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Preface

’I:lis volume marks the first compilation of studies investigating genetic struc-
ture in natural phytophagous insect populations, with a special focus on local
adaptation. For some time, insect populations were considered large, panmictic
assemblages, but recent experimental studies and genetic analyses indicate that
many are subdivided into semi-isolated demes. Genetic differentiation within
populations can reflect local adaptation at small spatial scales, and may ulti-
mately influence rates of speciation, and community biodiversity. For example,
generalist insect species are typically not globally polyphagous, but rather a col-
lection of local subpopulations that exploit a limited number of host plant species.
Although host-plant use may be extremely broad across the entire species distri-
bution, at specific locations ‘host races’ may be locally adapted to a reduced subset
of plant resources. Similarly, at smaller spatial scales insect biotypes may special-
ize on particular host-plant genotypes. Such population subdivision may ulti-
mately promote sympatric speciation through local isolation of gene pools. The
focus of this volume is to understand the underlying mechanisms and evolution-
ary implications of population genetic heterogeneity from intrademic to host-race
spatial scales. The chapters address how genetic traits, life-history patterns, and
natural selection produce adaptive and stochastic genetic structure.

The contributed chapters are a diverse yet interrelated assemblage of experi-
mental and theoretical approaches to evolutionary ecology. Most chapters review
the relevant literature and also include original work not previously published.
Part [ presents tests of local adaptation in natural insect populations and discusses
some of the strengths and weaknesses of the experimental methods employed.
Part II addresses the mechanisms that produce adaptive genetic structure ranging,
from specific genetic traits to ecological agents of selection. Part III describes
how behavioral and life-history patterns produce adaptive and nonadaptive ge-
netic structure within and between populations. Part IV combines empirical and
theoretical methods to investigate the mechanisms producing genetic structure

Xiil



xiv PREFACE

and adaptation along a continuum from metapopulations, to host races, to species.
Insects are ideal models for understanding the central principles of evolutionary
ecology. Many natural populations are structured by a shifting balance between
adaptive and stochastic forces. Our goal is to integrate this dynamic evolutionary
ecology into a larger theoretical framework that reveals how complex evolution-
ary processes operate at larger spatial and temporal scales.
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PART I

Local Adaptation: Empirical
Evidence from Case Studies




1

Population Structure and the
Conundrum of Local Adaptation

Don Alstad
Department of Ecology, Evolution, and Behavior
University of Minnesota, St. Paul, MN

1.1 Introduction

The black pineleaf scale insect (Nuculaspis californica Coleman) is a parasite of
western yellow pine (Pinus ponderosa Lawson) and 11 other conifer species (Fer-
ris 1938; Furniss and Carolin 1977). The insects are short-lived relative to their
host trees, largely sedentary, and achieve persistent, damaging infestations in
areas where airborne dust or the drift of orchard insecticide compromises biolog-
ical control agents. The abundance of black pineleaf scale varies within an in-
fested stand and correlates with the age and size of the trees; larger, older pines
harbor more scales than smaller, younger ones. In the same paper that laid out this
basic biology, George Edmunds (1973, p. 765) was first to suggest that “scale
populations apparently become adapted to specific host individuals, and popula-
tion densities can become high only with genetic fitness of the population to the
host species and individual.”

I began graduate work under Edmunds’s tutelage just as the 1973 paper was
published, shared his interest in local adaptation, and worked sporadically with
this system for nearly twenty years, both in collaboration with George, and after
his retirement. In this chapter, [ provide a retrospective of that work, beginning
with background on the scales’ natural history and basic hypotheses pertaining to
population structure; summarizing three areas of empirical research, including
transfer experiments, analyses of scale population biology, and allozyme studies
of population genetic structure; and closing with my interpretation of these results
and their implications.

1.2 Background

At field sites in the northwestern United States, black pineleaf scale insects com-
plete one generation per year. Beginning in early July, after new pine needles be-
come fully elongated, individual females lay up to 70 eggs over a three-week pe-
riod. Eggs hatch quickly, and teneral larvae harden beneath the maternal scale
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cover before walking to feeding positions on new needles. Young scales are vul-
nerable to desiccation, and most settle on the same twig that bore their mothers.
Nevertheless, larvae of both sexes may be passively dispersed by the wind during
this “crawler” stage, and colonies are founded on previously uninfested host trees
by windblown females (Edmunds 1973; Edmunds and Alstad 1981; Alstad and
Edmunds 1983b).

After inserting their mouthparts through a stomate into mesophyll cells, larvae
secrete a protective scale cover, which is firmly attached to the pine needle, and
molt to a legless second instar. Females never move again after this initial larval
settlement (Baranyovits 1953; Beardsley and Gonzalez 1975; Miller and Kosz-
tarab 1979). Scales feed through fall and pass a winter diapause in situ before
reaching the third instar in early spring. Males are sedentary until mid-May, when
they metamorphose and crawl from beneath scale covers to mate with females on
the same and nearby pine needles (Alstad et al. 1980). The winged males may
also fly between trees, providing a second vehicle for gene flow beyond the natal
host.

Like the olive scale (Parlatoria oleae Culvee) on California citrus crops (Mur-
doch et al. 1984) and the pine needle scale (Chionaspis pinifoliae Fitch) that in-
fest numerous conifer species (Luck 1973; Luck and Dahlsten 1974, 1975), the
black pineleaf scale has important natural enemies, and damaging scale outbreaks
occur where these biological control agents are compromised or absent. Coc-
cinelid predation affects the dynamics of Nuculaspis, but the principal determi-
nant of its abundance is the aphelinid parasitoid Coccobius varicornis (Howard)
(J. Wooley pers. comm.; Hayat 1983). Our major study sites are all in areas af-
fected by dust from unpaved roads, or insecticide drift from orchards, both of
which reduce the wasps’ effectiveness and allow variations in scale insect density.

1.3 Hypotheses

Tree-to-tree differentiation and genetic structure in a scale insect population
could have several potential causes. Natural selection might increase the local
frequency of insect traits adapted to individual trees (a local adaptation hypothe-
sis). Local adaptation hypotheses are further divisible according to the nature of
the host-plant characteristics that mediate the selective process. At one extreme,
insects might become adapted to intrinsic host traits that are under strong geno-
typic control. Alternatively, if environmental influences are relatively constant
from generation to generation, insects might adapt to extrinsic features of the phe-
notype that may be entirely of environmental origin, or the product of interactions
between the tree’s genotype and environmental circumstances; for example,
scales might become adapted to trees that are in especially good or bad condition
with respect to nutrient availability, water relations, or the stress imposed by
pathogens or herbivores such as scale insects themselves. These mechanistic al-
ternatives distinguish two local adaptation hypotheses that I will call the intrinsic
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and extrinsic Local Adaptation Hypotheses. The essential difference between
them is the spatial distribution of plant traits that cause the adaptive response. The
intrinsic hypothesis assumes that all foliage with the same genotype (i.e., most of
the trees with the apical dominance of conifers) provides a homogeneous selec-
tion regime, whereas the extrinsic hypothesis does not.

As an alternative to both local adaptation hypotheses, it is also possible that the
sedentary habit of scale insects might allow variations to arise by chance (a drift
hypothesis). This implies that the limited gene flow resulting from movements of
larvae and winged males is insufficient to homogenize spatial variations in allelic
frequency that arise as sampling effects. The limited number of insects on indi-
vidual branches, their extreme polygyny (see below), and their haplodiploid in-
heritance will all foster sampling effects; thus, the basic natural history of black
pineleaf scale suggests that drift may be important.

1.4 Transfer Experiments

We began empirical work on the pine-scale interaction with an adaptationist per-
spective. We were especially drawn to the intrinsic hypothesis, because trees that
produce recombinant progeny might be less likely to pass preadapted pests to
their offspring, and parasites such as the black pineleaf scale might therefore
drive the obligate sexuality of pines (Williams 1975; Maynard Smith 1978; Lin-
hart et al. 1979, 1981; Hamilton 1982; Rice 1983; Herre 1985; Lively 1987;
Seger and Hamilton 1988; Michod and Levin 1988; Frank 1993). In this context,
the logical first step was a series of transfer experiments, moving scale insects
within and between individual host trees and quantifying their survival.

Our first such experiment involved the transfer of insects from 10 infested trees
near Spokane, Washington, to 10 uninfested trees, with three replicates in each of
100 combinations. The resulting analysis of variance (ANOVA) showed signifi-
cant differences in insect survivorship attributable to (1) the donor trees that
served as sources of transferred insects, (2) the receptor trees (to which insects
were moved), and (3) donor-receptor interaction. We interpreted these effects as
evidence of local adaptation to intrinsic traits of individual pines (Edmunds and
Alstad 1978). This experiment and its weaknesses became fairly well known (cf.
Unruh and Luck 1987; Hairston 1989). In particular, we were concerned about
moving insects that had caused persistent damage in the Spokane area, and hence
chose receptor trees 30 km away in Deer Park, where we knew that weather
would gradually snuff out the aftermath of our experiment. A more restricted test
of the hypothesis that insects are adapted to individual host trees is a reciprocal
transfer, where the same trees serve both as the source and destination of manip-
ulated insects, eliminating locality as a source of performance variation.

Following the work presented in the 1978 paper, we developed techniques for
removing resident scales from individual branches intended to receive experimen-
tal transfers, improved our procedure for manipulating the samples, strengthened
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Table 1.1 Average Survival of Scale Insects among Replicate Transfers in 25 Pairwise
Combinations.

