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Introduction

Abstract. 1. Insect communities on 26 species of manzanita Arctostaphylos spp.
(Ericaceae) were sampled in order to examine the effects of variation in foliar
pubescence traits on a community of folivorous insects. Manzanitas vary widely in
pubescence density, length, and glandularity both within and between species.

2. Linear models were fitted and evaluated to determine whether pubescence
traits are associated with the species richness and abundance of folivorous insects
after accounting for the effects of other relevant habitat and host-plant related
characteristics.

3. Pubescence traits were clearly associated with both community-wide and
guild-specific variation in the structure of the folivorous insect community of
manzanitas, however the effects of pubescence were manifested primarily as
effects on the abundance of folivores not on species richness. The species richness
of folivorous insects on manzanitas was not associated with pubescence density or
length but was associated positively with glandularity.

4. The abundance of all guilds except leaf-mining insects was lower on manza-
nitas having longer pubescence. In contrast, the abundance of external-chewing
insects was higher on plants having denser pubescence and on plants having
glandular pubescence.

5. Overall, the results suggest that both longer pubescence and the amount of
contact between an insect and pubescence act quantitatively to decrease the
abundance of external-feeding guilds of folivorous insects. The abundance of
species in internal-feeding guilds that oviposit directly on leaves is unrelated to
foliar pubescence traits in the host plant.

Key words. Abundance, Arctostaphylos, feeding guild, foliage, insects, manza-
nitas, pubescence, species richness.

(Turnipseed, 1977; Khan & Agarwal, 1984; Ramalho et al.,
1984; Baur etal., 1991; Lambert et al., 1992; Webster etal.,

Numerous studies have shown that variation in glandularity
or in trichome shape, length, and density can affect indivi-
dual species of insects in at least four ways (Levin, 1973;
Johnson, 1975; Turnipseed, 1977; Ribeiro et al., 1994; Webster
etal., 1994). (1) Trichomes may prevent or enhance oviposition
by affecting the security with which eggs are attached to leaves
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1994; Oghiakhe, 1995; Haddad & Hicks, 2000). Several studies
have shown that glandular pubescence or dense pubescence are
correlated with higher rates of oviposition, but at least one
study found the opposite effect (higher: Lukefahr ez al., 1971;
Benedict er al., 1983; Navasero & Ramaswamy, 1991; Navon
etal., 1991; McAuslane, 1996; lower: Webster etal., 1975).
(2) Trichomes may interfere with the rate of movement of an
insect over the leaf surface (Ramalho eral., 1984; Gannon
etal., 1994; Webster etal., 1994; Oghiakhe, 1995; Eisner
etal., 1998; Zvereva etal., 1998; Malakar & Tingey, 2000).
Hooked trichomes may even puncture or entrap insects trying
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to move over the leaf surface (Gilbert, 1971; Quiring et al.,
1992; Eisner et al., 1998). Glandular exudates from trichomes
may repel, attract, adhere to, or be toxic to insects that
encounter them (Tingey & Gibson, 1978; Duffey, 1986;
Lapointe & Tingey, 1986). (3) Insects that encounter trichomes
while feeding may be inhibited from feeding or may suffer
reduced growth, fecundity, and survival because trichomes
are lower in nutritional quality than other leaf tissues (Benedict
etal., 1983; Lapointe & Tingey, 1986; Navon etal., 1991;
Lambert eral., 1992; Papp etal., 1992; Haddad & Hicks,
2000). (4) External-feeding insects that are small enough to
live sheltered within the layer of foliar pubescence may be
protected from natural enemies and/or moisture loss (Elsey,
1974; Treacy etal., 1986; Ezcurra etal., 1987, Woodman &
Fernandes, 1991; Eisner etal., 1998), however hooked and
glandular trichomes can also cause direct mortality (Gilbert,
1971; Tingey & Gibson, 1978; Quiring et al., 1992; Eisner et al.,
1998).

While studies on the effects of pubescence on individual
species of insect are common, little empirical information is
available, and no general theories have been proposed
regarding the community-wide or guild-specific effects of
pubescence on folivorous insects. Two studies that have
made predictions about the effects of host-plant defences
on the community of folivorous insects may provide some
guidance in developing such general theories.

Mattson etal. (1988) examined all feeding guilds of
folivorous insects and concluded that as the relationship
between an insect and the tissues of the host plant becomes
more intimate, the insect will be more susceptible to host-
plant defences. They quantified the intimacy of association
of each insect species with the host plant by a host intimacy
rank, and calculated ranks as the ‘proportion of the life
cycle spent in intimate contact with living tissue x the
proportion of body surface area exposed directly to host
tissue.” Under their hypothesis, insects could escape the
effects of pubescence either by spending little time in
contact with tissue or by having a large body size. Using
these rankings, Mattson et al. (1988) predicted that among
the leaf-eating guilds, gall-forming insects would be the
most susceptible to host-plant defences, such as tough tissues
or toxic chemicals. Leaf-mining insects would be almost as
susceptible as gall-formers, and sap-sucking insects would
rank third in degree of susceptibility to host-plant defences.
Finally, chewing insects that feed externally would have the
lowest intimacy rank both because they are not embedded in
host plant tissues like leaf-miners and gall-formers, and
because a smaller proportion of their larger-sized bodies
contacts the host plant.

