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PLANT GENOTYPE AND ENVIRONMENT INTERACT TO SHAPE A
DIVERSE ARTHROPOD COMMUNITY ON EVENING PRIMROSE

(OENOTHERA BIENNIS)

MARc T. J. JOHNSON® AND ANURAG A. AGRAWAL?
Department of Botany, University of Toronto, Toronto, Ontario M5S 3B2, Canada

Abstract. Both an individual’s genotype and environment govern its phenotype, and
this phenotype may have extended consequences for species interactions and communities.
We examined the importance of plant genotype and environmental factors operating at large
(habitat) and small (microhabitat) spatial scales in affecting a multitrophic arthropod com-
munity on plants. We planted 926 plants from 14 genotypes of Oenothera biennisinto five
natural habitats that represent the range of environments in which this plant locally occurs.
Genotypic differences among plants accounted for as much as 41% of the variation in
arthropod diversity (Simpson’s diversity index) and also affected arthropod evenness, rich-
ness, abundance, and biomass on individual plants. However, the effects of particular plant
genotypes on the arthropod community varied across habitats (i.e., there were significant
plant genotype-by-habitat interactions). Plant genotype explained more variation in the
arthropod community than did environmental variation among microhabitats, but less var-
iation than habitats, as predicted by the scale-dependent hypothesis. Herbivores and om-
nivores were more strongly affected by plant genetic variation than predators, consistent
with the notion that phytophagous insects undergo stronger reciprocal interactions with
plants than do predators. We detected heritable variation in arthropod community variables
and the ability for the herbivore community to select on plant traits, suggesting that evolution
in O. biennis can lead to changes in the arthropod community. Genetic variation in plant
size, architecture, and reproductive phenology were the plant traits most strongly correlated
with arthropod community variables. Our results demonstrate that genotype-by-environment
interactions are a major determinant of arthropod community structure.
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INTRODUCTION

The phenotypes of all organisms are determined by
their genotype, the environment, and their interaction
(G X E). Phenotypic variation may have extended con-
sequences for species interactions and ultimately com-
munity structure. For example, genetic and environ-
mental influences on plant traits can influence the abun-
dance and distribution of individual herbivore popu-
lations (Fritz and Simms 1992). If these effects scale
up to structure entire communities, then an examination
of G X E may be critical to understanding community
ecology. Several authors have recently advocated such
a ‘‘community genetics’ approach (Antonovics 1992,
Neuhauser et al. 2003, Whitham et al. 2003). In this
paper, we examined the community genetics of plant—
arthropod interactions to understand how plant geno-
type and the environment concurrently shape a mul-
titrophic arthropod community. Although environmen-
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tal variation has long been recognized as an important
factor structuring communities (Andrewarthaand Birch
1954), the potential for intraspecific genetic variation
in plants to affect the diversity and abundance of ar-
thropods has been recognized relatively recently (Fritz
1992). Genetic variation in plant resistance can strong-
ly impact individual herbivore populations (Da Costa
and Jones 1971, Karban 1992, Underwood and Rausher
2000), and there is some evidence that plant genotype
can affect the abundance of suites of herbivores (Mad-
dox and Root 1987, Fritz and Price 1988), as well as
the structure of these communities (Fritz and Price
1988, Maddox and Root 1990). The effects of genetic
variation on arthropods have been best studied in in-
terspecific hybrid systems, where different hybrid types
(i.e., parental species vs. F;, F,, and backcrossed hy-
brids) can shape the diversity and abundance of large
arthropod communities on trees (Dungey et al. 2000,
Fritz et a. 2003, Hochwender and Fritz 2004).

To understand the importance of plant phenotypic
variation for arthropod communities, it is necessary to
determine the relative effects of plant genotype and the
environment, as well as to disentangle the interactions
between these factors. Although controlled experi-
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ments have shown that genetic and environmental fac-
tors can interact to affect arthropod populations (e.g.,
Maddox and Cappuccino 1986), therelativeimportance
of these two factors in nature, as well as the conditions
under which they interact, are unclear (Fritz 1990,
Strauss 1990, Stiling 1994). Incorporating spatial scale
into such studiesis likely to provide novel insight into
the interplay between these factors (Stratton and Ben-
nington 1998). Specifically, biotic factors (e.g., genetic
variation) are predicted to be more important in struc-
turing communities over small spatial scales, while abi-
otic factors will take precedence over larger spatial
scales (scale-dependent hypothesis; Menge and Olson
1990, Jackson et al. 2001). This hypothesisis based on
the fact that environmental variance monotonically in-
creases with increasing spatial scale (Bell 1992).

The impact of plant phenotypic variation on arthro-
pod communities is likely to vary with the trophic po-
sition of species. For example, plants directly and in-
directly interact with both primary (i.e., herbivores)
and secondary (i.e., predators and parasitoids) consum-
ers, and the effects of plant variation on these two
groups may not be concordant. Intuitively, we expect
plant phenotype to have the strongest impact on her-
bivores and omnivores, as phytophagous arthropods di-
rectly consume plant tissue. This prediction is sup-
ported by the widespread occurrence of genetic vari-
ation in plant resistance to herbivory (Fritz and Simms
1992) and the expectation that phytophagous insects
have undergone a long evolutionary history with their
plant hosts (Farrell 1998). In contrast, phenotypic var-
iation is predicted to have a weaker effect on the third
trophic level, as plant traits specific to attracting or
deterring predators and parasitoids are relatively fewer
(Vinson 1999, Rudgers 2004). Instead, the effects of
plants on predators may frequently be mediated by var-
iation in herbivore population size (Fritz 1995).

To examine the relative importance of plant genotype
vs. environmental factors in influencing a diverse tri-
trophic arthropod community, we tested several spe-
cific hypotheses. First, we tested the scale-dependent
hypothesis. We expected that plant genotype would be
more important than environmental variation in shap-
ing the arthropod community over small spatial scales
(within habitats) and less important over larger spatial
scales (between habitats). Second, we predicted that
phytophagous arthropods (i.e., herbivores and omni-
vores) would be more strongly affected by genetic var-
iation in plants than predators. Third, we investigated
potential mechanisms behind the observed community
patterns using correlations between genetically vari-
able plant traits and arthropod community variables.
Lastly, we tested the community evolution hypothesis
(Whitham et al. 2003). The study of the community-
level consequences of phenotypic variation in plants
has lead to the proposition that evolution in plant pop-
ulations may extend to shape the structure of arthropod
communities. Whitham et al. (2003) proposed this hy-
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pothesis based on the premise that the composition of
arthropod communities can be a heritable component
of the plant. We investigated this idea by measuring
the heritability of arthropod community variables and
the potential for a community of herbivores to select
on plant resistance.

