alder Creek and Stuck Creek
sites in 2003.

5% increments. A value of 100 was assigned to individuals
that had not sustained browse damage. Dead trees were
replaced at the time of measurement; however, responses for
replacement trees were not included in the analyses.

Mean height, caliper, and browse (percent leaf area)
responses were calculated for each treatment plot by species
and collection date. Responses were subjected to statis-
tical analyses as a split-plot design with repeated mea-
sures using the MIXED procedure in SAS [29]. Restricted
maximum likelihood (REML) estimation was specified as
was the Satterthwaite method for determining degrees of
freedom. Unstructured covariance structures were employed
for repeated measures of species and treatment. For the
browse response, site and block were random effects, while
treatment (fertilizer only, sulfur only, both fertilizer and
sulfur, and control), tree species (western hemlock, Douglas-
fir, grand fir, and western redcedar), and data collection date

were fixed effects. Growth (height and caliper) responses
were similarly analyzed except that the browse response
was considered a covariate to account for the effect of
browsing on tree growth. Comparisons of estimates were
made using the false discovery rate procedure [30]. Model
assumptions were tested by visually inspecting plots of
studentized residuals versus predicted responses (constant
variance assumption) and normal probability plots (normal
distribution assumption).

2.2. Western Redcedar Phytochemical Analyses. Three com-
posite western redcedar foliage samples were collected from
each treatment plot in fall of 2003, 2004, and 2005.
Composites consisted of two cuttings taken from each of
four redcedar seedlings (Figure 1). The four seedlings were
identified in advance by their position in the row. No
individual redcedar seedling was sampled more than once
during the course of the study. For example, in 2003 seedlings
assigned to positions 2, 6, and 9 in each redcedar row were
sampled to yield three composite samples. Foliage samples
were subjected to grinding, solvent extraction, and chro-
matographic analyses to determine the concentrations of
several nonstructural carbohydrates (e.g., glucose, fructose)
and monoterpenes (e.g., α-pinene, sabinene, α-thujone)
according to previously described methods [28, 31].

Mean western redcedar phytochemical responses from
analysis of the composite samples were calculated for each
treatment plot by collection date and subjected to correlation
analyses prior to analysis of variance. Glucose and α-
thujone treatment means from each plot were subjected to
statistical analyses as a randomized complete block with
repeated measures using the MIXED procedure in SAS [29].
Unstructured covariance structure was assumed for repeated
measures of treatment. Site and block were random effects,
while treatment (fertilizer only, sulfur only, both fertilizer
and sulfur, and control) and collection date were fixed effects
for the mixed model analysis of variance. Comparisons of
estimates were made using the false discovery rate procedure
[30]. Model assumptions were tested by visually inspecting
plots of studentized residuals versus predicted responses
(constant variance assumption) and normal probability plots
(normal distribution assumption).
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2.3. Captive Deer Study. Two- and three-year-old redcedar
seedlings (ca. 1 m tall) belonging to two monoterpene classes
were planted in four contiguous blocks in a single 5 ha
pen of the Olympia Field Station of the National Wildlife
Research Center. “Low” monoterpene redcedar seedlings
ranged in α-thujone content from 25 to 35 mg/g and “high”
monoterpene seedlings ranged from 45 to 65 mg/g α-thuone.
Each block consisted of 32 seedlings (8 of each level of age
and monoterpene class) randomly planted with 2 × 2 m
spacing. Twelve captive black-tailed deer were placed in the
pen with water, pelleted basal diet, and shelter for two days.
The trial, conducted February 2009, was approved by the
Institutional Animal Care and Use Committee of the NWRC
(protocol number QA-1662).

After two days, all seedlings were assessed for damage and
given a score of 0 (no browse damage), 1 (less than 10 bites), 2
(more than 10 bites), or 3 (totally denuded). Visual evidence
of as many as 15–20 bites is reasonably evident on larger
seedlings. However, as it is impossible to ascertain if a solitary
indication of browsing resulted from a single bite or a series
of bites on the same lateral branch, classification into one
of the four browse categories represents an effective method
for rating browse severity. Browse scores were subjected to
analysis of variance as a randomized complete block with
seedling age (2, 3), monoterpene class (low, high), and the
interaction fixed effects and block a random effect.