In contrast, Cornell (1989) pointed out that leaf-mining
and leaf-galling insects tend to be very small bodied and
often feed selectively on specialised leaf tissues (DeClerck &
Shorthouse, 1985; Kimmerer & Potter, 1987; Scheirs et al.,
1997, 2000, 2001), and suggested that the capacity for spe-
cialised feeding would allow leaf-mining and leaf-galling
insects to be more successful than external-feeding insects
in avoiding contact with structural and chemical defences
within the host leaf.

Despite their differing predictions about guild-specific
effects, Mattson eral. (1988) and Cornell (1989) agreed
that the success of an insect will be inversely proportional
to the amount of contact with host-plant defences. The
amount of contact with host defences will be a function of
the duration of contact and the body size of the insect.
Extending Mattson et al.’s (1988) and Cornell’s (1989)
reasoning, the hypothesis proposed here was that the abun-
dance and species richness of folivorous insects will be
associated negatively with the level of pubescence of the
host plant (density or length). Furthermore, it was hypothe-
sised that the abundance and species richness of feeding
guilds that avoid or have little contact with pubescence
will be largely unaffected by foliar pubescence. Generally,
sap-sucking insects will have the highest duration of contact
with pubescence because they feed externally on foliage
during both the juvenile and adult stages. Chewing insects
contact leaf surfaces either mainly as juveniles (Lepidoptera)
or as adults (Coleoptera). Although the orthopteroid orders
contact leaf surfaces as juveniles and adults, it is conjectured
that they escape the effects of pubescence due to their larger
body size. It is expected that leaf-mining and leaf-galling
insects will contact the leaf surface only at oviposition and
emergence, however exceptions occur among some species of
leaf-mining and gall-forming insect that can contact leaf
surfaces transiently as they search for locations to initiate
new mines or galls. Given their duration of contact with
foliar pubescence, the abundance and species richness of
sap-sucking insects should suffer the greatest negative effect,
while leaf-mining and leaf-galling insects should experience
the smallest negative effect. The effect of pubescence on
chewing insects should fall between those of sap-sucking
and mining and galling insects.

Pubescence may also have effects that are not propor-
tional to the amount of contact, but rather depend on the
mechanism by which pubescence affects folivorous insects
(i.e. ovipositional interference, locomotory interference,
feeding interference, and protection from natural enemies
and moisture loss). For example, many species of sap-sucking
insect are largely sedentary, so they may contact pubescence
less than do more mobile insects. The ideas that the effects of
pubescence on folivorous insects may be functions of the
mechanism of effect, duration of contact, and an insect’s
body size are combined into a set of guild-specific predictions
about the likely effects of variation in pubescence character-
istics (Fig. 1). For example, if ovipositional interference is the
primary mechanism by which pubescence affects folivorous
insects, it is predicted that the abundance and species richness
of guilds whose members oviposit directly on or into leaves
will be affected adversely in proportion to the amount of
pubescence (density or length). These predictions about the
effects of pubescence on each guild, each mechanism of effect,
and as a function of an insect’s body size, are presented in
Fig. 1.

To test these predictions, the relationship between foliar
pubescence traits and community-wide and guild-specific
species richness and abundance for the folivorous insects
of manzanitas Arctostaphylos spp. were examined. Because
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Potential mechanistic effects of pubescence
Ovipositional Locomotory Feeding Protection
Body size Small Large Small Large Small Large Small Large
Feeding| Chewing insects - - - None ;\IT - + None
quild one
Sap-sucking insects |- - - None None None + None
Leaf-miners - NA None NA None NA None NA
Leaf-gallers - NA None NA None NA None NA

tPrediction if small-bodied chewers ingest trichomes.
}Prediction if small-bodied chewers avoid ingesting trichomes.

Fig.1. The predicted effects of foliar pubescence traits on the guild-specific species richness and abundance of folivorous insects. — indicates
that pubescence is predicted to be associated with lower species richness and abundance. + indicates that pubescence is predicted to be
associated with higher species richness and abundance. ‘None’ indicates that pubescence is predicted to have no effect. ‘NA” indicates that no
prediction is applicable because these guilds comprise entirely small-bodied insects (Cornell, 1989; Connor & Taverner, 1997). Note that
protective effects could only be positive or none, feeding and locomotory effects could only be negative or none, and ovipositional effects

could be negative, positive, or none.

manzanitas vary in their pubescence traits from simple
(hair-like) to glandular, from glabrous to dense, and from
short to long, they are a convenient system with which to
test the effects of pubescence on a community of folivorous
insects. By examining the effects of pubescence within a
single plant genus, variation in host-plant chemical defences
and structural traits that may confound comparisons made
between species in different genera or families should be
minimised. Do pubescence traits affect the abundance or
species richness of feeding guilds within the community of
folivorous insects on manzanitas after accounting for
habitat and host-plant related characteristics (e.g. geo-
graphic range, growth form, leaf size, habitat type)? To
answer this question, a sampling regime was implemented
to estimate species richness, abundance, and herbivory of
the community of folivorous insect species on manzanitas
varying in pubescence characteristics. Linear models
relating the effects of pubescence traits on the species
richness, abundance, and herbivory of the community of
folivorous insects associated with manzanitas were built
and evaluated.