METHODS
Study site and system

Experiments were conducted in southern Ontario,
Canada, at the Koffler Scientific Reserve at Jokers Hill
(Jokers Hill). Jokers Hill isa350-hafield station owned
by the University of Toronto, located 50 km north of
Toronto, Ontario (44°03" N, 79° 29’ W, 300 m above
sea level; information available online).?

Evening primrose, Oenothera biennis L. (Onagra-
ceae), is a native, facultative biennial that forms a sin-
gle basal rosette before bolting into a 0.5-2.5 m flow-
ering stalk (see Plate 1). It commonly forms discrete
patches of plants in open habitats at Jokers Hill, par-
ticularly in old fields, mowed lawns, and recently dis-
turbed soil. Oenothera biennis primarily self-pollinates
to produce clonal seeds, which is a function of its per-
manent translocative heterozygote genetic system
(Cleland 1972). Permanent heterozygotes have non-
homologous chromosome sets that rarely recombine
during meiosis, but instead match-up the same non-
homologous chromosome sets as the parent to form
clonally related zygotes (Cleland 1972). This genetic
behavior provides a powerful ecological tool because
numerous replicates of single clonal genotypes can be
grown from seed. The predominately self-fertilizing
behavior of O. biennisiscommonly employed by plants
and makes circumscribing popul ations difficult because
of the lack of gene flow within and between popula-
tions. We propose that each discrete patch of O. biennis
plants, which typically consists of a single genotype
(Levin 1975), could be considered a population.

The arthropod community associated with O. biennis
is both large and diverse (Dickerson and Weiss 1920,
Kinsman 1982), making this multitrophic system an
ideal one to understand the effects of phenotypic var-
iation on the diversity and structure of higher trophic
communities. In an extensive survey of insects on O.
biennis in New Jersey, USA, Dickerson and Weiss
(1920) recorded 110 insect species: 34% were herbi-
vores, 10% were pollinators, and the remaining 56%
were composed of predators, inquilines, and transient
visitors. Kinsman (1982) observed 41 insect taxa in
upstate New York, USA, eight of which specialized on
the Oenothera genus.

Common-garden experiment

We collected seeds of 14 clonal families (hereafter
genotypes) from 11 discrete patches of O. biennis at
Jokers Hill, one patch in Toronto (50 km south of Jokers

3 (www.200.utoronto.ca/jokershill)
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PLATE 1.

(A) The plant used in the study, Oenothera biennis, and (B-D) representative arthropods. Arthropods depicted

are (B) Schinia florida, a specialist |epidopteran herbivore, (C) Podisus maculiventris (fourth-instar nymph), an hempiteran
omnivore, and (D) a spider (Thanatus sp., Philodromidae) carrying a freshly killed Macrodactylus subspinosus (rose chafer)

in its fangs. Photo credits: M. Johnson.

Hill), and one in Mississauga (50 km southwest). The
discrete patches at Jokers Hill were separated by 0.1—
3.5 km and two of the 12 unique genotypes were col-
lected from a single site at Jokers Hill. In late March
2002, we germinated seeds from each genotype within
petri dishes exposed to natural sunlight. We then ran-
domized seedlings individually into 250-mL pots con-
taining soil (Promix General Purpose BX soil; Premier
Horticulture, Dorval, Quebec, Canada). In total, there
were 926 plants, comprising 64—67 replicate plants per
genotype. We sprayed the soil with liquid fertilizer (20:
20:20 N:P:K; 1 g/L) before and 2 wk following planting

and added 0.25 g of slow-release Nutricote pellets (13:
13:13, N:P:K; Vicksburg Chemical, Vicksburg, Mis-
sissippi, USA) to the soil surface. We grew plants for
5 wk in a greenhouse set at 25°C, supplemented with
400-W high pressure sodium lights on a 14:10 h (day:
night) cycle. We then moved plants outside to Jokers
Hill in early May, at which time we transplanted plants
into 500-mL pots. In early May, we found evidence for
genetic differences between all genotypes by compar-
ing six rosette traits (number of leaves; width, length,
and distance from the leaf base to the widest point of
the longest leaf; rosette width; and number of antho-
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cyanin pigmentation dots) using multivariate analysis
of variance (M. T. J. Johnson, unpublished data).

In the third week of May, we transplanted all plants
into five 15 X 13 m common gardens (habitats) at
Jokers Hill, which were separated by 0.6-2.8 km. We
selected the five habitats to represent the range in which
O. biennis is locally found: a “mesic”’ old field; a
“sandy”’ field with invading pine trees; a ‘‘xeric’’ old
field; afreshly abandoned ‘‘ mowed’’ lawn; and afresh-
ly plowed ** disturbed” field. Around each common gar-
den we planted a one-plant-wide border of Oenothera
to reduce edge effects. To study the effects of small-
scale environmental variation, we divided each habitat
into four equally sized contiguous spatial blocks (here-
after microhabitats), into which all genotypes wereran-
domized. Within each habitat we measured soil mois-
ture, soil composition, and vegetation density and di-
versity and found these variables to vary among mi-
crohabitats (M. T. J. Johnson and A. A. Agrawal,
unpublished data). The importance of these specific
variables for arthropod communities will be investi-
gated in afuture paper. In total there were five habitats,
four microhabitats per habitat, and 14 plant genotypes,
and each genotype was replicated with 3—4 plants per
microhabitat.