3. Results

3.1. Multispecies Browse Responses. Evaluation of diagnostic
plots indicated that use of ANOVA was appropriate for all
analyses. Soil and topical treatments did not impact browsing
among any of the conifer species. Date (P = 0.045) and tree
species (P = 0.003) were the only significant effects for the
browse response (percent leaf area remaining). There was
a significant browse preference for Douglas-fir and western
redcedar versus grand fir and western hemlock (Figure 2).
Browse was significantly lower in October 2004 relative to
May 2003. The species ∗ date interaction was not decidedly
significant (P = 0.07).

3.2. Multispecies Growth Responses. Tree height was subject
to a strong species ∗ date interaction (P < 0.0001), while
treatment approached significance (P = 0.059). The browse
covariate was highly significant (P < 0.0001). Trees in plots
receiving both fertilizer and sulfur were taller than trees in
control or sulfur only plots. The minor increase in tree height
produced by sulfur and fertilization (0.8 cm) is probably not
sufficient to offer increased browse protection in the first few
years of seedling growth. In May 2003, grand fir was the
tallest species (Figure 3). However, between May 2003 and
October 2004, western hemlock went from the shortest to the
tallest species in the test plots. Caliper growth did not differ
by treatment (P = 0.45), but species differences approached
significance (P = 0.067). Not surprisingly, caliper increased
significantly at each measurement date (P = 0.018). The
browse covariate was also significant (P = 0.0006). No other
effects were significant.
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3.3. Western Redcedar Foliar Phytochemistry. Glucose (mean
concentration of 12 mg/g) and fructose (13 mg/g) were the
predominant carbohydrates identified in redcedar foliage.
Sucrose was also present in many samples. Glucose and
fructose concentrations were correlated (r = 0.42). The pre-
dominate monoterpenes identified in redcedar foliage were
α-thujone (mean concentration of 6.0 mg/g), sabinene
(1.5 mg/g), β-thujone (0.6 mg/g), myrcene (0.5 mg/g), α-
pinene (0.3 mg/g), and limonene (0.1 mg/g). Terpinolene, β-
pinene, β-terpineol, and α-thujene were also identified in
most samples at much lower concentrations. Correlation
analysis demonstrated that α-thujone was highly correlated
(0.40 < r < 0.92) with all the quantified monoter-
penes. Given these relationships, only glucose and α-thujone
responses were subjected to statistical analyses.

Treatment did not influence foliar α-thujone concentra-
tion in redcedar (P = 0.88; Figure 4). However, monoterpene
concentrations significantly increased over the three-year
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period of the study (P < 0.0001). Evaluation of glucose
responses yields a similar conclusion: treatment did not
impact foliar glucose concentration which was present at
higher concentrations in 2004 and 2005 versus 2003.

3.4. Captive Deer Study. Browse damage to redcedar
seedlings was impacted by seedling age (P = 0.0001), but
not monoterpene content (P = 0.77) or the interaction
(P = 0.36). Browse damage was significantly lower on three-
year-old trees (Figure 5).

4. Discussion

Western redcedar seedlings sustained the greatest browse
damage among the four species tested in this study, particu-
larly in the first year after-planting (Figure 2). Such anecdotal
preference has been frequently reported. Relative to the other
species, redcedar palatability is likely related to tactile and