RECEPTOR
DONOR 615 634 651 652 653
615 0506 - 0329 0.548 0.304 0.856
634 0.637 0.742 0.493 0.568 0.624
651 0.444 0.845 0.290 0.455 0.269
652 0.532 0.642 0.266 0.416 0.301
653 0.374 0.677 0.333 0.424 0.455

Values represent the ratio of survivors to initial colonists. Within-tree survival values are on the
diagonal.

both quantitative detail and the range of response parameters, and employed these
improved methods in three fully reciprocal transfer experiments at three different
field sites. The example I present here is a 1988—1989 experiment performed at
Dryden, Washington, within a S-hectare area adjacent to orchards in the We-
natchee River Valley. We moved insects within and between five host trees in all
combinations. Scale-infested pines were chosen with wide variation in physical
condition, as evidenced by needle elongation and retention, to maximize the prob-
ability of detecting local adaptation associated with host vigor. The experiment
was designed for a two-way analysis of variance, and there were four replicate
transfers in each donor-receptor combination. Sixteen samples were lost to tip
moths, scarabaeid grazing, and other causes. Transfer twigs were moved in mid-
July of 1988, 11,400 initial colonists were counted in place on marked needles in
early August, and surviving scales were harvested for analysis in May 1989. The
matrix of average survival values for different donor-receptor combinations
(Table 1.1) shows no indication of significant differences in the survival of insects
that were moved within (on the diagonal) and between (off of the diagonal) trees.

ANOVA of the ratio of surviving insects to initial colonists (Table 1.2) demon-
strated a marginally significant receptor effect (some trees were more difficult to
colonize than others), but neither the donor treatment nor the donor-receptor in-
teraction contributed significantly to survival patterns. A similar analysis of sur-
viving sex ratios (rationale for use of the late-instar sex ratio as an experimental
response parameter is given in the next section) yielded the same result with more
statistical confidence; the receptor treatment contributed significant variance with
p < 0.02. Again, neither the donor treatment nor the donor-receptor interaction
was significant. In a stepwise analysis, the strongest predictor of insect survival
on individual pine needles was the density of initial colonists; scales suffered
higher mortality on needles that received a high-density inoculation.

The survival data in this fully reciprocal design were different from those we re-
ported for the 1978 experiment and inconsistent with the hypothesis that scales
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Table 1.2 ANOVA Table for the Reciprocal Transfer Experiment, Calculated on the
Ratio of Survivors to Initial Colonists after Angular Transformation.

Source DF SS MS F P
Donor 4 0.425 0.106 1.34 0.264
Receptor 4 0.775 0.194 2.45 0.055
Donor-Receptor 16 1.686 0.105 1.33 0.208
Error 59 4.666 0.079

Total 83 7.552

The treatments are Donor-Tree Identity and Receptor-Tree Identity.

were adapted to intrinsic genotypic characteristics of individual trees. The fact that
this experiment has gone unpublished to date reflects my struggle to make sense of
the two results. In addition to genotype, there were undoubtedly many extrinsic
factors that varied between the trees at Spokane and Deer Park, and any between-
tree transfer design that is executed without a common-garden arrangement con-
trolling environmental variables (including the one reported by Edmunds and Al-
stad 1978) will confound intrinsic and extrinsic attributes of the host plants.

1.5 Scale Insect Population Biology

If insects become locally adapted, then survival and reproductive success ought
to index their relative adaptation. To explore this possibility, we began keeping
annual records of scale density and sex ratios on individually numbered trees
from study sites near Spokane and Dryden, Washington, and The Dalles, Oregon.
We chose trees with a range of insect densities, presuming that this sample would
reflect differing levels of local adaptation.

These census data showed wide variation in the sex ratio measured just before
male eclosion (when they fly and can no longer be counted). Tree-to-tree variation
in the proportion of males ranged from 1% to 6% in 1984 (Fig. 1.1) and 1% to
30% in other years (Fig. 1.2). In addition, the proportion of males on a tree was
correlated with density; trees with many scale insects had a higher proportion of
males (Alstad and Edmunds 1983a).

Sex ratios might vary locally through differential dispersal of the sexes, differ-
ences in primary allocation to sons and daughters, or differential survival. To test
the dispersal hypothesis, we counted early-instar sex ratios just after larval settle-
ment. These data were comparable to the primary ratios in Figure 1.1, showing
little difference in the dispersal of males and females (Alstad and Edmunds
1989). None of the many optimality models of primary sex allocation predict a sex
ratio lower than 25% sons in a multiple-foundress system (Hamilton 1967; Bulmer
and Taylor 1980; Taylor and Bulmer 1980; Werren 1980; Wilson and Colwell
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Figure 1.1 Primary- and late-instar sex ratios. Primary ratios showed a
higher male frequency than late-instar ratios from the same generation. Sam-
ples were collected at Spokane in July 1983 and May 1984. Redrawn after
Alstad and Edmunds 1989.

1981; Charnov 1982; Nunney 1985a, 1985b), so we presumed that much of the
variation we were observing was due to survival differences. After learning to sex
first-instar larvae (by their sensillae and setal pattern; Stoetzel and Davidson
1974), we confirmed that primary sex allocation is modestly female biased, vary-
ing little from tree to tree and from year to year, and ranging among trees from
35% to 45% sons (Alstad and Edmunds 1989). Thus, most of the tree-to-tree sex-
ratio variation we observed late in the insects’ life cycle was attributable to differ-
ential survival of males and females in the interval between settlement and mat-
ing. Differences in mortality following treatment with the insecticide Malathion
also caused the surviving sex ratio to become increasingly female biased (Ed-
munds and Alstad 1985). We interpret these within-generation changes in the sex
ratio as evidence of selection, revealed by a method comparable to the “cohort
analyses” of Endler (1986).

Scale insects in the family Diaspididae are haplodiploid. Development of both
sexes is initiated by obligate fertilization, but the paternal chromosomes of males
then become dysfunctional, so that sons are haploid and hemizygous at all loci.
Daughters express both maternal and paternal components of their diploid geno-
type (Bennett and Brown 1958; Brown 1958, 1965; Brown and McKenzie 1962;
Nur 1967, 1971; Bull 1983). Because the insects are completely sedentary in the
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Figure 1.2 Late-instar sex ratios with scale density during the 1983 and 1984 seasons.
Numbers identify individual trees for comparison. Redrawn after Alstad and Edmunds 1989.

interval between larval settlement and mating, variations in the survival of males
and females can be associated with both the local selective regime and genetic at-
tributes of the scales (sex and ploidy). In particular, any polymorphic locus with a
dominant, locally adaptive allele will express the adaptive phenotype at frequency
p in males and 2pq + p® in females. With maximum genetic variance atp = ¢ =
0.5, half again as many females as males are expected to express that adaptive
character. This female advantage will fall and then disappear as selection raises the
trequency of locally adaptive traits to fixation. This simple genetic model suggests
that the late-instar sex ratio (which is a correlate of insect density) is also a corre-
late of genetic variance and local adaptation (Alstad and Edmunds 1983a, 1989). It
predicts that relative male survival and the late sex ratio will rise as genetic vari-
ance falls under selection, and local adaptation of the insect deme increases.

We tested the hypothesis that late-instar sex ratios vary inversely with genetic
variance by measuring late sex ratios on the adjacent and isolated sides of paired
trees standing in close proximity. We chose tree pairs whose limbs touched and
interlaced on one side, but were separated on the other side by at least 5 meters
from the foliage of any other tree (Fig. 1.3). We reasoned that the limited movement
of scale insects would cause more gene flow in the contact zone where foliage
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Figure 1.3 Late-instar sex ratios from near- and farsides of
adjacent tree pairs. Each row represents four samples from a
single pair of pines. Columns A and D show sex ratios from the
farsides, whereas B and C are from the nearsides. Cases violat-
ing the prediction are highlighted. Redrawn after Alstad and
Edmunds 1983b © Academic Press, Inc.

of two different trees touched than on their isolated sides. Gene flow should lead
to the introgression of maladaptive alleles from the adjacent tree, increase genetic
variance, and reduce the survival of haploid male scales relative to diploid fe-
males. Nineteen of 22 late-instar sex-ratio comparisons showed a greater female
bias on the adjacent side relative to the isolated side of the same tree. Scale insect
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densities were also lower near the contact zone. We interpreted these data as evi-
dence of an outbreeding depression in the contact zone between adjacent demes
(Alstad and Edmunds 1983a, 1987). In retrospect, two possible mechanisms
could produce this result. The outbreeding interpretation assumes that selection is
homogeneous across the tree, and insects vary as a result of nearside introgression
of maladaptive alleles. It is also possible that insects are panmictic across the tree,
and selection imposed by differences in the pine foliage varies from one side to
the other. There is variation across the foliage of an individual pine in carbon-—
nitrogen ratios, terpenoid composition and concentration, and the number and ex-
tent of resin ducts in needles (Johnson, Young, and Alstad unpublished data); it is
possible that these traits are consistently distributed with respect to our nearside,
farside dichotomy, biasing the sex ratio without causing differentiation to persist
beyond the current generation (Jaenike 1981).

Just as scale survival and density vary from tree to tree, they also vary from
year to year. The relative survival of males was correlated with total scale density
on individual trees, as seen for two years of different average density in Figure
1.2. If densities and the surviving sex ratio reflect intrinsic local adaptation, one
would expect succeeding annual sex ratios observed on individual trees to be au-
tocorrelated. Although 8 of 10 trends were positive, only 1 of 10 between-year
comparisons of successive sex ratios on individual trees showed a significant
rank correlation (1979-1981, n = 11, r, = 0.683, p < 0.05), and one more ap-
proached significance (1979-1980, n = 11, r, = 0.524, 0.05 < p < 0.10; Alstad
and Edmunds 1989). Year-to-year reversals in the rank order of sex ratios and
densities on individual trees in Figure 1.2 illustrate this point. The weakness of
year-to-year density correlations suggests that selection pressures change season-
ally. Tree genotypes remain constant over time, so the selection process driving
these patterns of insect survival is likely to be an extrinsic, rather than an intrin-
sic, attribute of the host tree. These data also suggest that extrinsic factors are
“noisy,” causing substantial mortality (and selection), but varying over such short
time periods that adaptive responses may correspond only to long-term averages.