We surveyed naturally colonizing arthropods on each
plant six times between early June and mid-September.
In sum, we counted 20500 individuals from 129 ar-
thropod taxa comprised of herbivorous (46), omnivo-
rous (14), and predatory (69) species. Arthropods were
surveyed by looking over the entire plant, thus each
plant received equal sampling effort with respect to its
size. A third of taxa were identified to species, which
confirmed the accuracy of our morphospecies defini-
tion. We did not sample several endophytic herbivore
and parasitoid species, nor pollinators and pollen her-
bivores (e.g., bees and thrips). So that individuals were
not counted twice between sampling dates, we took the
maximum abundance for each arthropod species from
each plant across all sampling dates. This approach
provided a conservative estimate of the total number
of individuals of each species that occurred on indi-
vidual plants through the summer. Biomass was mea-
sured for the 52 most common species (we did not
weigh any species that made up <0.1% of the exper-
iment-wide abundance) by drying specimens at 60°C
and weighing 1-45 individuals (6.7 = 1.1 individuals;
mean * 1 sE) per species. Arthropod diversity was cal-
culated asthe reciprocal of Simpson’s diversity index (D),
which incorporates both the richness and evenness of
speciesfollowing D = 1/3p2, where p, isthe proportional
abundance of a species, i. We characterized community
evenness using Smith and Wilson’s (1996) index (E, ),
calculated as: E,, = 1 — 2/mw(arctan((ZIn(a, — X)?)/R)),
where g is the abundance of the ith species, x =
3In(a)/R, and Ris total arthropod richness on a given
plant.
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The effects of genotype, environment, and genotype-
by-environment interactions were determined using re-
stricted maximum likelihood (REML) with Proc Mixed
of SAS version 8.02 (SAS Institute, Cary, North Car-
olina, USA) using the model: dependent variable =
mean,.,y + habitat + microhabitat[habitat] + genotype
+ genotype X habitat + genotype X microhabi-
tat[habitat] + error. Square brackets indicate nested
effects. Habitat was treated as a fixed effect because
we objectively chose habitats to represent the range of
habitats in which O. biennis locally occurs. The sig-
nificance of this fixed effect was determined using an
F statistic where the degrees of freedom were approx-
imated with the Satterthwaite method (Littell et al.
1996). We used the above model to estimate genotype
and genotype X habitat broad-sense breeding values
with best linear unbiased prediction (BLUP; Littell et
al. 1996). BLUP estimates are analogous to but more
accurate than genotype means because they use all
available information and thus are less biased by dom-
inance and environmental effects, as are genotype
means (Shaw et al. 1995).

We calculated the percentage of the total variation
explained in community variables by each factor (i.e.,
habitat, microhabitat, and genotype) using acompletely
random model. We estimated variance for microhabitat
and genotypic effects within each habitat separately,
using the model: dependent variable = meanyq, +
microhabitat + genotype + error, where all effectswere
random. We then used the estimates of the variance
component from REML to calculate the percentage of
variance explained by microhabitat and genotype in
each habitat, followed by taking the mean across the
five habitats.

Broad-sense heritabilities were calculated as H? =
V,/V; (Lynch and Walsh 1998), where V, and V; are
the genetic and total components of variance, respec-
tively. This equation is appropriate for O. biennis be-
cause it produces clonal progeny. Significance levels
for heritabilities are from Z tests of the genotype var-
iance components in SAS Proc Mixed.

In quantitative genetic studies, maternal and com-
mon environmental effects can contribute to the vari-
ance attributed to genetic variation in plant resistance
to arthropods (Agrawal 2002). We tried to reduce ma-
ternal effects by: (a) germinating all plants from seed
simultaneously and (b) growing all plants randomized
within a common environment for 2 mo before trans-
planting into the field. These methods should have ef-
fectively minimized maternal effects as the influence
of seed size on O. biennis performance and maternally
induced resistance are short lived following germina-
tion (Gross and Kromer 1986, Agrawal 2002).

Measurement of plant traits

We measured 14 plant traits to identify genetically
variable phenotypic traits that could potentially cor-
relate with community patterns. We measured early
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Fic. 1. The interaction between plant ge-
notype and habitat for Simpson’sdiversity index
of arthropods. This reaction norm plot shows
multiple environments with lines connecting
best linear unbiased predictors (BLUPs, anal-
ogous to mean values) for the 14 plant geno-
types, and 1 se of BLUPs is shown (se was
relatively constant). This figure illustrates
crossover interactions in which genotypes sup-
ported the highest diversity of arthropodsin one
habitat and nearly the lowest in another. Inter-
actions are also illustrated as nonsignificant var-
iation between plant genotypes in some habitats
(e.g., sandy) yet substantial genetic variationin
others (e.g., disturbed; see Table 2). Dashed
lines indicate the two genotypes collected out-

1 ; ‘ ‘
Mesic Sandy Xeric Mowed

Habitat

growth rate on all plants as rosette width (in centi-
meters) 2 wk following germination. Six weeks fol-
lowing germination we measured 10—15 plants per ge-
notype for rosette width again, number of leaves, and
the number of anthocyanin pigmentation dots on
leaves. We determined herbivore resistance using two
methods. First, we quantified herbivory in early June
by estimating the number of discrete damage holes
caused by herbivores on two rosette | eaves; the number
of holes was well correlated with leaf area consumed
(r = 0.95, P < 0.001, N = 39). Second, in July we
excised a single leaf from each plant, placing the |eaf
on moist filter paper in apetri dish and allowing asingle
neonate caterpillar of Spodoptera exigua (a generalist
herbivore) to feed for 6 d. We recorded the mortality
rate and the mass of surviving caterpillars. The use of
S exigua provides a measure of how physical and
chemical resistance together affect the performance of
a generalist herbivore, whereas the measure of herbiv-
ory described above would have been affected by both
the preference and performance of herbivores. In July,
we also measured a putative resistance trait, leaf tough-
ness, as the grams of force required to penetrate the
leaf surface using a force gauge penotrometer (Type
516; Chatillon, Kew Gardens, New York, USA).

We recorded which plants flowered in 2002 vs. 2003
in order to calculate flowering frequency for each ge-
notype in 2002. All plants flowered in the disturbed
habitat in 2002 and from these plants we measured five
traits specific to reproductive plants: date of first flower,
number of branches >4 cm long, plant height (in cen-
timeters), basal stem thickness (in millimeters), and
lifetime biomass (in grams). Because these five traits
were positively correlated (range of r for genotype
[Fgeno] = 0.38-0.85; P < 0.05innine of 10 correlations),
we used principal components analysis (PCA) to reduce
the data. Specifically, we used a correlation matrix ex-
traction method with a minimum eigenvalue of 1 for
extraction and the Varimax rotation procedure in Systat

; side Jokers Hill, from Mississauga (long
dashes), and from Toronto, Ontario, Canada
(short dashes).

Disturbed

(Systat Software, Richmond, California, USA; Ta-
bachnick and Fidell 2001). Thefirst axisexplained 57%
of the variation in the five traits and was the only axis
retained; all other axes had eigenvalues <1.