Methods
Study area and species

In order to examine the effect of variation in the pubes-
cence traits of manzanitas on the community of associated
folivorous insects, 26species of manzanita that varied
widely in pubescence density, length, and glandularity
were sampled (Table 1). Arctostaphylos is divided into two
major lineages and species from both lineages were included
in the study (Denford, 1981; Hileman et al., 2001). Samples
of manzanitas were collected at 27 sites within California’s
Coast Range between Sonoma and Santa Barbara Counties

(39°N, 122°W and 34°N, 120°W) from June to August 1999
(Table 1). Sampling was restricted to sites within the Coast
Range in an attempt to reduce environmental differences
between study sites but obtain a range of pubescence levels.

Estimating insect abundance, species richness, and chewing
damage

To estimate the abundance and species richness of foli-
vorous insects from each species of manzanita at each site,
an average of seven shrubs per species per site was sampled
independently and randomly. Three twigs from each shrub
were randomly selected, bagged, and removed from each
shrub, each twig having 50-100leaves. Among the 26
species of manzanita and 27 sites, a total of 42 manzanita
species—site combinations was sampled. Because manzanitas
display substantial within-species variation in pubescence
traits at different sites, each species—site combination was
treated as an independent observation (Table 1).

Most manzanita species at each site were sampled both
early and late in the growing season, and early and late
season samples for each manzanita species—site combina-
tion were combined to obtain estimates of species richness
and abundance, however it was not possible to collect at a
few sites on both occasions. Some of the estimates of species
richness and abundance therefore consisted of the early and
late season collections combined, while other samples
included data from only one sampling date. Estimates of
the total abundance of folivores or the total leaf area
sampled were used to account for the effects of variation
in sampling effort between species—site combinations on
species richness or abundance respectively. Variation in
leaf size, the number of shrubs sampled, the size of twigs
removed, and the number of times that a species—site
combination was sampled all contributed to variation in
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Table 1. Sampling sites, manzanita species, and average pubescence traits.

Pubescence
Density Length
Site Habitat Growth form Species Glandular (number/mm?) (mm)
R.L. Stevenson State Park Mixed Shrub A. canescens Absent 210.6 0.27
R.L. Stevenson State Park Mixed Tree-like A. manzanita Absent 9.6 0.20
Sugarloaf Ridge State Park Oak Wood Tree-like A.viscida Absent 234 0.25
Harrison Grade Road Chaparral Shrub A. bakeri Absent 47.5 0.29
Austin Creek Recreation Area  Oak Wood Tree-like A.viscida Absent 59.2 0.28
Mt George Chaparral Shrub A. stanfordiana Absent 0.8 0.11
Mt George Chaparral Shrub A. canescens Absent 154.2 0.32
Bothe-Napa State Park Oak Wood Tree-like A. manzanita Absent 422 0.27
Mt Tamalpais State Park Chaparral Shrub A. glandulosa Present 57.6 0.34
Mt Tamalpais State Park Chaparral Shrub A. canescens Absent 144.2 0.48
Mt Tamalpais State Park Chaparral Prostrate A. hookeri Absent 50.5 0.20
Bolinas Ridge Chaparral Shrub A. glandulosa Present 49.9 0.34
Bolinas Ridge Chaparral Shrub A. nummularia Absent 30.1 0.42
Bolinas Ridge Chaparral Tree-like A.virgata Present 1.8 0.16
El Corte de Madera Preserve Mixed Tree-like A. regismontana Present 69.6 0.43
Anderson County Reservoir Chaparral Tree-like A. glauca Absent 0.1 0.11
China Grade Mixed Shrub A. nummularia Absent 16.2 0.15
China Grade Mixed Tree-like A. andersonii Present 43.6 0.36
China Grade Mixed Shrub A. tomentosa Absent 128.3 0.38
Bonny Doon Mixed Tree-like A. silvicola Absent 189.4 0.48
Bonny Doon Mixed Shrub A. tomentosa Absent 148.4 0.56
Bonny Doon Mixed Shrub A. nummularia Absent 2.8 0.19
Manzanita Park Dune Shrub A. pajaroensis Absent 4.4 0.17
Manzanita Park Dune Prostrate A. hookeri Absent 0.7 0.08
West Fort Ord Dune Shrub A. tomentosa Absent 191.6 0.49
West Fort Ord Dune Prostrate A. pumila Absent 89.5 0.29
Jack’s Peak County Park Chaparral Shrub A. tomentosa Present 8.5 0.28
Jack’s Peak County Park Chaparral Shrub A. hookeri Absent 0.8 0.08
Toro County Park Chaparral Shrub A. montereyensis Present 7.2 0.23
Toro County Park Chaparral Shrub A. tomentosa Absent 86.4 0.46
Morro Bay State Park Chaparral Shrub A. pechoensis Absent 0.9 0.16
Montana de Oro State Park Dune Shrub A. morroensis Absent 238.1 0.34
Near Morro Bay State Park Dune Shrub A. sp. Absent 248.9 0.33
See Canyon Road Chaparral Shrub A. pechoensis Absent 2.0 0.14
Mt Lowe Chaparral Shrub A. luciana Absent 142.6 0.25
Cuesta Ridge Botanical Area Mixed Tree-like A. obispoensis Absent 73.8 0.34
South Atascadero Chaparral Shrub A. pilosula Absent 108.0 0.23
La Panza Range Chaparral Tree-like A.glauca Absent 0.1 0.00
La Panza Range Chaparral Shrub A. pilosula Absent 51.8 0.34
Burton Mesa Dune Shrub A. rudis Absent 6.3 0.26
Burton Mesa Dune Shrub A. purissima Absent 1.1 0.11
Purissima Hills Mixed Shrub A. tomentosa Absent 2.7 0.19

sampling effort. The total leaf area collected in each sample
was estimated using digital photography and image analysis
software.