Long-term observations also provide anecdotal information about the impor-
tance of weather in the interaction between scales and pine. There has been a
damaging population density of scale insects adjacent to apple and pear orchards
at Dryden since the mid-1950s. When I began work there in 1985, many trees
were heavily infested, and almost all of the pines carried some scales. The sum-
mer of 1989 was drier than usual (Fig. 1.4), and precipitation that fall and winter
(when most of the annual water budget accumulates) was about 25% of its 10-
year average. In the summer of 1990, scale insect densities increased dramati-
cally, and by 1991, all of the trees at that study site were dead. A similar anecdote
is available from our field site at The Dalles. When I first began work there in
1979, I feared that I would soon have to abandon the site because scales would
overwhelm and kill all the pines. Seven years later, scale densities had fallen to
the point where [ had difficulty finding sufficiently infested trees for my experi-
ments, and almost all of the pines were in much better condition. In the ensuing
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Figure 1.4 Precipitation at a gauging station 10 km from the study site at Dryden,
Washington, where a 1989 drought led to increased scale insect density and widespread
pine mortality. Data provided by Ellis Darley (unpublished data).

decade, scale densities have recovered. The nearest weather records are much far-
ther from this location, so I cannot cite rainfall data such as those in Figure 1.4,
but both of these examples demonstrate that extrinsic factors have a strong influ-
ence on the fitness of scale insects and their interaction with pines.

1.6 Allozyme Studies of Population Genetic Structure

The drift hypothesis suggests that scale insect populations are sufficiently viscous
(i.e., the insects move so little) that local differentiation can develop by chance.
To test this, we chose 13 infested pines from three plots on adjacent city blocks at
the Spokane study site, and collected five twig samples from each tree for a hier-
archical analysis that partitioned the insects’ genetic variance among plots,
among trees within plots, and among twigs within individual trees within plots.
All 13 trees grew within a radius of 100 meters. After investigating 30 enzyme
systems, we found three with sufficient genetic variation to be useful: acid phos-
phatase (Acp, EC 3.1.3.2), 6-phosphoglucose isomerase (Pgi, EC 5.3.1.9), and
NADP-dependent malate dehydrogenase or “malic enzyme” (Me-/, EC 1.1.1.40).
Because the average persistence of neutral alleles is proportional to effective pop-
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ulation size, it is not surprising that periodic founder effects, haplodiploidy, and
extreme polygyny would reduce the genetic variance of black pineleaf scale in-
sects relative to most diploid, sexual species (Crow and Kimura 1970).

We used allozyme data from 2,350 diploid female scale insects to estimate two
of Wright’s F statistics. The fixation index, Fgr (Wright 1951, 1965, 1978; Weir
and Cockerham 1984; Weir 1990), gives a standardized genetic variance between
subpopulations, normalized against the limit to that variance at the observed al-
lelic frequencies.

,
Fog=2
ST = -
127
It can also be interpreted as a measure of the heterozygote deficiency associ-
ated with subdivision of a population into drifting, genetically isolated demes,

Hy — Hy
Hy

Fer = ’
where H; is the expected heterozygosity for the entire population, calculated as
2pg using global allelic frequency estimates, and Hj is the expected heterozygos-
ity of demic subunits calculated as a weighted average that incorporates correc-
tions for subunit size and allelic frequency (Nei 1977, 1978). In either case, Fgr
varies inversely with interdemic gene flow, taking values from O to 1. At both Acp
and Pgi loci, the Fgr calculations show significant genetic differentiation between
insects sampled from the three pine plots and from different trees within plots
(Table 1.3). Wright (1951) showed that the number of migrant exchanges (N,m) is
inversely proportional to Fr, so these allozyme data from black pineleaf scale in-
dicate about 2-15 between-tree migrant exchanges per generation. In 5 of 13
cases, Fgrestimates at the Pgi locus also show significant differentiation between
twigs sampled only a few meters apart on the same tree (Alstad and Corbin 1990).

F s estimates the deviation of observed heterozygote numbers (H;) from those
expected (Hs) on the basis of Hardy—Weinberg equilibria (Wright 1965, 1978,
with expectations adjusted for sample size and frequency biases according to the
method of Nei 1977, 1978).

Fig= lis zk
Hy

Positive Fg values indicate a heterozygote deficiency relative to the Hardy—
Weinberg expectation, and negative values an excess. In a hierarchical analysis of
population genetic structure, Fs is conceptually equivalent to an Fg estimate
made one step lower in the spatial hierarchy. Procedurally, however, F;s has more
statistical power, because it compares the entire data set with a formal null
model (binomial expectation), whereas F; evaluates the variance among subsets.
Genotypic distributions at the tree level gave Fs values for Acp and Pgi that
were significantly positive in 9 and 11 of the 13 cases, respectively, demonstrating
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Table 1.3 Hierarchical Fsp values among plots, among trees within plots, and among
twigs within trees within plots.

Acp Pgi ME-1
Fsr among plots 0.0233%x* 0.1123*** 0.0527%%**
Fsr among trees
Within Plot I 0.0289%** 0.0874%** 0.0830*
Within Plot II 0.0241** 0.074 1 %** 0.0047 ns
Within Plot I1I 0.0106* 0.1216%** 0.0010 ns
Fst among twigs
Within Plot I
Within Tree 142 0.0000 ns 0.0000 ns
Within Tree 143 0.0000 ns 0.0000 ns
Within Tree 145 0.0033 ns 0.0647 ns
Within Tree 146 0.0170 ns 0.0652 ns
Within Tree 147 0.0305 ns 0.0086 ns
Within Tree 191 0.0418 ns 0.1311*
Within Plot 11
Within Tree 152 0.0241 ns 0.0474 ns
Within Tree 153 0.0235 ns 0.1022%*
Within Plot I1
Within Tree 157 0.0023 ns 0.1207**
Within Tree 158 0.0298 ns 0.0149 ns
Within Tree 159 0.0032 ns 0.1269%***
Within Tree 160 0.0019 ns 0.0000 ns
Within Tree 161 0.0000 ns 0.2826%**

Sample-size limitations permitted only a two-level analysis for Me-1. Significance of deviations
from 0 was calculated as X* = 2NFgr, where N is the number of individuals, and dfis 1 less than the
number of subpopulations sampled (Neel and Ward 1972). Data from Alstad and Corbin 1990, * =
0.05, ** = 0.01, *** = 0.001.

heterozygote deficiencies, nonrandom mating, and pervasive substructure within
host trees. Fg estimates from individual twigs showed little statistically significant
deviation from genotypic equilibrium, suggesting that random-mating, demic units
typically encompassed twigs or branches within individual host trees (Alstad and
Corbin 1990). To appreciate the extraordinary structure that these data imply, it is
interesting to compare them with the 1987 analysis by McCauley and Eanes of the
sedentary and geographically differentiated milkweed beetle Tetraopes tetraoph-
thalmus. Standardized genetic variances and statistical confidences for the two data
sets are comparable, but the regions of McCauley and Eanes comprised the states of
Virginia, Tennessee, Illinois, New Hampshire, and New York, whereas ours were
portions of a single hectare on the northern edge of Spokane. Black pineleaf scale
insects show demic differentiation over extremely short distances.
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Figure 1.5 Density and late-instar sex ratio of surviving scale insects collected in early
May from 13 pines, plotted against frequencies of the most common malic enzyme allele.
Density and sex-ratio estimates were made by counting insects on 30 needles per twig
from five twigs sampled for the allozyme study. Redrawn after Alstad and Corbin 1990.

What about the malic enzyme locus? An analysis of population structure using
Wright’s F-statistics requires that the genetic markers be selectively neutral. To
test this assumption, we compared heterozygosities and allelic frequencies for
each enzyme system with two components of insect fitness, local scale density,
and the surviving sex ratio. Neither allelic nor genotypic frequencies at the Acp
and Pgi loci were related to these indices of scale performance, and we have no
evidence that selection affected the pattern of their variation. In contrast, the den-
sity achieved by scales on different trees correlated with frequencies of the most
common Me allele (Fig. 1.5, n = 0 13, r = 0.652, p = 0.016). There was also a
significant association between the sex ratio at mating and the frequency of this
same allele (n = 13, r = 0.583, p = 0.037; Alstad and Corbin 1990).

These correlations suggest that we have identified either a locus under selec-
tion, or, more likely, a hitchhiker linked in disequilibrium with some other se-
lected locus. They compromise the malic enzyme system as an indicator of popu-
lation structure, because selection might affect genotypic frequencies within our
samples; for example, allelic frequency differences between the sexes resulting
from the asymmetrical survival of males and females might inflate heterozygosi-
ties, producing Hardy—-Weinberg equilibria in the F5 analyses despite pervasive
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substructuring, and causing F; values for this locus to be overly conservative es-
timates of local differentiation (Crozier 1985; Hartl and Clark 1989). At the same
time, the apparent selection on Me suggests a new hypothetical mechanism of po-
tential local adaptation. Scale densities were low on trees with the highest Me
variance, and increased with Me? frequencies ranging from 0.6 to 0.9, suggesting
a density-dependent selection hypothesis. Figure 1.5 suggests that Me® has a com-
petitive advantage over Me® on chlorotic needles that have been heavily damaged
by scale feeding. In effect, scale insects themselves may be an important extrinsic
factor, altering the foliage and the selection pressures consequently imposed on
the insect herbivores.