We used restricted maximum likelihood in Proc
Mixed of SAS (SAS Institute) and the log likelihood
ratio test (Littell et al. 1996) to determine whether the
continuously varying traits genetically varied. For cat-
egorical responses (i.e., frequency of bolting/flowering,
S. exigua mortality), we used a chi-squared test of in-
dependence to detect genetic variation. Genetic and
phenotypic correlations among the traits and commu-
nity variables were estimated with Pearson product-
moment correlations.

Effects of herbivores on plant fitness

In 2003, we grew 133 O. biennis plantsin acommon
garden adjacent to the mesic habitat garden. We cov-
ered plants with spun polyester bags and assigned her-
bivory to approximately half the plants by cutting 10
holes of 10 cm diameter in each bag, which provided
arthropod access. Lifetime fitness was measured as the
number of fruits. Seventeen unbagged plants were in-
cluded as an overall control and measure of the effect
of bags; there was no difference in fitness between
bagged (with cut holes) and unbagged plants (F,,, =
1.36, P = 0.25), therefore we pooled these treatments.

REsULTS

Genotypes of O. biennis differed widely in their ar-
thropod diversity as measured by Simpson’sindex (Fig.
1), species evenness, total species richness, total abun-
dance, and biomass (Table 1). In all cases, the effect
of plant genotype depended on the habitat in which
plants grew (a significant genotype-by-habitat inter-
action), but very rarely did its effect depend on envi-
ronmental variation between microhabitats (Table 1).
Microhabitat variation consistently did, however, in-
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TaBLE 1. Genetic and environmental effects on Simpson’s diversity index, community evenness, total richness, total abun-
dance, and total biomass of the arthropod community.

Simpson’s
diversity index Evenness Total richness Total abundance Total biomass
Factor x4 F P x4 F P x4 F P x4 F P x4 F P

Habitat (H) 22.23 <0.001 45.34 <0.001 77.94 <0.001 27.84 <0.001 67.03 <0.001
Microhabitat (M)[H] 25.7 <0.001 235 <0.001 9.8 0.001 69.5 <0.001 17.8  <0.001
Genotype (G) 2.1 0.07 0 3.8 0.03 0 0.4 0.26
G X H 32.1 <0.001 8.6 0.002 11.8  <0.001 93 <0.001 30.8 <0.001
G X M[H] 0.2 0.33 3.2 0.04 0.5 0.24 0.3 0.29 1.9 0.08

Notes: F values were calculated for the fixed effect (habitat), while x? values were calculated for the random effects (all
other effects). P values for the random effects were determined using restricted maximum likelihood and the log likelihood
ratio test (Littell et al. 1996). Effects significant at P < 0.05 are in boldface type. Squared brackets indicate nested effects,
while dashes indicate undefined P values for which the variance component was equal to 0. For each variable we calculated
F statistics for the effect of habitat; all other effects used x? statistics with 1 df. The degrees of freedom for habitat are as

follows: Simpson’s diversity, 4, 28.2; evenness, 4, 20.3; total richness, 4, 24.6; total abundance, 4, 32.5; total biomass, 4,

30.3.

dependently affect arthropod community composition
(Table 1).

The effects of plant genotype and theinteraction with
habitat were not driven by the two genotypes collected
outside Jokers Hill (from Toronto and Mississauga)
(Figs. 1-4). For example, when we remove the two
genotypes collected off Jokers Hill, a strong genotype-
by-habitat interaction remains for Simpson’s diversity
index (x, = 27.2, P < 0.001) as do the effects of habitat

(F420 = 29.2, P < 0.001) and microhabitat (x, = 19.0,
P < 0.001). Thisindicates that within O. biennis there
is substantial genetic variation over relatively small
spatial scales (<4 km).

Genotype-by-environment interactions were driven
by two processes: (1) the proportion of the total vari-
ance in arthropod community composition explained
by genotype (i.e., broad sense heritability, H?), which
was greater in some habitats than others (Table 2), and
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Fic. 2. The effects of plant genetic and habitat variation on arthropod species richness and abundance. We show species
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(2) ““crossover’” effects, in which the rank order of
plant genotypes changed between habitats (Appendix
A) (Thomas and Bazzaz 1993). Both patterns are ap-
parent for Simpson’s index of arthropod diversity (Fig.
1), for which H2 was low in some habitats and high in
others (Table 2) and genotypes that supported high ar-
thropod diversity in one habitat sometimes had low
diversity in another (Fig. 1).

Relative importance of plant genotype,
habitat, and microhabitat

When we compared the importance of genetic vs.
large-scale (habitat) environmental variation, habitat
had primacy, explaining 13-87% of variation in ar-
thropod community variables. Within a habitat, genetic
and microhabitat variation explained a mean of 8.2%
and 5.6% of the variation among all community vari-
ables, respectively (Table 3), consistent with the scale-
dependent hypothesis (Menge and Olson 1990, Jackson
et al. 2001) that the relative importance of plant ge-
notype should be stronger at smaller compared to larger
spatial scales. However, the effects of plant genotype
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varied among trophic levels (Table 3), with genotype
explaining 1.2-2 times as much variation as micro-
habitat for herbivores and omnivores, while genotype
and microhabitat explained equal variation for preda-
tors.

Consistent with our second prediction, plant geno-
types strongly varied in herbivore speciesrichness (Ap-
pendix B), with richness varying by as much as 79%
between genotypes within a habitat (Fig. 2A). Plant
genotype also affected omnivores (Fig. 2B), but not
predators (Fig. 2C; Appendix B). We found similar
results for the abundance of herbivores (Fig. 2D) and
omnivores (Fig. 2E; Appendix B), with genotypes
varying by as much as 3.7-fold and 468-fold, respec-
tively. Plant genotype had a weak but significant effect
on predator abundance (Fig. 2F; Appendix B), but the
importance of plant genotype for predators appears to
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Fic. 4. Genetic correlations in the disturbed habitat be-
tween the plant traits principal component and (A) Simpson’s
diversity index, (B) total arthropod richness, and (C) total
arthropod abundance. All plants flowered in the disturbed
habitat, and the first principal component summarized 57%
of the variation in five traits specific to flowering plants (i.e.,
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on this first axis and were thus positively correlated (see
Methods). One data point depicted by an open sgquare and
another by an open triangle represent the genotypes collected
from Toronto and Mississauga, respectively.
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TABLE 2. Broad-sense heritabilities (H?) of Simpson’s diversity index, richness, and abun-
dance of arthropods on Oenothera biennis in each habitat.