Data on insect abundance, species richness, guild
membership, and body size were collected. The abundance
and species richness of each feeding guild were estimated by
counting and identifying each insect species collected. All
insects were identified to family level and each distinct form
was assigned to morphospecies. Morphospecies was treated
as provisional species for the analyses. Specimens of all
intact insect morphospecies were sent to the U.S.D.A. Sys-
tematic Entomology Laboratory at the United States

National Museum of Natural History for further identifica-
tion. Each morphospecies was assigned to feeding guilds
using the field observations, information in the literature
(Stehr, 1987, 1991; Borror etal., 1989), or, in a few
instances, information provided by taxonomists associated
with the Systematic Entomology Laboratory. The body
length of subsamples of specimens of each morphospecies
was measured to estimate body size. The community of
folivorous insects on manzanitas was divided into four
guilds: leaf-mining, leaf-galling, sap-sucking, and chewing
insects. Skeletonising and leaf-tying insects were included in
the guild of chewing insects.

© 2003 The Royal Entomological Society, Ecological Entomology, 28, 383-396



To estimate the amount of foliar damage caused by
skeletonising and chewing insects, the percentage of leaf
area either removed or skeletonised for each leaf that had
suffered damage from chewing insects was estimated, and the
length of the leaf was measured. Digital photography and
image analysis software were used to gather length and area
data for each leaf in a random sample of 50-100 leaves from
each manzanita species at each site. Regression analysis of
leaf area on leaf length was performed for each manzanita
species at each site. Using measurements for the proportion
of leaf area damaged and the length-area regression for each
species at each site, the actual leaf area removed or skelet-
onised by chewing insects in each sample was estimated.

Estimating habitat and host-plant attributes

To account for host-plant related factors other than leaf
pubescence that have been suggested to affect insect species
richness and abundance, various host-plant attributes were
estimated using field and laboratory samples. While visiting
each site, each manzanita species was classified into three
growth forms (low prostrate shrub <0.5m, typical shrub
0.5-2m, and tree-like shrub >2m); the habitat type (cha-
parral, oak woodland, mixed evergreen forest, coastal dune)
was recorded; and the number of congeneric species of
manzanita present was determined. Geographic range was
estimated as the number of counties in California in which
each species of manzanita is found because only two of the
26 species have distributions that extend beyond California
(V.T. Parker and M. Vasey, pers. comm.). Fifty to
1001leaves were sampled randomly from each species at
each site, and digital photography and image analysis soft-
ware were used to estimate average leaf size for each species.

Most studies on the effects of pubescence on insects have
examined the effect of variation in pubescence density while
only a few studies have examined the effects of pubescence
length (Papp etal., 1992; Oghiakhe, 1995). To estimate
average pubescence density and length, five to nine plants
(median = 6) were selected randomly from each manzanita
species at each site, and two or three leaves (median =2)
were selected from each plant. Pubescence density was
estimated by counting the number of hairs within one ran-
domly selected square millimetre on the lower surface of
each leaf (avoiding major veins) using a dissecting micro-
scope and an ocular micrometer (0.05mm accuracy) at
~580x magnification. The length of three randomly
selected hairs on the lower surface of each leaf was
measured at ~600x magnification. In a preliminary analy-
sis, no significant differences in pubescence density or
length were found among different leaf age-classes, so leaf
ages were not distinguished (Raupp & Denno, 1983).

Statistical analysis

Linear models were fitted and evaluated to determine
whether the species richness and abundance of the commu-
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nity of folivorous insects on manzanitas are associated with
pubescence traits, after accounting for the effects of other
habitat and host-plant related characteristics. The procedure
for building and evaluating models consisted of four parts.

Histograms of both untransformed and log-transformed
data for species richness and abundance [log;o(variable + 1)]
were examined. Histograms of both untransformed and
angularly transformed data for the proportion of leaf area
damaged were also examined. In general, species richness was
approximately Poisson distributed when not transformed.
The abundance variables lacked a consistent response, but
in most cases were distributed approximately normally when
transformed logarithmically. The proportion of leaf area
damaged was approximately normally distributed when
transformed.

Models appropriate for the underlying distribution of the
response variable were fitted. When transformations nor-
malised the distributions of the response variable, ordinary
least squares regression was used. When response variables
were approximately Poisson distributed, generalised linear
models were fitted using a log-link function and accounting
for over-dispersion (McCullagh & Nelder, 1989; Agresti,
1996; Connor et al., 1997). Models that included all of the
relevant predictor variables were built hierarchically
(Table2). Because none of the predictor variables was
highly inter-correlated, multi-colinearity was not a problem.

To account for variation in sampling effort, the total
abundance of folivores was forced into each model of
species richness, and the total leaf area sampled was forced
into each model for the abundance of folivores. Analyses
were carried out on the subset of the species—site combina-
tions that were visited twice, and on all species—site combi-
nations for the second sampling period. Because these
analyses yielded results that were identical in pattern to
those obtained from the full set of data, only the results
for the complete set of data are reported here.