1.7 Discussion

The first conclusion to be drawn from these collected data and field observations
is that the neutral drift hypothesis is alive and well in black pineleaf scale insects.
Two polymorphic marker loci demonstrate barriers to random mating between
trees, and even between the twigs of individual trees. Black pineleaf scale popu-
lations are genetically differentiated over very short distances, and the interdemic
variances suggest that only a dozen or so migrant exchanges occur between trees
in each generation. Counterhypotheses based on some selection process would
have to explain concordant allelic frequency variation and heterozygote deficien-
cies in two different marker systems while the individual twig samples stay in
genotypic equilibrium; they offer a less parsimonious explanation for our data.
This result is fully consistent with the viscous mating system and natural history
of scale insects, which afford considerable scope for neutral evolution. Since
many of the taxa in which ecologists have inferred local adaptation have seden-
tary habits (Mopper 1996), this may be a fairly general result.

The intrinsic local adaptation hypothesis, that insects evolve in response to
genotypes of individual host trees, has become progressively less tenable as we
have learned more about the pine—scale system. It is directly falsified by the recip-
rocal transfer results of Tables 1.1 and 1.2, which show receptor main effects but
neither donor main effects nor interactions. One hypothetical explanation for this
result emerges from our long-term analyses of scale population biology. Changes
in density and the scale insect sex ratio within the course of a single generation
demonstrate powerful selective forces; there is very heavy mortality associated
nonrandomly with ploidy, and hence insect genotype. The problem with respect
to intrinsic local adaptation is that these strong selective forces vary indepen-
dently of plant genotype. When we first began to keep records on marked trees,
we saw three consecutive years in which insect density and the surviving sex ratio
increased annually on every tree, and interpreted these measures as indices of in-
creasing local adaptation (Alstad and Edmunds 1983a); then, in the fourth year,
both densities and sex ratios crashed precipitously (Alstad and Edmunds 1989).
The fact that late-instar sex ratios on individual trees showed little significant cor-
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relation from year to year over a long time series suggests that unpredictable en-
vironmental changes contribute variance that may limit the scales’ selection re-
sponse to the constant, intrinsic characteristics of their host.

The transfer experiment reported by Edmunds and Alstad (1978) showed evi-
dence of local adaptation, whereas the reciprocal experiment summarized in Ta-
bles 1.1 and 1.2 did not. There were extrinsic environmental variations (as well as
genotypic differences) between donor and receptor trees in the 1978 experiment,
but only intrinsic genotypic treatments in the later, reciprocal design. This implies
that extrinsic differences between the trees at Spokane and Deer Park contributed
to variation in insect survival. Allozyme data support the extrinsic local adapta-
tion hypothesis more directly, suggesting that scales themselves can alter the se-
lection regime. Scale feeding causes chlorotic lesions, and at moderate scale den-
sity, these lesions merge into a continuous band, affecting up to 80% of each pine
needle. Under these conditions, elongation of successive annual needle crops is
stunted and tree condition deteriorates (Edmunds 1973). It is not surprising that
this damage might produce density-dependent changes in selection pressure. In
this case, the Me? allele is at high frequency on chlorotic pines and at lower fre-
quency on green ones, with a tree-to-tree frequency range of 40%. We do not
know whether the pattern persists from generation to generation (a requirement of
local adaptation; Jaenike 1981), but it seems unlikely that natural selection would
cause such extreme changes in the course of a single season. These data thus sug-
gest extrinsic local adaptation mediated by the effect of insect feeding on the tree
phenotype.

In conclusion, after 20 years’ field research with black pineleaf scale and pon-
derosa pine, the neutral drift hypothesis and the extrinsic local adaptation hypoth-
esis remain viable. The intrinsic local adaptation hypothesis is dead. Tree geno-
types do not function in isolation, and it might seem that I have killed a straw man
by defining intrinsic host traits so narrowly as to exclude attributes affected by
genotype—environment interaction. There are both conceptual and practical rea-
sons for the narrowly drawn hypothesis. It is the genotype per se that is interest-
ing to biologists with respect to parasites, recombination, and sex; and it is geno-
type per se that is a plant adaptation, defining the limit to broad-sense heritability
of traits that influence insect performance. Finally, it is host genotype that gives
us a theoretical basis for experimental designs. Transfer experiments are only in-
structive if we understand the pattern of selection pressures that drive local adap-
tation; tree genotype sets an a priori expectation for these spatial limits. If the
genotypes of individual trees do not define the spatial distribution of the pertinent
selection processes, then tree-to-tree transfer experiments yield inconsistent re-
sults. Tree-to-tree variation in insect density originally led us to an interest in
local adaptation; but insect density also varies within trees (between shaded inte-
rior and sunlit peripheral branches). In retrospect, parasites, recombination, and
sex lured us initially to the wrong spatial dimension, and it took awhile to
straighten things out.
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Can we scale up a pine to view the world? Plants exert very powerful selection
pressures on insect herbivores, these pressures can be locally variable, and the
panmictic neighborhood sizes of many sedentary insects are small. I continue to
believe that the natural history of plant-insect interaction holds many examples
of local adaptation. Experience with black pineleaf scale on ponderosa pine has
shown that the spatial pattern of environmental variation sufficient to affect insect
herbivores is also small, and that much local adaptation will thus be mediated by
extrinsic causes. This is unfortunate for the discipline, because (1) the extrinsic
hypothesis has fewer coevolutionary consequences, (2) the mechanistic diversity
of extrinsic effects will confuse the theoretical bases of productive research and
render the results a catalog of special cases, and (3) extrinsic variation (along with
neutral evolution) will increase the noise-to-signal ratio of intrinsic local adapta-
tion mediated by plant genotype.
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Deme Formation in a Dispersive
Gall-Forming Midge

Peter Stiling and Anthony M. Rossi
Department of Biology, University of South Florida, Tampa, FL

2.1 Introduction

Deme formation in herbivores was originally thought to result from breeding
within isolated populations that are highly adapted to their host plant (Edmunds
and Alstad 1978). If some herbivore genotypes have advantages over others on
particular hosts, and this variation is heritable over time, then these isolated pop-
ulations, or demes, should diverge from the parent population and become repro-
ductively isolated.

It is possible that deme formation could occur over a wide range of scales. For
example, within a species of polyphagous—phytophagous insect, there may exist
demes for particular host-plant species (Akimoto 1990; Feder et al., Chapter 16,
this volume), demes for host patches in a particular geographic area (Costa,
Chapter 10, this volume), or demes for conspecific plants (such as individual
trees) in the same geographic location (Komatsu and Akimoto 1995; Mopper et
al. 1995). This chapter concerns deme formation at the level of conspecific plants.
The evidence for deme formation at this level in nature is not extensive. Until
now, only eight studies have specifically attempted to test the deme-formation
hypothesis at this scale. These investigations used reciprocal transplants of in-
sects, usually scale insects, between natal and novel plants, with subsequent sur-
veys of insect success. Only two studies provided convincing evidence of vari-
able insect adaptation to neighboring natal and novel host plants (Karban 1989;
Mopper et al. 1995), while two others (Wainhouse and Howell 1983; Hanks and
Denno 1994) provided partial evidence of deme formation at this level.

There are several theories as to which biological features of plants and herbi-
vores promote the development of demes (see Table 2.1). First, Edmunds and Al-
stad (1978, 1981) suggested that deme formation may be more frequent for short-
lived insects that feed on long-lived plants, where they can produce hundreds of
generations on the same host individual and thus gain an advantage in the evolu-
tionary arms race. Second, haplodiploidy, a mating system of many scale insects,
may also promote the formation and maintenance of demes, because dispersing
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males would only have the maternal genotype (Alstad et al. 1980). However, the
most common suggestion has been that lack of dispersal and reduced gene flow
between hosts should promote deme formation. Most studies examining deme-
formation have focused on sessile insects (Karban and Strauss 1994), especially
scales (Hanks and Denno 1994), although a study by Mopper et al. (1995) on a
dispersive leaf-mining moth also supported the deme formation hypothesis. That
study demonstrated that differentiation of populations into demes may occur if
natural selection is strong enough to overcome limited amounts of gene flow.

The present study shows the existence of demes in a moderately dispersive in-
sect, the gall-making midge, Asphondylia borrichiae. Asphondylia larvae mature
in galls that develop on the stem tips of the coastal plant Borrichia frutescens.
Colonization of experimental patches of Borrichia have shown that this midge
can fly at least 1-2 km. Potted, nongalled Borrichia that were placed on four is-
lands that had no Borrichia were all colonized by the midge within a year, and
three were colonized within six months (Stiling and Rossi unpublished data). The
existence of demes in this system suggests that another feature of the plant-insect
relationship may be important in the formation of demes—mode of feeding. Gall
insects are perhaps more highly adapted to their host plant than many other in-
sects, because the larvae are embedded within, and often modify, the tissues of
their host plant. Similarly, leaf miners, such as those studied by Mopper et al.
(1995), are embedded within the host plant’s leaves for their entire larval period.
On the other hand, sap-feeding scale insects are external feeders that may avoid
the majority of noxious plant secondary compounds, which have been implicated
as selective forces in adaptive deme formation (Edmunds and Alstad 1981).

Our final point is that most studies to date have focused on survival of adult or
immature insects on natal versus novel plants. We present data here to show that
fecundity of adult females is substantially impacted by host identity (natal vs.
novel), and that this has as important an effect as either death induced by the host
plant or by natural enemies. Therefore, future studies should examine host-
induced changes in fecundity, not just host-induced mortality patterns.

2.2 Methods

We performed reciprocal transplant experiments, moving Borrichia frutescens
among four islands off the west-central coast of Florida (see Stiling and Rossi
1995 for a map of the study area). These islands were formed from material
dredged up from the ocean floor by the Army Corps of Engineers in 1960. The is-
lands are all about the same size and are separated by regular intervals of approx-
imately 0.5 km. The neighboring mainland, overrun by hotels, condominiums, and
houses, is devoid of Borrichia. Although the islands were produced in 1960, no
attempt by the Corps was made to vegetate them. All vegetation arrived naturally,
presumably by seed. Although it is possible that midges have adapted to host
plants within the last 35 years, it is also possible that midges adapted to the parent
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plants also colonized these islands subsequently from patches of similar or iden-
tical genetic background.