Variable Mesic Sandy Xeric Mowed Disturbed
Simpson’s diversity index 0.07 0.06 0.04 0.101 0.41**
Richness

Total 0.15* 0.09t 0.09t 0.16* 0.07t
Herbivore 0.16* 0.07t 0.07 0.10% 0.10t
Omnivore 0.04 0.06 0.09t 0.04 0.04
Predator 0.00 0.01 0.02 0.05 0.04
Abundance

Total 0.26* 0.12* 0.08t 0.09t 0.43**
Herbivore 0.26* 0.08t 0.06 0.061 0.25*
Omnivore 0.05 0.04 0.07 0.04 0.40**
Predator 0.00 0.02 0.02 0.07 0.06

Notes: The calculation of broad-sense heritability (H2 = V,/V,) is also equivalent to the
proportion of thetotal variation within ahabitat explained by plant genotype. Valuesin boldface

type are significant at P = 0.05.
tP<01;* P <0.05 ** P < 0.01.

have been indirect. Predator abundance was positively
correlated with both herbivore (F; ;s = 16.5, P <
0.001, R? = 0.03) and omnivore abundance (F, g;; =
21.9, P < 0.001, R? = 0.31), and the genotype-by-
habitat interaction disappeared once either herbivores
(x. = 1.4, P = 0.12) or omnivores (genotype by habitat:
x1 = 0.5, P = 0.24) were included as a covariate.

Community heritabilities and the effects
of herbivores on plant fitness

We detected heritable variation in O. biennisfor sev-
eral arthropod community variables (Table 2). Broad-
sense heritability varied between 0 and 0.43 (0.10 =
0.016; means = 1 se), with nearly a quarter of esti-
mated heritabilities being statistically significant. This
observed frequency of significant heritabilities is un-
likely to have occurred by chance (binomial expansion
test, P < 0.001; Zar 1996). In a separate experiment
to test for the fitness effects of the herbivore com-
munity, herbivores reduced lifetime fruit production by

TaBLE 3. Percentage of variation explained by microhabitat
and plant genotype for Simpson’s diversity index, species
richness, and abundance of arthropods on individual plants
(means * 1 sE).

Variable Microhabitat Genotype
Simpson’s diversity index 5.89 = 3.71 13.62 * 7.63
Richness

Total 4.60 = 2.54 11.01 + 2.06
Herbivore 6.48 + 3.84 9.99 = 1.95
Omnivore 461 + 1.79 553 + 1.07
Predator 244 = 0.71 2.38 = 1.09
Abundance
Total 9.89 + 3.29 19.62 = 7.38
Herbivore 9.79 + 409 14.13 + 5.19
Omnivore 7.37 = 3.15 12.08 + 7.93
Predator 361171 324+ 1.36

Note: Means = 1 se were calculated from the variance
explained in each of the five habitats for each variable (see
Methods).

13% compared to controls, where the herbivore com-
munity was excluded (control least sguares mean
[Ismean] = 30.2, se = 1.37; herbivore Ismean = 26.8,
se = 1.40; F, ,, = 6.4, P = 0.014).

Plant traits

To examine the potential for genetically controlled
plant traits to drive the observed arthropod community
patterns, we focused on Simpson’sdiversity index, total
species richness, and total abundance. We detected ge-
netic variation for 13 of the 14 plant traits measured
(Appendix C). Across the five habitats, the single most
important trait that correlated with arthropod com-
munity composition was a genotype’s flowering (bolt-
ing) frequency (Fig. 3A). Forty-two percent of plants
flowered in 2002 while the rest overwintered asrosettes
and flowered in 2003. Genetic correlations between
flowering frequency and Simpson’s diversity accounted
for 37—66% of the variation across habitats (Fig. 3A),
64—-90% of the variation in species richness (Fig. 3B),
and 37-84% of the variation in total abundance (Fig.
3C). This trait was likely an important determinant of
community patterns because several arthropod species
exclusively feed on the flowers and fruits of O. biennis,
whereas few if any species are exclusively found on
rosettes. A single genotype collected from Jokers Hill
consistently bolted more frequently than other geno-
types, but removal of this genotype rarely changed the
qualitative or statistical significance of the correlations,
although the strength (i.e., R?) of the correlations did
decrease.

Despite the importance of flowering frequency,
prominent effects of plant genotype on the arthropod
community occurred in the disturbed habitat (Table 2),
where all plants flowered. When we considered traits
only expressed by these flowering plants (see Methods),
we found that arthropod diversity decreased (ry, =
—0.63, P = 0.015, Fig. 4A; r for phenotype [I el =
—0.41, P < 0.001), while richness (ry, = 0.47, P =
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0.09, Fig. 4B; r e, = 0.23, P < 0.002) and abundance
(rgm = 0.78, P = 0.001, Fig. 4C; rye, = 0.60, P <
0.001) increased with larger plant sizes, architectural
complexity, and flowering date, which were summa-
rized within a single principal component axis. The
removal of the single genotype from Mississauga did
not change the direction of the relationships (Fig. 4),
although the strength of the correlations did decrease.
The negative correlation with arthropod diversity re-
mained significant (ry,, = —0.55, P = 0.05), but the
positive correlation with arthropod abundance became
marginally significant (ry, = 0.49, P = 0.09), and the
correlation with richness showed no relationship.

Several measures of plant resistance were correlated
with community variables (Appendix D). Growth of
the generalist caterpillar Spodoptera exigua positively
correlated with the richness (r,., = 0.26, P < 0.05)
and abundance (f ., = 0.33, P < 0.01) of arthropods,
suggesting that more resistant plants harbored fewer
arthropod species as well as fewer individuals. In con-
trast, the amount of “‘early season’ herbivory nega-
tively correlated with both arthropod species richness
(fpren = —0.23, P < 0.001) and abundance (Iyen =
—0.26, P < 0.001). Thislatter patternis consistent with
a community-wide effect of ‘‘early season” induced
plant responses.

DiscussioN

We found that phenotypic variation in O. biennisis
amajor factor affecting the diversity and structure of
the large arthropod fauna associated with this plant.
This conclusion follows from three key results. First,
plant genotype-by-habitat interactions strongly affect-
ed several measures of community composition (Table
1). Second, the importance of plant genotype vs. en-
vironmental variation was scale dependent, with the
effect of genotype being more important than environ-
ment over small spatial scales, but less important over
larger spatial scales (Table 3). Third, genotype strongly
affected herbivores and omnivores, while the effects
on predators were comparatively weak and indirect (Fig.
2).