phytochemical properties. Expression of diet selection (fine-
scale foraging behavior) is driven in large measure by the
palatability of forage options. Palatability is the term that
describes the interplay of flavor and postingestive feedbacks
arising from the herbivore’s experience with the food
[32]. The herbivore’s internal (experience through learning,
nutritional state, etc.) and external (social facilitation, choice,
etc.) environment interacts to define the palatability of
specific foods. Plants contain both beneficial and deleterious
phytochemicals that define palatability and determine which
foods are eaten and how much. Preferences and aversions
for specific food items arise from affective learning processes
initiated by consumption [33]. Learning permits herbivores
to regulate intake in accordance with the concentrations of
nutrients and toxins in different foods that comprise the diet.
As even the most toxic plants contain nutritious primary
metabolites, herbivores can ill-afford to reject chemically
defended plants outright. Likewise, even the most nutritious
plants may contain some level of defenses. Thus, dietary
preferences arise from a continuum of intake and feedbacks
influenced by experience with the food [34], availability of
alternatives [35], and plant toxicity [36].

Previous diet selection studies with deer have correlated
palatability with monoterpene content of plants [26]. In
highly controlled studies, captive deer were offered artificial
test diets adulterated with monoterpenes [27, 37]. In all
cases, deer preferred foods with lower concentrations of
monoterpenes. It remains possible to exploit this phe-
nomenon by employing reforestation strategies that promote
increased production of plant secondary metabolites such as
monoterpenes. This prospect is furthered by the knowledge
that foliar phytochemistry is a highly heritable trait in
conifers [38, 39], thus allowing for genetic selection for
increased secondary metabolites based on familial informa-
tion. However, none of the treatments employed in this
study are likely to produce the desired effect. Furthermore,
phytochemical analyses suggest that both monoterpene and
monosaccharide production in western redcedar are likely
governed by macroenvironmental and ontogenetic (plant
development) factors not easily influenced by soil amend-
ment and topical sulfur application.

While the treatments had no impact on browsing,
ontogenetic changes in foliar phytochemistry may explain
reduced browse damage in fall of 2004 versus 2003. For
example, the α-thujone concentration of redcedar seedlings
nearly doubled during this period (Figure 4), while browse
damage was significantly reduced (Figure 2). Interestingly,
browsing of redcedar seedlings in the pen study was not
impacted by monoterpene level (Figure 5). The lack of
monoterpene effect was likely due to the relatively high foliar
monoterpene concentration of the seedlings employed in
the trial as compared to the range of monoterpenes present
in the field trials (Figure 4). This suggests there may be
some elevated monoterpene concentration at which deer no
longer discriminate among individual plants. However, the
significant age effect indicates that plant maturation may
contribute other phenotypic attributes that influence browse
preference. Changes in browse quality associated with plant
tissue maturation can also be attributed to lignification [40].
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Both monoterpene [41] and lignin [42] production in
vascular plants are under genetic control. Thus, breeding
selection for increased monoterpene and lignin content has
great potential as a fine-scale approach to altering browse
behavior. It may also be possible to employ alternative nurs-
ery practices for the production of so-called “browse resis-
tant” seedlings. As evidenced by these data, each additional
year of development in the nursery may significantly increase
the foliar monoterpene concentration of conifer seedlings.
However, successful protection of plantation forests from
browse damage often requires integrated approaches that
consider plant-herbivore interactions at multiple scales.
Influencing diet selection alone is unlikely to afford complete
protection when forage options are limited. Monoterpenes
are not acutely toxic to mammalian herbivores [43] and
large herbivores will ingest familiar toxic plants when
alternatives are scarce or nutritious plants are unfamiliar
[44]. Thus, successful regeneration in managed forests
with high herbivore abundance may require protection of
individual seedlings (e.g., constitutive defenses, repellents,
or tree barriers) in combination with herbivore population
management, dispersal, and/or exclusion [45].
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J. L. Martin, and H. Fritz, “Monoterpene effect on feeding
choice by deer,” Journal of Chemical Ecology, vol. 28, no. 12,
pp. 2411–2427, 2002.

[28] B. A. Kimball, J. H. Russell, D. L. Griffin, and J. J. Johnston,
“Response factor considerations for the quantitative analysis
of western redcedar (Thuja plicata) foliar monoterpenes,”
Journal of Chromatographic Science, vol. 43, no. 5, pp. 253–258,
2005.