The effects of all five of the habitat and host-plant related
variables after accounting for sampling effort were exam-
ined. Habitat and host-plant related variables that had sig-
nificant partial 7-values were retained. Finally, the effects of
pubescence traits after accounting for the effects of sam-
pling effort and relevant habitat and host-plant related
variables were tested. Pubescence variables that had signifi-
cant partial z-values after accounting for the effects of sam-
pling effort and habitat and host-plant related variables
were retained. If pubescence traits were included in the
final model, variation in species richness or abundance
was concluded to be associated with pubescence traits.
The final model for each response variable was of the
general form:

Response variable = sampling effort + significant habitat

or host—plant related variables

+ significant pubescence variables

To determine the adequacy of each model, the residuals
from each model were examined to check for outliers and
patterns in the data. Finally, to determine whether each
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Table 2. Descriptions of the response and predictor variables.

Category

Variable (number of groups or categories)

Abbreviations Units

Response variables

Species richness (four feeding guilds)
Abundance (four feeding guilds)

Number of species
Number of individuals

Proportion of leaf area damaged by external-chewing
insects (leaf area removed, skeletonised, and combined)

Predictor variables
Sampling effort
Habitat and host plant related

Total leaf area sampled
Average leaf size

Habitat type [chaparral (habl), oak woodland (hab2), hab

Proportions

cm?
leaf size cm?
Categorical

mixed forest (hab3), or coastal dunes (hab4)]

Plant growth form [prostrate shrub (1), shrub (2),

or tree-like shrub (3)]

Categorical

Number of local species of Arctostaphylos spp. congen Number of species

Geographic range of each host plant species range Number of counties in California
Pubescence traits Glandularity (glandular or non-glandular) gland Categorical

Average pubescence density den Number of hairs per mm?

Average pubescence length len mm?

model accounted for a significant amount of variation in
the response variable, or a significant reduction in residual
deviance respectively, the F-test and R*-values for each
ordinary least squares model and the deviance-difference
y*-values for each generalised linear model were examined.

Linear models were also fitted using similar procedures to
examine the relationships between average body size and
pubescence traits for each feeding guild; no adjustment was
made for sampling effort.

Results

A total of 7317 arthropod specimens was collected, of which
6265 were folivorous insects. Altogether, 209 distinct insect
morphospecies were collected from manzanita foliage. On
average, leaf-galling insects occurred in the highest densi-
ties, followed by leaf-mining and sap-sucking insects
(Fig. 2). Chewing insects occurred at much lower densities.
On average, leaf-mining and sap-sucking insects each com-
prised >40% of the species of folivorous insect on each host
(Fig.3). Leaf-chewing and leaf-galling insects together
accounted for the remaining 17% of species. Although the
total number of species of chewing insect was relatively high
(54 species; Table3), the average abundance of chewing
insects was low (Fig.2). Foliar damage by chewing insects
accounted for an average of only 2.5% of the total leaf area
sampled (Fig.4). All feeding guilds had body sizes aver-
aging <10mm in length (Table 3).

Pubescence traits were highly variable both among spe-
cies and among sites within a single manzanita species.
Within species, pubescence density ranged from 2.7 to
191.6 trichomes per mm?* and length ranged from 0.19 to
0.49 mm (4. tomentosa; Table 1). Among all species of man-

zanita, pubescence density ranged from 0.1 to 248.9 tri-
chomes per mm? and length ranged from <0.01 mm to
0.56 mm (Table 1). Because there was no strong correlation
between pubescence density and length (r=0.643), these
traits were treated as independent response variables. Six
species of manzanita and seven of the 42 species—site com-
binations had glandular trichomes.

Effects of pubescence on community structure

The community-wide and guild-specific species richness
of folivorous insects on manzanitas was not associated with
pubescence density or length (Table4), however the total
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Fig.2. Abundances of each feeding guild on species of manzanita
at sample sites in California (mean & SE).
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Fig. 3. Species richness of each feeding guild on species of
manzanita at sample sites in California (mean + SE).

abundance of folivores was associated positively with the
presence of glandular trichomes (Table4). Although the
presence of glandular trichomes factored into the final
models for the species richness of sucking and chewing
insects with significant partial z-values, the deviance-
difference ° revealed that the overall model did not result
in a significant reduction in residual deviance. Models were
not built for the species richness of galling insects because
this guild was represented by a single species.

On the other hand, pubescence traits had strong community-
wide and guild-specific effects on the abundance of
folivorous insects on manzanitas. The abundance of all
folivorous guilds except leaf-mining insects was associated
negatively with pubescence length (Table 5). The negative
association between folivore abundance and pubescence
length occurred both within and among manzanita species
(Fig. 5). In contrast, chewing insects were higher in abun-
dance on plants with denser pubescence and on plants
bearing glandular trichomes (Table 5). None of the pubes-
cence variables influenced the amount of damage caused by
chewing insects on manzanitas (Table 6).

No community-wide associations were detected between
the body sizes of folivores and pubescence traits, and only
one association for guilds. The average body size of chewing

Table3. Total species richness and average body size of each
folivore guild.

Total species Average body

Guild richness size (mm) (+SE)
Leaf-miners 42 6.13 (1.24)
Leaf-gallers 1 1.40 (0.00)t
Sap-sucking insects 58 3.63 (0.24)
Chewing insects 54 9.03 (0.79)

tStandard error is zero because the calculation for average body
size is based on a single species.
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Fig.4. Average proportion of leaf area damaged by external-
chewing insects on species of manzanita at sample sites in
California (mean + SE). The values for chewed equal the sum of
the leaf area skeletonised and the leaf area removed completely.

insects was higher on plants with glandular trichomes
(F437=4.838, P<0.01) than on plants lacking glandular
trichomes.