Community-level effects of genetic variation

Since Southwood's (1961) and Murdoch et al.’s
(1972) seminal research, ecologists have recognized
that variation between plant species, a basal resource
in most food webs, is an important determinant of ar-
thropod communities. More recently, studies have
shown that intraspecific phenotypic variation, and par-
ticularly plant genotype, can affect the absolute and/
or relative abundance of individual herbivore species
(Kinsman 1982, Maddox and Root 1987, 1990, Fritz
and Price 1988, Fritz 1990) and predators (Fritz 1995,
Stiling and Rossi 1996) within communities. Our re-
sults corroborate these earlier findings as the overall
abundance and evenness of herbivores, omnivores, and
predators were affected by genotypic variation in O.
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biennis. We also present the novel result that plant ge-
notype affects not only the abundance, but also the
diversity of a large arthropod fauna. Similar to our
findings, arthropod richness and compositionin diverse
arthropod communities varies between hybrid types
(Dungey et al. 2000, Wimp and Whitham 2001, Hoch-
wender and Fritz 2004). Thus, it is clear that from the
intra- to the interspecific level, genetic variation is an
important factor shaping the diversity of higher trophic
communities.

Plants are known to have specific defenses against
herbivory, while traits that affect predators are consid-
erably less common (Hare 2002). Consistent with this,
our results show that genetic variation in plant resis-
tance strongly affected herbivores and omnivores,
whereas the effects on predators were relatively weak
(Table 2; Appendix B). The influence of plant genetic
variation on predators may typically be restricted to
indirect interactions, where effects on predators appear
to be mediated by direct impacts of plant resistance on
the behavior and density of phytophagousinsects (Fritz
1995). Our results support this idea, as the genotype-
by-habitat interaction affecting predator abundance
disappeared once either herbivore or omnivore abun-
dance was included as a covariate.

Scale-dependent effects

We found that the relative importance of plant ge-
notype vs. environment was scale-dependent in af-
fecting arthropod communities on O. biennis, with
plant genotype being more important than variation
within habitats, but less important than variation be-
tween habitats. Although our selection of five disparate
habitats (as opposed to five randomly chosen habitats)
could inflate the importance of large-scale environ-
mental variation relative to genetic variation, we pro-
pose that these patterns are real and provide some clar-
ity to contradictory findings across past studies about
the relative importance of these factors (e.g., Fritz and
Price 1988, Stiling 1994). The majority of studies have
examined environmental variation among common gar-
densin different habitats or sites separated by hundreds
of metersto kilometers (Fritz 1990, Strauss 1990, Quir-
ing and Butterworth 1994, Stiling 1994, Stiling and
Rossi 1995, 1996, Rossi and Stiling 1998, Stiling and
Bowdish 2000, Ylioja et al. 2000). Typicaly, these
studies found that environmental factors explained
more variation in arthropod abundance than plant ge-
notype (Appendix E). A smaller number of studieshave
investigated environmental variation within habitats
(Maddox and Root 1987, Fritz and Price 1988, Quiring
and Butterworth 1994, Ylioja et al. 2000) and con-
cluded that plant genotype is as important, or more so,
than environmental variation. These past studies did
not explicitly consider how spatial scale affected the
magnitude of environmental variation, which is pre-
dicted to increase with distance between locations (Bell
1992). By calculating the R? values from available AN-
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OVA tables in the above studies, we found that the
relative importance of plant genotype vs. environmen-
tal variation in determining arthropod abundance in-
creased with decreasing spatial scale (Appendix E).
This is consistent with our findings on arthropod com-
munities, as well as the scale-dependent hypothesis
(Menge and Olson 1990).

Plant traits

Genetic variation has been found for a variety of
plant traits, including plant secondary compounds, tri-
chomes, morphology, and phenology (Fritz and Simms
1992). Our results suggest that morphological (i.e.,
plant size and architecture) and phenological (bolting
phenology, flowering date) traits may be more impor-
tant than other resistance traits (e.g., chemical) in af-
fecting arthropod community composition (Figs. 3 and
4; Appendix D) (Aide 1988, Marquis et al. 2001). Al-
though few studies have attempted to identify plant
traits responsible for arthropod community patterns,
Fritz and Price (1988) found that plant size positively
correlated with the densities of four herbivore species.
Also, Pilson (2000) showed that genetic variation in
flowering phenology of Helianthus annuus affected
herbivory by a community of specialist seed-head her-
bivores. The importance of flowering phenology on ar-
thropod communities may be a general phenomenon
for herbaceous plants with an insect fauna that spe-
cializes on reproductive parts. Our general assays of
resistance (i.e., bioassay caterpillar growth and ‘‘ early
season’’ herbivory) and a specific putative resistance
trait (leaf toughness) were phenotypically correlated
with richness and abundance (Appendix D), yet their
strength tended to be weaker than correlations involv-
ing morphological and phenological traits. It ispossible
that morphological and phenological plant traits have
stronger affects on communities as awhole, while some
chemical or physical resistance traits maybe more di-
rected at specific common insect species or suites of
species. A forthcoming article will explore this topic
further (M. T. J. Johnson and A. A. Agrawal, unpub-
lished manuscript).

Plant evolution, community change,
and conservation genetics

Whitham et al. (2003) recently proposed that ar-
thropod community composition can change as aresult
of selection on plants. For this to occur, a plant pop-
ulation must contain heritable variation that affects ar-
thropod community structure (Maddox and Root 1987,
Fritz and Price 1988, Hochwender and Fritz 2004).
Consistent with this idea, we found heritable variation
in O. biennis for many arthropod community variables
(Table 2), which suggests that the community com-
position can change as a result of evolution in O. bien-
nis. However, our results indicate that the importance
of evolutionary processes in shaping community-level
patterns will depend on the environmental context. We

PLANT-ARTHROPOD COMMUNITY GENETICS

883

found that the heritabilities of arthropod community
traitsvaried substantially across our five habitats (Table
2). This result is not surprising as the expression of
genetically based phenotypic traits has frequently been
reported to be variable in different environments (Hoff-
man and Merila 1999). For example, in a recent study
using the plant Raphanus raphanistrum, we reported
that the expression of heritable variation for several
putative resistance traits depended on whether or not
plants were exposed to herbivory (Agrawal et al. 2002).
The variability observed in heritabilities in the present
study can be explained by (1) variation in the expres-
sion of phenotypic traits in the different environments
and/or (2) variation in the arthropod communities’ re-
sponse to plant phenotypes (even if the plant pheno-
types are not altered in the different habitats). For the
former, it has been shown that increased environmental
variance and/or decreased additive genetic variance can
reduce heritable variation (Hoffman and Merila 1999).
Indeed, we found that variance attributed to both ge-
netic and environmental sources substantially differed
among habitats. For the latter, different arthropod spe-
ciesin different habitats or species-by-environment in-
teractions may influence the effect of plant traits on
the arthropod communities. Although our current anal-
ysis cannot disentangle these possibilities, a forthcom-
ing manuscript will address this issue.