Each of our study islands contained a single, different, Borrichia clone (as de-
termined by gel electrophoresis; Stiling 1994) and, compared to other islands,
these all had relatively high gall densities in 1993. The frequency of galled stem
terminals on native plants on the four islands, referred to as TS2, CW6, CW7, and
UTB, were 23.0%, 11.5%, 8.1%, and 5.7%, respectively. Using these islands en-
sured that there was always an abundant source of midges to colonize the experi-
mental plants. We assumed that the majority of galls at each site came from
midges that developed from larvae feeding on native plants, not from midges that
had fed on novel plants and had immigrated to the island.

Ramets were dug up in April 1993, and placed in plastic flower pots containing a
common soilless rooting medium. This technique was used, rather than direct plant-
ing into the ground at each site, to minimize genotype X maternal soil interactions.
During the course of the experiment, there was no root growth through the drainage
holes in the pots, and we believe that the effects of the soilless mix were not
swamped by the surrounding soil. Previous comparisons have shown that gall den-
sities on natal plants in pots are not different from gall densities on wild, nonpotted
plants (Stiling and Rossi 1996; x> = 0.821; df = 1; P = 0.364). Twenty stems were
placed in each pot. Sixty pots of Borrichia (1,200 stems) were collected from each
island. To remove extant galls from the potted plants and to further minimize ma-
ternal effects of the plants on gall densities, the stems were cut back to within 10 cm
of the soil surface. Potted plants were maintained in a botanical garden on the cam-
pus of the University of South Florida until the stems had completely reflushed with
leaves. In August 1993, the plants were returned to the field. Fifteen pots of Bor-
richia (300 stems) from each island were placed onto the four islands in a com-
pletely reciprocal design. Pots were randomly assigned to positions in one of six
1 X 10 grids on each island. Pots were buried in the ground, so that the potting
medium was flush with the surrounding substrate. The native stems were trimmed
so that about 1,200 remained on each island—roughly the same as were in the ex-
perimental grids. Pots and native patches were separated by a few meters.

In April 1994, a tull year after the plants had been collected from the field, we
began censusing plants for galls. We felt that maternal effects such as plant quality,
induced by different soil types or salinities, would be minimized by waiting a year
between plant removal and gall censusing. We recorded gall density weekly until
September, and each new gall was tagged and numbered. Gall diameters were
measured to the nearest 0.05 mm using dial calipers. Gall counts were taken on all
experimental plants and on three patches of 200 “wild” stems (i.e., those growing
naturally on an island). The fate of all marked galls was recorded. Possible fates
included decay of the gall without any insect emergence (host-induced abortion),
predation of the gall and its inhabitants by birds or other predators, parasitism of
the midges within the galls, and successful completion of midge development to
adult. Galls typically mature within 3035 days and after rapid growth rates early
in the life cycle of the midge, the growth rate reaches a plateau that corresponds to
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pupation of the midges (Stiling et al. 1992; Rossi and Stiling 1995). Therefore,
mature gall size was taken to be the diameter at which a gall stopped growing.
Once mature, each gall was picked, returned to the laboratory, and placed into a
clear plastic vial to capture the midges or parasitoids as they emerged.

Twenty female midges were dissected, and wing size was measured as an esti-
mate of adult midge size, because wing length has been found to be positively
correlated with size in other species of Asphondylia (Freeman and Geohagen
1987). The number of eggs in each ovary were recorded, so that the relationship
between fecundity and midge size could be investigated. Galls were again
counted in 1995, between April and June, but no data on gall size, abortion, and
levels of parasitism were recorded during this period.

Tests of partial association, using log-linear analyses, were calculated for total
numbers of galls per clone per island, percent of galls aborted and percent of galls
parasitized on 1994 data (Wilkinson 1989; Stiling and Rossi 1996). Log-linear
analyses on totals per clone per island had to be used for abortion rates and para-
sitism because of the relatively low number of galls per pot. Results from log-
linear analyses are very similar to those using analysis of variance (ANOVA) on
the same data, at least for total gall counts, which is the only comparison that can
be made with both analyses (Stiling and Rossi 1996). A two-way ANOVA, with
receptor island and plant clone as main effects, was calculated for gall diameter.
In all analyses, plant clone was classified as either natal (originally occurred on
an island, df = 1) or novel (brought in from another island, df = 3).

2.3 Results

Log-linear analysis indicated that, for 1994, there was a significant interaction be-
tween plant clone (either natal or novel) and gall density, as well as between re-
ceptor island and gall density (Table 2.2). The significance appears to be largely
driven by island TS2, which had more galls than other islands, and where the dif-
ference between natal and novel was the greatest (Fig. 2.1). Natal plants at CW7
also supported more galls than novel plants from other islands, but at CW6 and
UTB, the reverse pattern was observed. Thus, there was a significant three-way
interaction between natal-novel host and receptor island and gall density, indicat-
ing that, although natal plants accrued more galls than novel plants, the natal-novel
effect was different on some islands than others. The log-linear analysis suggests
that the effect of receptor island (environment) is stronger than the clonal effect
(natal vs. novel genotype) on gall density.

Interestingly, data from 1995 indicated a stronger deme effect compared to
1994. For any given island, gall density was always highest on a native clone
(Table 2.3), except for island CW6, where the CW7 clone did marginally better.
There are two possible reasons for the differences in gall densities between natal
and novel plants. Either ovipositing females lay more eggs on some plants, or
there is differential mortality from egg to first instar among natal and novel
clones. We have no information on egg death, and so we focused on the strength



28/ Peter Stiling and Anthony M. Rossi

Table 2.2 Three-Way Log-Linear Contingency Table Analysis of Gall Numbers, Galls
Aborted and Numbers of Flies Parasitized from Reciprocal Transplant Experiment in 1994

2

Interaction X~ daf P
Gall abundance Natal-novel X gall density 5.69 1 <0.02
Receptor island X gall density 148.15 3 < 0.001
Receptor island X natal-novel X 887 3 0.031
gall density
Galls aborted Natal-novel X galls aborted 0.66 1 <05
Receptor island X galls aborted 304 3 <05
Receptor island X natal-novel X 2.8 3 0.409
galls aborted
Midges parasitized ~ Natal-novel X midges parasitized 1.61 1 <03
Receptor island X midges parasitized 944 3 <0.05
Receptor island X natal-novel X 11.20 3 0.011
midges parasitized
40
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Figure. 2.] Gall abundance on experimental and native Borrichia plants on four islands:
TS2, CW7,CW6, and UTB in 1994. Novel refers to the sum of all nonnative clones at this
site. Natal reters to the native clone returned to its original site. Wild refers to native, non-
transplanted plants at that site.
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Table 2.3  Percent of Stems Galled in Reciprocal Transplant
Experiments in 1995

Donor Island

Recipient island TS2 Cw7 CW6 UTB
TS2 524 20.7 33 257
Ccw7 15.2 38.0 21.1 1.2
CW6 13.1 18.4 16.2 6.0
UTB 2.6 1.6 1.5 3.1

of mortality factors acting on later stages of the midge’s life cycle. While preda-
tion removed 1.9% of galls and their inhabitants on potted plants in 1994, gall
abortion and parasitism by four species of wasps accounted for 18.7% of total
galls and 39.4% of total midges killed, respectively. We cannot be certain exactly
how many midges were killed by abortion because we do not know how many
chambers were in a gall prior to abortion. Data from wild plants indicate that gall
abortion rates are lowest at the high-density sites such as TS2 and highest at the
low-density sites such as UTB (Fig. 2.2). However, data from the reciprocal
transplant experiment do not confirm this trend. Although, at every site, death due
to abortion was lower on natal plants than on novel Borrichia clones, the trend
was not significant (Table 2.2), perhaps because of relatively low sample sizes.
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Figure 2.2 Gall abortion rates on experimental and native Borrichia plants on four is-
lands. There were no galls aborted on natal plants at UTB.



30/ Peter Stiling and Anthony M. Rossi

80 -
! Natal _
701 1 Novel
] BN Wild
g 601 R 3
— ] (X h
= RS
g 50 K 0% W
bt ] ) oot "
] % % K
. D D
Q. 40 1 ':‘ ’:‘
+ 1 s Ky A
c K o K
[} 30 W% " ':‘
o ] »% X e
5 b o o
[X] IX] X
a 207 X
1 s S X
b K 3
10 - e o) %!
X D.I b.(
) 1 ) o
h% 5] 1
O .‘ )
O T 1]

Site

Figure. 2.3 Midge parasitism rates on experimental and native Borrichia plants on four
islands.

The parasitism rate on wild plants was also lower at high-density sites than at
the low-density sites (Fig. 2.3). Differences in parasitism on experimental plants
among islands were consistent with this trend, but there was not a significant in-
teraction between parasitism and natal versus novel plant clone. However, there
was a significant three-way interaction among clone, island, and levels of para-
sitism, indicating that galls on novel clones are parasitized more than galls on
natal clones at some sites.

Natal versus novel host had a significant effect on gall diameter, with natal
hosts producing bigger galls at every site (Table 2.4, Fig. 2.4). There was also a
significant effect of receptor island (environment) on gall diameter.

Larger galls tended to produce larger midges, but the relationship is complicated
by the crowding effect of multiple chambers within galls and is discussed more
fully in Rossi et al. (1996). As is true of many insects (Honik 1993), larger midges
produced more eggs than smaller ones (r = 0.927; n = 20; P < 0.001; Fig. 2.5).