Effects of habitat and host-plant related variables

Some of the habitat and host-plant variables were asso-
ciated with community-wide or guild-specific variation in
folivore abundance and species richness (Tables 3, 4, and 5).
The species richness of leaf-mining insects differed among
habitat types, and sucking insects were more abundant on
shrubs with larger leaves. Folivore abundance was greatest
on manzanitas in coastal dune and oak woodland habitat
and lowest in chaparral and mixed forests. Manzanitas
occurring sympatrically with more congeneric species had
lower abundances of leaf-galling and chewing insects. Spe-
cies of manzanita with wide geographic ranges suffered
greater damage from chewing insects.

Discussion

Pubescence traits are clearly associated with both community-
wide and guild-specific variation in the structure of the
community of folivorous insects on manzanitas, however
the effects of pubescence are manifested primarily as effects
on folivore abundance not on species richness (Tables 4 and 5).
The total abundance of folivores and the abundance of
most feeding guilds were associated negatively with pubes-
cence length (Table 5, Fig. 5). Leaf-mining insects were the
only guild whose abundance was not associated with pub-
escence length or any other pubescence trait. In addition,
the abundance of chewing insects, while associated nega-
tively with pubescence length was associated positively with
pubescence density and the presence of glandular trichomes
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Table 4. Linear models for the species richness of folivorous insects on manzanitas. The sign of the coefficients for all habitat, host plant, and
pubescence variables indicates the nature of the association with the response variable. Blank entries in the table indicate that either no habitat
and host-plant variables or no pubescence traits were retained in the model. See Table 2 for definitions of abbreviations.

Response Herbivore Habitat and host-plant Pubescence

variablest Constant abundance variablesi traits Model§ x> d.f. P

All folivores 2.635 0.0015 0.228(gland)q GLM 58.90 39 0.021

Leaf-miners 1.335 0.0021 0.046(hab 1)+ 0.138(hab 2) + GLM 25.52 37 0.923
0.245(hab 3) — 0.429(hab4)

Sucking insects 1.877 0.0012 0.0326(leaf size) 0.323(gland)q GLM 32.80 38 0.708

Chewing insects  0.236 0.0029 0.400(gland)q GLM 28.17 39 0.900

TSpecies richness of leaf-galling insects is not relevant because there is only one species in this guild.
tHabitat type and plant growth form are categorical variables. The regression coefficients shown for categorical variables are the effects for

each of the k treatment levels rather than the k —1 model coefficients.

§Regression methods: GLM = generalised linear model.

Y Values for glandularity represent presence of glandular trichomes.

(Table4). There was no evidence that pubescence levels
affected large- or small-bodied folivores differentially on
manzanitas.

Species richness of folivorous insects on manzanitas

The lack of an association between pubescence length or
density and the community-wide or guild-specific species
richness of folivorous insects on manzanitas could arise
for a variety of reasons. The sampling techniques may
have underestimated the species richness of chewing insects
that may shelter during the day on plant parts that were not
sampled. Furthermore, the estimates of species richness are
based on morphospecies so such estimates are only preli-
minary. It seems unlikely, however, that either the under-
estimation of the richness of chewing insects or the pattern
of over splitting or lumping of animals into morphospecies
would mask strong associations between species richness
and pubescence traits. Rather, the lack of an effect of pub-
escence on species richness, coupled with the observed
reduction in abundance, indicates that pubescence traits
seldom result in complete exclusion of a folivore, and thus
no concomitant reduction in species richness.

Most of the habitat and host-plant traits were not asso-
ciated with the species richness of folivorous insects on
manzanitas (Table4), however habitat type was associated
with the species richness of leaf-mining insects. More spe-
cies of leaf-mining insect were observed in oak woodland
and mixed-forest habitats than in chaparral or coastal dune
habitats. Two species of leaf-miner, Marmara arbutiella and
Coptodisca arbutiella (Lepidoptera: Gracillariidae and
Heliozelidae respectively), are known to use both Arbutus
and Arctostaphylos as host plants (J. Powell, pers. comm.).
Arbutus mencziesii occurs in mixed forest habitats with
Arctostaphylos. No leaf-mining insects are reported to use
both Quercus and Arctostaphylos (Opler, 1974). Perhaps the
observed habitat difference in species richness is related to
microclimate differences and the availability of alternative
hosts.

Abundance of folivorous insects on manzanitas

The strong negative association between both community-
wide and guild-specific abundance for chewing, sap-
sucking, and leaf-galling insects and pubescence length
was unexpected. Many studies have documented an effect
of pubescence density and glandularity on the abundance,
herbivory, larval activity, and oviposition for species of
chewing and sap-sucking insects (Smith & Poos, 1931;
Becerra & Ezcurra, 1986; Khan etal., 1986; Danielson
etal., 1987, Dimock & Tingey, 1988; Doss & Shanks,
1988; Soetens et al., 1991; Goertzen & Small, 1993; Palanis-
wamy & Bodnaryk, 1994; Kanno, 1996; Malakar & Tingey,
1999; Chu et al., 2000; among others). Yet, few studies have
examined the effects of pubescence length on folivores
(Turnipseed, 1977; Papp et al., 1992; Webster et al., 1994;
Oghiakhe, 1995). The lack of an effect of pubescence den-
sity on the abundance of most guilds, however, and an
effect opposite in sign to that of pubescence length for
chewing insects, suggests that these traits may pose different
obstacles to most folivore guilds.