What selective agent would cause a plant population
to evolve in away to affect these heritable community
variables is unclear. One possibility is that members of
the arthropod community themselves drive evolution
by imposing selection on phenology (Aide 1988) and
genetically variable resistance traits (Agrawal 1998,
Agrawal et al. 2002). For example, we found that her-
bivores reduced lifetime fruit production, suggesting
that these herbivores may impose natural selection on
traits of O. biennis. If true, this effect could lead to a
dynamic evolutionary feedback between the plant pop-
ulation and arthropod community composition, where
evolutionary processes dictate community patterns
(Johnson and Agrawal 2003).

Based on our results, we speculate that the conser-
vation of genetic variation may be of critical impor-
tance for the maintenance of community interactions.
Much emphasis has been placed on conserving genetic
variation within single species to maintain the long-
term viability of those species (Lande 1988). We have
shown that different plant genotypes have varying im-
pacts on higher trophic communities. Therefore, re-
ductionsin the genetic diversity within populations are
likely to have immediate community-level consequenc-
es for many species (Bangert et al. 2004, Wimp et al.
2004).
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APPENDIX A

A table presenting genotype by environment crossover interactionsisavailablein ESA's Electronic DataArchive: Ecological
Archives E086-046-A1.

APPENDIX B

A table presenting genotypic and environmental effects on richness and abundance of herbivores, omnivores, and predators
is available in ESA’s Electronic Data Archive: Ecological Archives E086-046-A2.

APPENDIX C

A table presenting genetic and environmental effects on 14 plant traits is available in ESA's Electronic Data Archive:
Ecological Archives E086-046-A3.

APPENDIX D

A table presenting phenotypic and genetic correlations of plant traits vs. Simpson’s diversity index, richness, and abundance
of arthropods is available in ESA's Electronic Data Archive: Ecological Archives E086-046-A4.

APPENDIX E
A review of common-garden studies examining the manner in which arthropod abundance and density are affected by

plant genotype, environment, and their interaction at multiple spatial scales is available in ESA’'s Electronic Data Archive:
Ecological Archives E086-046-A5.



Electronic Appendix A. A test for crossover interactions for Simpson’s diversity index using
genetic correlations between each habitat (Thomas and Bazzaz 1993). Spearman’s rho was
calculated using rank correlations (upper number), while 95% confidence intervals (in
parentheses) were estimated using 1000 bootstraps, with replacement, on the original correlation
using Systat. In no case do the confidence intervals reach the null hypothesis of 1 (i.e. no

crossovers), indicating significant crossover interactions between all habitats.

Sandy Xeric Mowed Disturbed
Mesi 0.47 05 0.17 0.28
®IC (:0.02-0.80) (-0.03-0.88) (-0.4-0.71) (-0.45-0.79)
Sand 0.29 0.08 0.16
y (-0.26-0.63) (-0.50-0.68) (-0.53-0.68)
. 0.17 0.07
Xeric (-0.45-0.72)  (-0.55-0.60)
0.23
Mowed (-0.30-0.67)




Electronic Appendix B. Plant genetic and environmental effects on the richness and abundance
of herbivores, omnivores and predators. F-values were calculated for the fixed effect of habitat,
while Chi-squared-values were calculated for the random effects (all other factors). P-values for
the random effects were determined using restricted maximum likelihood and the log likelihood
ratio test (Littell et al. 1996). Effects significant at P<0.05 are in bold. Squared brackets

indicate nesting. Dashes indicate undefined P-values where the variance component was equal

to 0.
Herbivore Omnivore Predator
XYIF P XYIF P XIF P
Richness
Habitat(H) 7.1 0.001 1552 <0.001 575 <0.001
Microhabitat(M)[H] 23.9 <0.001 10.7 0.001 4.3 0.019
Genotype(G) 12.0 <0.001 0 - 0.1 0.376
GxH 3.3 0.035 9.6 0.001 0.5 0.24
GxM[H] 1.0 0.159 0 - 0.8 0.186
Abundance
H 11.5 <0.001 163.7 <0.001 35.9 <0.001
M[H] 39.7 <0.001 425 <0.001 115 <0.001
G 15.6 <0.001 0 - 0 -
GxH 7.0 0.004 63.8 <0.001 2.8 0.047
GxM[H] 0.7 0.201 0 - 0.3 0.292




Electronic Appendix C. Genetic and environmental effects on fourteen plant traits. The effects
included in the model and the degrees of freedom vary among plant traits depending on how data
was collected (i.e., before or after transplanting, and whether data was from all plants or a subset
of plants). We used F-tests and Chi-squared tests to determine the statistical significance of
fixed and random effects, respectively. We used a Chi-squared test of independence to
determine the effect of plant genotype on bolting frequency and mortality of Spodoptera exigua.

Dashes indicate undefined P-values where the variance component was equal to 0.

Variable Effect df. Fli¥* P

Rosette traits
Anthocyanin

Genotype(G) 1 39.3 <0.001
Leaves (May)

G 1 70.9 <0.001
Rosette width (April)

G 1 301.1 <0.001
Rosette width (May)