[29] SAS/STAT, SAS. 9.2, SAS Institute, Cary, NC, USA, 2008.
[30] Y. Benjamini and Y. Hochberg, “Controlling the false discovery

rate—a practical and powerful approach to multiple testing,”
Journal of the Royal Statistical Society: B, vol. 57, no. 1, pp. 289–
300, 1995.

[31] B. A. Kimball, W. M. Arjo, and J. J. Johnston, “Single point
calibration with a non-linear detector: carbohydrate analysis
of conifer needles by hydrophic interaction chromatography-
evaporative light-scattering detection (HIC-ELSD),” Journal of
Liquid Chromatography and Related Technologies, vol. 27, no.
12, pp. 1835–1848, 2004.

[32] F. D. Provenza, “Acquired aversions as the basis for varied
diets of ruminants foraging on rangelands,” Journal of Animal
Science, vol. 74, no. 8, pp. 2010–2020, 1996.

[33] J. J. Villalba and F. D. Provenza, “Foraging in chemically
diverse environments: energy, protein, and alternative foods
influence ingestion of plant secondary metabolites by lambs,”
Journal of Chemical Ecology, vol. 31, no. 1, pp. 123–138, 2005.

[34] B. A. Kimball and D. L. Nolte, “Herbivore experience with
plant defense compounds influences acquisition of new flavor
aversions,” Applied Animal Behaviour Science, vol. 91, no. 1-2,
pp. 17–34, 2005.

[35] B. A. Kimball, F. D. Provenza, and E. A. Burritt, “Importance
of alternative foods on the persistence of flavor aversions:
implications for applied flavor avoidance learning,” Applied
Animal Behaviour Science, vol. 76, no. 3, pp. 249–258, 2002.

[36] B. A. Kimball and V. Billings, “Do herbivores associate flavours
with specific consequences in flavour aversion learning?”
Applied Animal Behaviour Science, vol. 107, no. 3-4, pp. 252–
261, 2007.

[37] S. Elliott and A. Loudon, “Effects of monoterpene odors on
food selection by red deer calves (Cervus -Elaphus),” Journal
of Chemical Ecology, vol. 13, no. 6, pp. 1343–1349, 1987.

[38] J. W. Hanover, “Genetics of terpenes. I. Gene control of
monoterpene levels in Pinus monticola dougl,” Heredity, vol.
21, pp. 73–84, 1966.

[39] S. V. Kossuth, E. Mccall, J. Ledbetter et al., “Clone certification
by use of cortical monoterpenes as biochemical markers,”
Silvae Genetica, vol. 37, pp. 73–76, 1988.

[40] K. M. Stewart, T. E. Fulbright, and D. L. Drawe, “White-tailed
deer use of clearings relative to forage availability,” Journal of
Wildlife Management, vol. 64, no. 3, pp. 733–741, 2000.

[41] D. P. W. Huber, S. Ralph, and J. Bohlmann, “Genomic hard-
wiring and phenotypic plasticity of terpenoid-based defenses
in conifers,” Journal of Chemical Ecology, vol. 30, no. 12, pp.
2399–2418, 2004.

[42] K. J. Moore and H. J. G. Jung, “Lignin and fiber digestion,”
Journal of Range Management, vol. 54, no. 4, pp. 420–430,
2001.

[43] J. P. Bryant, F. D. Provenza, J. Pastor, P. B. Reichardt, T. P.
Clausen, and J. T. Dutoit, “Interactions between woody-plants
and browsing mammals mediated by secondary metabolites,”
Annual Review of Ecology and Systematics, vol. 22, pp. 431–446,
1991.

[44] F. D. Provenza, J. A. Pfister, and C. D. Cheney, “Mechanisms
of learning in diet selection with reference to phytotoxicosis in
herbivores,” Journal of Range Management, vol. 45, no. 1, pp.
36–45, 1992.

[45] J. Kamler, M. Homolka, M. Barančeková, and J. Krojerová-
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