The negative association between pubescence length and
abundance for external-feeding guilds may be caused by
locomotory or feeding interference. The fact that the abun-
dance of leaf-mining insects on manzanitas is not associated
with any pubescence trait suggests that interference with
oviposition is unlikely to account for the lower abundance
of external feeding guilds on plants with longer pubescence.
Most leaf-mining insects contact the leaf surface only tran-
siently, and oviposit by either cementing their eggs to the
leaf surface or by inserting their eggs into the leaf (Connor
& Taverner, 1997). Therefore, if longer pubescence is pri-
marily an impediment to oviposition, it should also have
resulted in lower abundance for leaf-mining insects.

The sole leaf-galling insect observed to attack manzani-
tas, Tamalia coweni (Homoptera: Aphidae), may also be
affected by locomotory or feeding interference. Unlike
many other leaf-galling insects that oviposit directly into
the host leaf, Tamalia coweni lays its overwintering eggs at
the base of the plant and must walk up to the leaves of the
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Fig.5. The relationship between the abundance of all folivores and
pubescence length after adjusting for sampling effort and other
relevant habitat and host-plant related variables. The residual from
the model folivore abundance = 1.736+4 0.001(leaf area) — 0.090
(habitatl) 4+ 0.074(habitat2) — 0.285(habitat3) + 0.301 (habitat4) is
plotted on the y axis. (a) All combinations of species and sites.
Solid circles represent manzanita species that were sampled at only
one site. Species of manzanita sampled at two or more sites are
represented by letters (C — A. canescens, G — A. glandulosa, GL —
A.glauca, H — A. hookeri, M — A. manzanita, N — A. nummularia,
Pe — A. pechoensis, Pi— A. pilosula, T — A. tomentosa, V — A. viscida).
(b) Only species of manzanita sampled at more than one site. Lines
represent the best-fit linear trend within species among sites
(solid = positive, dotted = negative). (c) Sites where multiple species
of manzanita were sampled (A — Mt George, D — West Fort Ord,
E — Jack’s Peak County Park, F — Toro County Park, N — R. L.
Stevenson State Park, R — Mt Tamalpais State Park, S — Bolinas
Ridge, U — China Grade, V — Bonny Doon, W — Manzanita Park,
Y — Burton Mesa, Z — La Panza Range). Lines represent the best-fit
linear trend among species within each site.

plant in order to initiate galls (Valenti & Gaimari, 1992;
Miller, 1998). If pubescence prevents the wingless, parthe-
nogenetic stem mother from moving over or probing into
plant tissues, it could account for the reduced abundance
found on plants with longer pubescence.

The abundance of chewing insects was also associated
positively with pubescence density and glandularity, con-
trary to expectation (Table5). A few studies have
reported positive effects of pubescence density on ovipo-
sition and on the abundance of individual species of
chewing insect (Robinson et al., 1980; Lambert & Kilen,
1989; Navon etal., 1991). Such positive associations
could arise because of protection from desiccation or
natural enemies, or if chewing insects prefer or can ovi-
posit more effectively on leaves with dense pubescence
(Treacy etal., 1986; Eisner etal., 1998). Glandular pub-
escence has been found to provide protection for sucking
insects against their natural enemies (Belcher & Thur-
ston, 1982; Obrycki & Tauber, 1984; Lovinger etal.,
2000). Alternatively, the higher abundance of chewing
insects, and the higher species richness of folivores, in
general, on glandular manzanitas may simply be a by-
product of the fact that these folivores are more likely to
be stuck on glandular leaf surfaces at the time of sam-
pling, rather than being evidence that greater numbers of
individuals or species of folivore are associated with
plants having glandular pubescence.

The results contrast with the only other community-level
study of the effects of pubescence on folivorous insects.
Ezcurra etal. (1987) found that the abundance of sucking
insects was higher on pubescent than on glabrous madrones
(Ericaceae, Arbutus xalapensis), which are related closely to
manzanitas (Hileman ez al., 2001), however just the opposite
effect was found among sap-sucking insects on manzanitas.
Ezcurra etal. (1987) suggested that pubescence might have
protected the sucking insects of madrones from parasitoids.
They also found that leaf-mining insects were less abundant
on pubescent madrones, which they interpreted to indicate
that leaf-mining insects on madrones are deterred at oviposi-
tion. On manzanitas, the abundance of leaf-mining insects
was not associated with any pubescence trait.

Although several species of manzanita were sampled at
more than a single site, each manzanita species—site combi-
nation was treated as an independent observation. If the
estimates of abundance or species richness for manzanita
species sampled multiple times do not act independently,
they could distort the analysis, however examination of
Fig. 5 suggests that the trends observed within species dupli-
cate those observed between species, trends observed within
site duplicate those observed between sites, and that varia-
tion in pubescence length within species is as great as varia-
tion among species. The most frequently sampled species of
manzanita, A. tomentosa, displays considerable variation in
pubescence length among sites, with lower folivore abun-
dance at sites with longer pubescence (Fig. 5a,b). The strong
negative association between folivore abundance and pub-
escence length observed within many manzanita species
across multiple sites that can vary in their environmental
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Table 6. Linear models for chewing damage caused by folivorous insects on manzanitas. The sign of the regression coefficients for all
habitat, host-plant, and pubescence variables indicates the nature of the association with the response variable. Blank entries in the table
indicate that no pubescence traits were retained in the model. See Table 2 for definitions of abbreviations.