G 1 28.0 <0.001

Traits associated with herbivore resistance

Herbivory

Habitat (H) 4,15 50.3 <0.001

Microhab(M)[H] 1 18.3 <0.001

G 1 49 0.013

GxH 1 0 -

GxM[H] 1 1.7 0.096
Leaf toughness

H 4,15 8.5 0.001

M[H] 1 127.3 <0.001

G 1 8.0 0.002

GxH 1 1.1 0.15

GxM[H] 1 0 -
Spodoptera growth

G 1 5.7 0.008
Spod mortality

G 13 19.5 0.11

Reproductive phenology and traits measured from reproductive plants

Bolting

G 13 60.4 <0.001
Biomass

B 1 14.9 0.001



Branches

Flowering date

Stem diameter

Stem height

29.9
0.5

21.7
32.0

90.1
2.1

18.7
2.2

<0.001
0.24

<0.001
<0.001

<0.001
0.073

<0.001
0.069

<0.001




Electronic Appendix D. Phenotypic (P) and genetic (G) correlations of plant traits versus Simpson’s Diversity Index, richness and
abundance of arthropods. Genetic correlations were performed using the BLUPs for plant genotype, averaged across all habitats.
Plant traits fall into three broad groupings: measures of resistance, morphology/life-history, and traits specific to flowering plants,
which includes morphological and life-history traits. We report the Pearson correlation coefficient (r). Correlations significant at
P<0.05 (without correction for type-I error) are in bold. Of the 135 genetic and 117 phenotypic correlations, we detected 31 and 54
significant correlations at P<0.05, respectively. At an a-level of 0.05, we would expect 6-7 significant effects by chance alone for
both the genetic and phenotypic correlations. Phenotypic correlations were not possible for caterpillar mortality and bolting frequency

because these variables had categorical responses.

Simpson’s
diversity Richness Abundance
Trait type
correlation n D Total Herbivore Omnivore Predator Total Herbivore Omnivore Predator
Resistance
Caterpillar growth P 64 -0.11 0.26* 0.04 0.23 0.40**  0.33** 0.15 0.30* 0.30*
G 14 -0.18 0.09 0.07 0.05 0.16 0.26 0.14 0.19 0.05
Caterpillar mortality P - - - - - - - - -
G 14 -0.31 -0.36 -0.28 -0.26 -0.12 -0.47 0.17 -0.02 -0.31
Leaf damage P 913 0.09** -0.23*** -0.011 -0.341*%** -0.21*** -0.26*** -0.10** -0.25*** -0.17***
G 14 -0.45 -0.10 -0.07 -0.16 -0.09 0.42 0.13 0.37 -0.31
Leaf toughness P 902 -0.13*** 0.08* 0.03 0.08* 0.08* 0.12***  0.17*** 0.05 0.09*
G 14 0.59* 0.41 0.38 0.38 0.22 -0.27 0.17 -0.40 0.34
Morphology/Life-history
Anthocyanin P 150 0.08 -0.02 -0.11 0.09 -0.01 -0.03 -0.14 0.02 0.01



Flowering frequency
Rosette width (April)
Rosette width (May)
Rosette leaves
Flowering Plants
Plant traits PC
Branches

Height

Flowering date

Plant dry mass

Stem diameter

OUOUOIUOITO

O UOUOUOUOUO T

14

14
926
14
150
14
150
14

180
14
182
14
180
14
184
14
184
14
182
14

-0.13

0.76**
-0.04
-0.48
-0.25**
-0.72**
0.02
0.44

'0.41***
-0.63*
-0.35***
-0.69**
-0.15*
-0.35
'0.36***
-0.63*
-0.40***
-0.63*
-0.18*
-0.58*

-0.37

0.91***
0.07*
-0.09
-0.12
-0.51
-0.10
0.09

0.23***
0.47
0.31***
0.44
0.23*
0.52
0.11
0.32
0.27**
0.50
0.12
0.09

-0.32

0.88***
0.02
-0.18
-0.12
-0.56
-0.04
0.10

0.13**
0.08
0.14
-0.30
0.19
0.25
0.01
0.08
0.21**
0.06
0.05
0.02

-0.32

0.71**
0.07*
0.27
-0.17*
-0.32
-0.18
0.12

0.05
0.15
0.15
0.46
0.09
0.16
0.02
-0.09
0.07
0.27
0.05
0.30

-0.28

0.53
0.08*
0.03
0.02
-0.13
-0.03
-0.04

0.22**
0.52
0.26**
0.66*
0.12
0.29
0.16*
0.54*
0.19**
0.47
0.11
0.47

-0.30
0.17
0.11**
0.42
0.03
0.21
-0.17*
-0.45

0'60***
0.79**
0'58***
0.86***
0'34***
0.63*
0'37***
0.63*
0'65***
0.79**
0'32***
0.79**

-0.42

0.76**
0.04
-0.07
0.05
-0.40
-0.02
-0.03

0.04
0.02
0.11
0.01
0.10
0.30
-0.09
-0.07
0.16*
0.03
-0.06
-0.01

-0.04

-0.32*
0.12***
0.50
0.02
0.48
-0.19*
-0.46

0. 65***
0.82***
0.60***
0.88***
0.34***
0.59*
0.45***
0.68**
0. 67***
0.82***
0.38***
0.83***

-0.41

0.58**
0.03
-0.27
0.02
-0.17
-0.01
-0.16

0.232**
0.54*
0.27***
0.69**
0.12
0.29
0.19*
0.55*
0.23**
0.50

0.1
0.48

* P<0.05, ** P<0.01, *** P<0.001.



Electronic Appendix E. A review of common garden studies examining how arthropod abundance and density is affected by plant
genotype, environment, and their interaction at multiple spatial scales. Using published ANOVA tables and additional results
provided by authors, we calculated the mean total variation explained by each effect using the coefficient of variation (R?). We also
counted the number of cases where there was a statistically significant effect (P<0.05) of genotype, environment, or genotype by
environment interaction (GXE) on arthropod abundance or density. The percentage of significant cases is provided in parentheses.
We reviewed eleven studies’™ that looked at 40 unique plant-herbivore interactions in 58 independent experiments. The spatial scale

was determined as maximum distance between gardens or spatial blocks in a study.

<100m 100m-1km 1km-10km 10km-100km >100km
R? Cases R? Cases R? Cases R? Cases R? Cases
Genotype 85 24(92) 105 2(100) 9.8 5(42) 84 2(13) 95  1(50)

Environment 8.4 17 (63) 7.5 1(50) 31.8 6 (50) 32.0 11(69) 21.0 2(100)
GxE 3.6 7 (30) 3.0 1(50) 8.3 2 (17) 8.0 2 (13) 6.5 2(100)

n 18t 278 2 2 3 12 1 16 2 2

T n = 15 for GxE.

$n = 23 for GXE.

** Studies reviewed: Maddox and Root 1987, Fritz and Price 1988, Fritz 1990, Strauss 1990, Stiling 1994, Quiring and
Butterworth 1994, Stiling and Rossi 1995, Stiling and Rossi 1996, Rossi and Stiling 1998, Stiling and Bowdish 2000, Ylioja
2000.