2.4 Discussion

In this study, host-plant genotype and environment both play an important role in
influencing the density of galls on Borrichia frutescens, although the effects of
environment are stronger than those of genotype. We have already explained the
environmental effect in terms of differential nitrogen levels, plant growth charac-
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Table 2.4 Results from ANOVA on Mature Gall Diameter from Reciprocal Transplant
Experiment in 1994

Source Sum of square df Mean square F P

Natal-novel 0.022 1 0.022 6.010 0.015

Receptor island 0.182 3 0.061 16.649 < 0.001

Receptor island X 0.058 3 0.019 5.282 0.001
natal-novel

Error 1.137 312 0.004

teristics, resultant gall sizes, and the effects of parasitism rates (Stiling and Rossi
1996). Galls on plants in favorable sites grew larger, and this resulted in de-
creased parasitism. Here, we focus on local adaptation of midges to particular
host genotypes. On some islands in 1994, and all islands in 1995, galls were more
numerous on natal genotypes than novel ones. Moreover, on every island, galls
were always bigger on natal plants compared to novel ones. There is good evi-
dence, therefore, that Asphondylia populations are locally adapted to specific host
clones. Interestingly, in both years and for most factors, the trend for local adap-
tation seems strongest on islands that typically have the highest gall densities,
such as TS2.
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Figure 2.4 Gall diameter on experimental and native Borrichia plants on four islands.
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Figure 2.5 Relationship between potential fecundity (number of eggs at eclosion) and
wing length (ocular micrometer units) for Asphondylia reared from Borrichia (r = 0.927,
n = 20; P < 0.001).

How general is deme formation in this system? We tested for the existence of
demes on islands that had only single Borrichia clones. However, this is the ex-
ception rather than the rule. Stiling (1994) noted that on mainland patches in
north Florida, the percentage of populations that are multiclonal is 83%, which is
approximately the same percentage of populations we have found to be multi-
clonal on spoil islands in central Florida. It is still possible that adapted demes
could form on multiclonal populations of Borrichia; however, we did not attempt
to assess whether this has occurred in the current study. Interestingly, reciprocal
transplants of Borrichia from multiclonal islands also demonstrated a significant
effect of plant genotype on herbivore densities (Stiling 1994).

Most studies to date have examined the deme-formation hypothesis in terms of
survival of insects either through plant- or enemy-induced mortality. In our sys-
tem, the effects of natal versus novel plant genotype on parasitism and abortion
rates were not significant. We believe the existence of demes in this system could
be caused as much by differential midge fecundity on natal versus novel hosts as
by parasitism or gall abortion. In nature, gall size ranges from < 0.8 cm at low-
density sites to > 1.3 cm at high-density ones. Rossi et al. (1996) showed that po-
tential fecundity of female midges is inversely correlated with larval crowding.
Increased larval crowding results in smaller female midges, and their fecundity is
strongly affected by adult size. For Asphondylia borrichiae, number of eggs at
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eclosion ranges from approximately 100—400 eggs. On average, galls on novel
plants were only 88% of the size of those on novel plants. A 12% reduction in
midge size (as measured by wing length) equates to > 25% decrease in egg num-
ber at eclosion (Fig. 2.5). Thus, the ability to create even slightly larger galls on
native plants probably substantially increases potential midge fecundity.

We can compare the contribution of various components to the relative fitness
of different insect lines using the procedure outlined by Strauss and Karban
(Chapter 8, this volume); that is, we assumed the fitness of a natal insect line to be
[.0 and compared the fitness of novel populations relative to the natal population.
We repeated this procedure for mortality caused by parasitism, gall abortion, and
reduction in fecundity caused by a reduction in gall size on novel plants. For par-
asitism, the relative fitness of novel to natal lines is 0.77 + 0.41 (SD), for abortion
0.89 + 0.64, and for fecundity 0.75 + 0.07. Thus, the effects of gall size on the
potential fecundity of Asphondylia were as substantial as those from either para-
sitism and or abortion.

Why is there good evidence of the existence of demes in this system but not
others? One popular explanation, as outlined by Edmunds and Alstad (1978) and
underscored by Cobb and Whitham (1993), is that multivoltine phytophagous in-
sects that pass hundreds of generations on a long-lived host may be the best place
to look for the formation of demes. Clonal plants can be very long-lived. We have
observed Borrichia plants living for at least six years, as long as our censuses
have been conducted in central Florida, and we believe that Borrichia probably
lives much longer than this. However, we suggest that intimacy of the herbivore
with its host plant could be another crucial factor that favors the formation of
demes in herbivorous insects. Endophagous insects may be under stronger selec-
tion, mediated through the host plant, than exophagous feeders. Unfortunately,
there are too few studies on deme formation involving gallmakers and leafminers
to test this idea. Nevertheless, the existence of interactions between host genotype
and insect genotype in related experiments presents the possibility of fine-scale
adaptation by local populations of insects to particular host-plant genotypes. For
example, Marino et al. (1993) found a significant interaction of clone and fertil-
izer (environment) on the larval survival of Phytromyza ilicicola, a leat-mining
moth on American holly, /lex opaca. In addition, Quiring and Butterworth (1994)
showed significant family X site effects for egg densities and herbivory by the
spruce bud moth, Zeiraphera canadensis, which, in its early instars, mines the
needles under the bud caps of white spruce, Picea glauca. On the other hand,
Ayres et al. (1987) failed to show tree X brood interactions for external-feeding
caterpillars on mountain birch, and Strauss (1990) found only weak support for
the existence of genotype by environment interactions for attack of Rhus glabra
by an externally feeding chrysomelid beetle, Blepharida rhois. Although Fritz
(1990) demonstrated no interaction of clone and site on densities of leaf petiole
stem gallers of arroyo willow, Salix lasiolepis, only two sites were used in his
study. Taken together, these studies lend some weight to the idea that mode of
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feeding affects whether insect herbivores do better on certain plant genotypes in
certain environments and, ultimately, whether they form demes.
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2.5 Summary

We performed reciprocal transplants of different Borrichia frutescens clones,
each with relatively high numbers of galls, between four offshore islands in Pinel-
las County, Florida, to test whether demes of the gall midge Asphondylia bor-
richiae were adapted to specific host clones. We measured gall abundance, gall
size, gall abortion rate, and levels of parasitism on experimental plants. We found
a significant effect of plant clone (either natal or novel) on gall abundance and
gall size, which suggests that Asphondylia does form demes. Gall abortion rate
and levels of parasitism were not affected as much by plant clone. Deme forma-
tion in this system may be driven as much by differences in midge fecundity that
are directly related to host clone as by midge death rates. Galls on natal plants
were bigger than those on novel plants. Bigger galls gave rise to larger midges
that had more eggs than smaller ones. On some islands, midges in bigger galls
also suffered less parasitism. Finally, we believe the endophagous habit of gall in-
sects may make them more likely to form demes than some external feeders.
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Prevention of Deme Formation by the Pinyon
Needle Scale: Problems of Specializing in a
Dynamic System

Neil S. Cobb and Thomas G. Whitham
Department of Biological Sciences, Northern Arizona University,
Flagstaff, AZ

3.1 Introduction

Genetic differentiation within populations has evolutionary consequences for both
populations and species, and is important to issues such as local adaptation, specia-
tion, and biodiversity (Wright 1968,1969, 1978; Lewontin 1974; Endler 1977,
Brown 1979; Mitter and Futuyma 1979; Bradshaw 1984; Futuyma and Peterson
1985; Waser and Price 1985). Becoming locally adapted may allow widespread gen-
eralist species to exploit a variety of resources by forming host races (Thompson
1994); additionally, specialist herbivores may track certain host genotypes by form-
ing biotypes (Gallun et al. 1975; Gould 1983; Service 1984; Parker 1985; Feder et al.
1988; Moran and Whitham 1988). In either case, a species may be able to increase
niche breadth as a result of genetic diversity that results from local adaptation (van
Valen 1965). It is therefore important to understand what mechanisms promote or
prevent deme formation from occurring at different spatial levels of organization.

In 1978, Edmunds and Alstad proposed an extreme form of local adaptation,
the deme formation (DF) hypothesis, whereby insect herbivores became geneti-
cally adapted to individual host trees (Edmunds and Alstad 1981; Alstad and Ed-
munds 1983a,b, 1987; Alstad and Corbin 1990). The ability to adapt to an indi-
vidual tree could occur because (1) the host was long-lived relative to the herbivore,
(2) each plant represented a discrete resource for herbivores, and (3) herbivores
were relatively sessile, thus reducing gene flow in herbivore populations among
trees. Support for the DF hypothesis has been mixed: Some studies found no sup-
port (Rice 1983; Unruh and Luck 1987; Cobb and Whitham 1993, Memmott et al.
1995; Kimberling and Price 1996; Strauss 1996); other studies found partial con-
firmation (Wainhouse and Howell 1983; Hanks and Denno 1992, 1994), while
two studies found clear evidence for deme formation on individual plants (Kar-
ban 1989; Mopper et al. 1995).

A major assumption of the DF hypothesis is that resource quality within an in-
dividual tree is relatively constant in space and time; that is, if pests adapt to agri-
cultural monocultures in space, then long-lived trees as monocultures in time
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should also be exposed to rapidly evolving pests. Whitham (1981) addressed this
conundrum by proposing that long-lived trees are not monocultures through time,
and that through diverse processes, they are highly heterogeneous resources that
act to counter the evolution of virulent herbivore genotypes at the individual-tree
level. There is evidence that resources utilized by herbivores exhibit considerable
within-tree variation within a season (Whitham and Slobodchikoff 1981;
Whitham 1983; Whitham et al. 1984; Larsson 1985; Fay and Whitham 1990) or
over longer periods of time as a result of developmental resistance (Craig et al.
1988; Kearsley and Whitham 1989). These studies argue that the dynamic nature
of resources within perennial plants poses a serious problem for herbivores by
challenging their ability to evolutionarily track an individual host plant.