Leaf Habitat and Pubescence
Response variables Constant area host-plant variables variables Modelt F df. P R
Proportion of leaf area removed 0.1269 4.12x 1077 0.0028(range) OLS 5.33 2,39 0.009 0.2146
Proportion of leaf area skeletonised  0.0602 5.25x%107% 0.0013(range) OLS 529 2,39 0.009 0.2133
Proportion of leaf area chewed 0.1429 —2.42x107% 0.0031(range) OLS 5.88 2,39 0.0059 0.2315

(removed + skeletonised)

tModel: OLS = ordinary least squares.

characteristics adds further support to the argument that
pubescence length is associated negatively with folivore
abundance.

Synthesis

The overall pattern of results obtained supports the
hypothesis that as both the level of pubescence and the
amount that an insect contacts pubescence increase, the
abundance of external-feeding guilds of folivorous insects
will decrease (Fig. 6). Internal-feeding guilds that can avoid
the leaf surface, such as leaf-mining insects, appear to be
largely unaffected by pubescence traits. It is expected that
for leaf-galling insects that oviposit directly onto leaves,
pubescence would also have little effect on their host-plant
use, however on Arctostaphylos spp., where the leaf-galling

aphid Tamalia cowenii encounters pubescent stems and
leaves while moving, ovipositing, feeding, and initiating
galls, pubescence length is an obstacle to host-plant use.
There was no evidence that the effects of pubescence traits
on folivorous insects depend on body size (Fig. 6), however
the sample sizes for body-size analyses were small, and
body-size effects may be difficult to detect given the wide
ontogenetic variation in body size. The overall pattern of
effects suggests that foliar pubescence on Arctostaphylos
spp. acts by interfering with the locomotion and/or feeding
of insects that contact the leaf surface.

The associations between folivore abundance and pub-
escence length cannot be interpreted to indicate a causal
relationship. Other foliar traits that are correlated with
pubescence length may ultimately be responsible for the
association between the abundance of folivores and pub-
escence length observed, however numerous experimental
studies have demonstrated that pubescence traits have

Potential mechanistic effects of pubescence
Feeding guild Ovipositional | Locomotory | Feeding Protection
Chewing insects —and + (-) :*(none)** *
Sap-sucking insects | — None None (+)
Leaf-miners None (-) None None None
Leaf-gallers None (-) —(none) None None

*Prediction if small-bodied chewers ingest trichomes.
**Prediction if small-bodied chewers avoid ingesting trichomes.

Prediction supported by observations.
Prediction supported partially by observations.
Prediction not supported by observations.

Fig. 6. Predicted and observed effects of foliar pubescence on the abundance of folivorous insects associated with manzanitas. Cell entries are
observed effects followed by predicted effects in parentheses. In cells with only one effect reported, observation and prediction are in
agreement. — indicates a negative effect, + indicates a positive effect. ‘None’ indicates that pubescence was predicted or observed to have no
effect. Shading highlights the pattern of correspondence between observed effects and predicted effects, with darker shading indicating
instances in which observations did not correspond with predictions. No body-size dependent effects were detected, so predictions based on
body size were eliminated from the table. All negative effects appear to be due to pubescence length and all positive effects are due to
pubescence density and glandularity.
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mechanistic effects on folivorous insects. An examination
of potential correlations between pubescence traits and
other structural and chemical traits of foliage might permit
elimination of such traits as causes of the effects observed
(Soetens etal., 1991; Matsuki & MacLean, 1994). Experi-
mental manipulation of pubescence traits may also help to
link pubescence length causally to community-wide and
guild-specific effects on the abundance of folivorous
insects (Khan et al., 1986; Baur et al., 1991; Zvereva et al.,
1998).

While strong associations were found between pubes-
cence length and the abundance of guilds of folivorous
insects, not all species within a guild may respond to
pubescence in the same way. In their review of 14 species
of folivorous arthropod that feed on cotton, Norris and
Kogan (1980) illustrated that there is wide variation in
the response of folivores within the same feeding guild to
pubescence. Pubescent cotton plants showed some resis-
tance to species of leaf-chewing and sap-sucking insects,
but were also susceptible to other species in the same
feeding guilds. Therefore, the results may characterise
the average response of a guild or the response of the
most abundant species within a guild to pubescence, not
the response of all members of a guild.

This study focused on the effects of foliar pubescence on
manzanitas, however pubescence on other plant parts, such
as petioles and stems, may also affect folivorous insects. On
manzanitas, pubescence occurs on the petioles and stems of
some species. Pubescence should be expected to affect the
successful movement of folivorous insects over any part of
the plant. Future studies should examine the role of pub-
escence on different plant parts in deterring the activity of
folivorous insects.

This study suggests strongly that a plant trait, pubes-
cence, may have both community-wide and guild-specific
effects on folivorous insects. To the extent that other plant
traits have been shown to have strong and largely consistent
effects on a variety of individual species of folivore, those
traits may also be candidates to show community-wide and
guild-specific effects on folivorous insects.
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