The major theme of this chapter is to examine how variable resources affect the
lack of fine-scale adaptations by the pinyon needle scale, Matsucoccus acalyptus.
Although we initially thought our studies of this scale insect would support the
DF hypothesis, our subsequent experiments rejected it (Cobb and Whitham
1993). Here, we summarize those studies and explore several mechanisms that
may prevent genetic differentiation from occurring among herbivore populations
on individual trees. Unless otherwise noted, reference to a scale insect population
refers to the collection of scales on an individual tree.

The chapter is organized into three sections. In the first section we review our
evidence that refutes deme formation on individual pinyons by M. acalyptus. We
show that scale survival is largely determined by host resistance traits, and no ev-
idence supports the hypothesis that scales make fine-tuned adaptations to an indi-
vidual tree. In the following sections, we propose mechanisms that could produce
these results. First, we hypothesize that there is a feedback loop between scale-
mediated changes in needle quality and changes in herbivore population size and
structure that ultimately promotes gene flow among scale populations. Specifi-
cally, increasing population size promotes the dispersal of adult males and newly
emerged larvae, leading to gene flow. Because the sizes of most scale populations
fluctuate from year to year, a scale population may be an exporter or importer of
genes, depending on the number of adult males and larvae that exist in the popu-
lation in any given year. Second, we present evidence that catastrophic events can
lead to population extinctions or bottlenecks on many trees. These trees are then
subsequently colonized by scales from nearby trees, such that local demes are un-
likely to develop. Third, we propose that selection regimes may change from one
year to the next (Cobb 1990) or over longer periods time (i.e., decades; Kearsley
and Whitham 1989). Both of these processes, operating at different time scales,
create variable host phenotypes that make it difficult for herbivores to track their
host plants over evolutionary time.

3.2 Pinyon-Scale System and Sampling Methods

The study site, located 33 km northeast of Flagstaff, Arizona (elevation 1,880 m),
covers approximately 125 ha in a mixed Juniperus monosperma—Pinus edulis
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woodland dominated by P. edulis. We selected the scale—pinyon system because it
contains the necessary attributes that should promote deme formation (Edmunds
and Alstad 1981; Cobb and Whitham 1993). These attributes consist of a sessile
scale insect with relatively poor dispersal abilities that feeds on a long-lived and
chemically diverse host tree. In addition, the lack of predators, parasitoids, and
competitors acting on M. acalyptus (Krombein et al. 1979; Cobb and Whitham
1993, and unpublished data) should result in strong plant-herbivore interactions
that should promote deme formation under the scenario proposed by Edmunds
and Alstad (1978). We have also commonly observed adjacent trees with ex-
tremes in scale densities ranging from zero to over 500,000. This suggests local
adaptation by insect herbivores, host resistance differences, and/or some combi-
nation of both (Edmunds 1973).

The life history of M. acalyptus at our study site is similar to other M. acalyp-
tus populations in the western United States (McCambridge and Pierce 1964;
Unruh 1985). Eggs are laid March—April at the base of tree trunks and in bark
crevices. Within five weeks, first-instar crawlers climb up the tree and either dis-
perse by wind to other trees or they begin feeding. Scales insert their mouthparts
through a needle stoma and suck out the contents of mesophyll tissue, and remain
sessile through two feeding instars. Because scales colonize needles in the spring,
but before bud break, the current year’s needles generally escape attack. Scales
preferentially colonize one-year-old needles over older needle cohorts. Extensive
chlorosis of needles occurs as a result of scale feeding, and at high scale densities,
chlorosis may lead to needle death before scales reach maturity. Such heavily at-
tacked trees have a characteristic poodle-tail appearance in which only the current
year’s needles remain. Males feed until November, eclose into a mobile crawler
morph, climb down the tree, and undergo a prepupal and pupal stage in plant lit-
ter at the base of the tree. Females remain on the needles as second instars
throughout the winter. In March, they undergo a rapid increase in size and eclose
as legged, wingless adults. At the same time in March, males emerge as winged
individuals and congregate at the base of trees and mate with descending females.
Males may also fly up to the foliage to mate with emerging females.

3.2.1 Sampling of Scales

Except where noted, sampling of scale populations occurred on small trees (mean
age = 32 yrs + 0.99 SE; mean height = 1.15 m * 0.04 SE). Our work has con-
centrated on small trees, because they account for over 80% of the scale-infested
trees in the population (Cobb et al. 1994). Scales were censused by collecting
needles immediately after adults emerged in March. We typically collected 30-60
tascicles per tree, depending on the size of the tree. This allowed us to collect
from all parts of canopies that averaged 2.41 m?. Scale remains were classified
into one of four groups based on remains of carcasses or exuvia from successfully
emerged adults: (1) individuals that died as first instars, (2) individuals that died
as second instars, (3) individuals that eclosed into adult males, and (4) individuals
that eclosed into adult females. Percent mortality was based on the number of
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individuals that did not pass through the second instar. We also visually estimated
percentage needle chlorosis due to scale feeding based on the total amount of nee-
dle area that was not green.

To examine the DF hypothesis, we transferred scales from different sources
onto their natal trees (i.e., their home trees) and novel trees (i. e., foreign trees).
To prevent existing scales from confounding the performance of these experi-
mental scale populations, the existing scales were removed. Scales were removed
by hand collecting all observable eggs from the bases of trees and placing a bar-
rier of Tanglefoot® on the tree trunk to prevent any remaining larvae from colo-
nizing the canopy (Tanglefoot® was later removed). Transfer of scales onto trees
involved either the addition of scale eggs to the base of trees or the placement of
scale eggs in small containers attached to tree branches. The latter method of
transfer allowed us to keep scales from several donor sources separate on the
same receptor tree. Methods specific to experimental and observational data sets
are described in the following sections. A more detailed description of scale re-
moval and transfer methods is described in Cobb and Whitham (1993).

3.3 Experimental Tests of the Deme Formation Hypothesis

3.3.1 Scale Performance On “Natal” And “Novel” Trees

The DF hypothesis predicts that herbivores become increasingly adapted to the
phenotype of their host tree through time. Such adaptation should be reflected by
an increasing herbivore population size resulting from greater survival of superior
insect genotype(s). We tested the DF hypothesis using transfer experiments in
which eggs were collected from scale populations representing three different
population densities (eggs from different trees were kept separate). These eggs
were then reciprocally transferred onto their natal trees and onto novel foreign
trees. Because the DF hypothesis predicted that scales from low-, medium-, and
high-density populations represent different levels of adaptation to their natal
tree, by transferring scales back onto their natal tree and onto other novel trees,
we could critically test this major prediction. We only obtained one year of popu-
lation density for these trees and, because we had to remove existing scales from
the trees, we do not know long-term population densities for these trees. Addi-
tional scales from the three different population densities were placed on trees
that had no existing populations (i.e., presumably resistant trees, or trees that had
not been discovered by scales).

Confirmation of the DF hypothesis required several major outcomes. First, if
pinyon needle scales form demes on individual trees, we predicted that scale mor-
tality would be lower on natal trees compared to “novel” trees. Second, because
high-density populations should reflect the highest degree of adaptation to their
natal tree, they should exhibit the lowest mortality on their natal tree compared to
low- and medium-density scale populations. Alternatively, we predicted that
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high-density populations would exhibit the lowest degree of performance when
transferred onto previously uninfested trees and previously infested foreign trees.

Our experiments did not support the prediction that scale populations perform
better on their natal tree (black bars) compared to novel (open bars) trees (Fig.
3.1). For example, the average mortality of the natal transfers (3 black bars) was
48.6% (% 6.8 SE), whereas the average mortality of scales transferred to novel
trees (six open bars) was 49.3% (* 4.7 SE). Likewise, our results did not support
the prediction that the highest density populations were more adapted to their
natal tree than low- and medium-density populations, although we assumed that
population sizes were relatively constant from year to year. Our later monitoring
of scale population sizes showed that scale population densities can fluctuate con-
siderably from year to year, and our designation of density classes may have only
reflected the status of the populations for 1985. Regardless, when we examined
only those trees with scale populations (resistant trees excluded), scales did just
as well on their natal trees as they did on novel trees.

Our results showed that trees without established natural populations were re-
sistant to scales (shaded bars; Fig. 3.1). Here, mortality was high for all donor
populations and varied between 88% and 95%. We do not know whether resis-
tance is genetically based or the result of microhabitat differences. We believe re-
sistance is more likely to be genetically based, because resistant and susceptible
trees are commonly growing adjacent to each other. The resistance of uninfested
trees has been confirmed in similar transfers of scales onto uninfested trees (Del
Vecchio et al. 1993; Gehring et al. unpublished manuscript) and demonstrated in
other plant-herbivore systems (Memmot et al. 1995). A seven-year ongoing
scale-transfer experiment involving resistant trees currently provides no evidence
for local adaptation (Cobb and Whitham unpublished data). We conclude that
there do not appear to be a multitude of host phenotypes that scales are adapted
to; however, there are clearly intrinsic differences between trees with established
populations and uninfested trees.

3.3.2 Performance of “Incipient” and “Established” Scale Populations

The DF hypothesis predicts that incipient populations (i.e., populations on newly
colonized trees) are not adapted to their host tree and require a number of genera-
tions to adapt to a particular tree phenotype. Therefore, we would expect decreas-
ing mortality of these incipient populations as they become more adapted to their
natal tree. We also would predict that performance of incipient populations
should be significantly lower than the performance of established populations
that have had many generations to adapt to their natal tree.

Incipient populations were established by first removing existing scale popula-
tions in 1985 and allowing trees to be naturally recolonized. It required two years
before these trees had developed large enough scale populations to estimate mor-
tality (i.e., > 30 scales). To test the first prediction, we monitored 20 incipient
populations over a six-year period to determine if mortality decreases over several
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E NOVEL TRANSFERS TO PREVIOUSLY UNINFESTED TREES
I NATAL TRANSFERS
: NOVEL TRANSFERS TO PREVIOUSLY INFESTED TREES

Figure 3.1 Scale transfer experiments showing no difference in mortality between natal
and novel trees that supported natural scale populations. The only significant result was in-
creased mortality of all scale populations on trees that did not harbor scale populations be-
fore the experiment. The three scale population levels represented by donor and receptor
trees are low-density (L), medium-density (M) and high-density (H) populations. Bars in-
dicate means *= 1 SE.
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insect generations. To test the second prediction, we compared scale mortality in
incipient populations and established populations over a two-year period.

We found the opposite pattern predicted by the DF hypothesis (Fig. 3.2). As in-
cipient populations had more years to adapt to their hosts, performance declined
rather than increased over the six-year period (F 4¢3, = 16.76, p = 0.0001; based on
profile transformation in a repeated measures analysis of variance (Pilson 1992).
Mortality in 1987 was 18% but increased to 43% in 1992. Due to the increase in
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Figure 3.2 Increasing mortality in incipient (newly colonized) scale populations over a six-
year period showing no adaptation to host trees through time. Bars indicate means = | SE.
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population density over the same time span, there may have been a corresponding
increase in mortality resulting from density-dependent mortality. Because preda-
tors, parasites, and other herbivores have little impact on the pinyon needle scale,
the observed changes in mortality cannot be due to these factors, and it is clear
that scales are not becoming better adapted to their host trees. This pattern also
does not reflect what was occurring in the rest of the scale populations: Estab-
lished scale population densities decreased steadily from a high in 1987 (mean =
5.78 * 0.99 scales/cm needle) to a low in 1990 (mean = 1.81 *= 0.41 scales/cm
needle). This indicates that the pattern of increasing population density and mor-
tality was unique to incipient populations.

Although the DF hypothesis predicts that established herbivore populations
should perform better than incipient populations, in two separate years of analy-
sis we found that the mortality in established scale populations did not differ from
incipient populations (Fig. 3.3). Figure 3.3 only shows mortality after scale den-
sity was accounted for as a covariate; mortality was actually significantly greater
in established populations when we did not account for scale density (Cobb and
Whitham 1993). So, even when we account for differences in density, we observe
a nonsignificant trend in which the mortality of incipient population averaged 8%
lower over the two-year period compared to established populations. This
demonstrates that scales do not require a transition period where they must adapt
to individual tree phenotypes (Cobb and Whitham 1993).

Hanks and Denno (1994) suggested that we did not detect deme formation be-
cause of the close proximity of our experimental trees, which would have resulted
in limited gene flow among scale populations. For example, although we found
no difference in scale mortality between our natal and novel trees that were
spaced approximately 20 m apart, Hanks and Denno (1994) found increased scale
survivorship on natal trees compared to novel trees when novel trees were = 300
meters from natal trees. Although we have not specifically conducted reciprocal
transfer experiments to test for a distance effect, we have conducted two addi-
tional transfer experiments (Del Vecchio et al. 1993; Gehring et al. unpublished
data) where our source populations and receptor trees were = 300 m apart. In
both of these experiments, we found that scale survival was comparable to sur-
vival in established populations. From these studies, we conclude that deme for-
mation or local adaptation does not occur at the level of individual trees or at the
local level of a few hectares.

3.4 Potential Mechanisms That Prevent Deme Formation

We emphasize that individual trees represent very heterogeneous resources, and
that scale populations on trees are very dynamic. We propose that the dynamic
nature of this system promotes gene flow among scale populations on different
trees, as well as changing selection regimes that ultimately prevents demes from
forming. Despite the fact that M. acalyptus is a relatively poor disperser com-
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Figure 3.3 Comparisons of mortality in incipient and established scale populations demon-
strating that the performance of incipient populations was comparable to established popula-
tions. Means were adjusted for scale density, since established populations had higher densi-
ties. Incipient populations were six years old in 1991. Bars indicate means *+ 1 SE.

pared to other insect species, Unruh (1985) has shown in a California population
of M. acalyprus that adult male dispersal is great enough to prevent genetic dif-
ferentiation and is supported by the lack of among-tree allozyme differentiation
in scales. Using the same species of scale, here we focus on how gene flow may
be promoted as a result of three major factors: (1) changing herbivore sex ratios,
(2) density-dependent larval dispersal, and (3) climatic catastrophes that lead to
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extinction of populations on some trees and subsequent colonization from adja-
cent trees. Last, we examine how temporal changes in resource quality may pre-
vent deme formation. We show that resources within individual trees vary annu-
ally and over longer periods of time, both of which result in changing host
phenotypes that could prevent herbivores from genetically adapting to an individ-
ual tree (Whitham 1981; Whitham et al. 1984; Cobb 1990).

3.5 Changing Sex Ratios in Scale Populations: Effect on Gene Flow among
Scale Populations

Gene flow among herbivore populations on different trees can be promoted if sex
ratios are highly variable among scale populations. We propose the “male export”
hypothesis, which predicts that skewed sex ratios among scale populations lead to
excess males on some trees that subsequently disperse and mate with females on
other trees that have relatively few males. To support this hypothesis, three crite-
ria must be met. First, there must be significant year-to-year variation in scale sex
ratios within a tree, so that some years a scale population acts as a “male ex-
porter” and in other years the population is a “male importer.” Second, there must
be significant spatial variation among scale populations on trees within a single
year. Third, there must be a mechanism that catalyzes this import—export process.
The putative mechanism would be the production of female sex pheromones that
attract surplus males from their natal tree to a female-biased tree. Unruh (1985)
has demonstrated male attraction to female-bait traps in M. acalyptus, and several
researchers have isolated sex pheromones in other species of Matsucoccus
(Doane 1966; Young et al. 1984; Park et al. 1986).

Sex ratios vary greatly among trees in the same year, and also within the same
tree from one year to the next (Fig. 3.4A). For example, on tree #18, males com-
prised 80% of the surviving population in 1986, 15% of the population in 1987,
and 86% in 1988, whereas on tree #8, males comprised only 21% of surviving
adults in 1986, 80% in 1987, and 3% in 1987. So, for any given year, some trees
have relatively large numbers of surviving males, whereas other trees have very
few, and the relative number of surviving males on a single tree typically fluctu-
ates greatly from year to year.

To understand why scale sex ratios exhibit these within- and among-tree pat-
terns of variation, it is important to understand patterns of fluctuating scale den-
sity and needle chlorosis caused by scale feeding. Both scale density (Fig. 3.4B)
and percentage needle chlorosis (Fig. 3.4C) exhibit large differences among trees
within a single year, and individual trees fluctuate greatly among years. Looking
back at trees #18 and #8, scale densities (number of scales/cm needle) over the
1986-1988 period were 5.4, 0.7, and 5.3 for tree #18, and 1.7, 5.6, and 0.9 for tree
#8. Likewise, percentage needle chlorosis during 1986-1988 for tree #8 was
93%, 32%. and 93%, respectively, whereas during the same time period for tree
#8, percentage needle chlorosis was 23%, 75%, and 11%, respectively.
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Figure 3.4 Population attributes of the pinyon needle scale and its affect on the
host plant (i.e., needle chlorosis) vary greatly within a year among trees as well as
between years on a single tree. Graphs show the year to year variation in scale sex
ratio (A), scale density (B), needle chlorosis (C), and adult survival (D), over a
three-year period on 18 haphazardly chosen trees. Numbers refer to individual trees.
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We suggest that scale density and needle resource quality (i.e., chlorosis) act-
ing in concert cause much of the variation in scale sex ratios on individual trees.
Sixty-three percent of the variation in adult scale sex ratios on individual trees is
explained by scale density and needle chlorosis (Table 3.1). Thus, female survival
is reduced at high scale densities due primarily to extensive needle chlorosis
caused by males and earlier instars of both sexes. Females take the brunt of the
negative impact of needle chlorosis, because males stop feeding six months be-
fore females, when chlorosis is much less extensive. This results in male-biased
sex ratios at high scale densities, coupled with high levels of needle chlorosis,
whereas low scale densities result in female-biased sex ratios. Although percent-
age of needle chlorosis is more important as a predictor of sex ratios (p < 0.001),
scale density accounts for a significant amount of variation in sex ratios (p =
0.0201) not accounted for by chlorosis (Table 3.1). This indicates that some un-
known density-dependent factor, in addition to needle chlorosis, promotes the
differential survival of males over females. Even though we do not know what
this additional density-dependent factor is, there is a clear relationship between
scale density, needle quality, and sex ratios.

We contend that sex-ratio variation promotes gene flow among trees, because
some trees produce excess males (i.e., “male exporters”), whereas other trees pro-
duce excess females (i.e., “male importers”). To quantify the degree of variation in
sex ratios of scale populations within and among trees, we performed the follow-
ing analyses. We measured annual variation in sex ratios within an individual tree
by calculating the absolute difference in sex ratios between two scale generations
over two time periods (1986 vs. 1987, and 1987 vs. 1988). This was done for all
18 trees illustrated in Figure 3.4, and a mean absolute difference in mortality was
obtained. The measure of among-tree variation was calculated in a similar man-
ner, except the two generations compared were from different trees. We then de-
termined whether within and among-tree variation was significantly greater than
zero and comparable to each other. Analysis of this variation demonstrates two
major points. First, variation within- and among trees was significantly greater
than zero (p < 0.0001 for all four groups) for both time periods (Fig. 3.5), thus
demonstrating the dynamic nature of scale populations. Second, variation within
trees was comparable to among-tree variation (Fig. 3.5). Consequently, there is
enough asynchrony in scale-population cycles among trees that for any given
year, some scale populations are likely to be “male exporters,” whereas others are
“male importers.” Such variation should make it very difficult for scales to adapt
to individual trees. We are currently testing the “male export” hypothesis by com-
paring sex ratios of emerging adults and sex ratios of mating swarms, where we
would predict a nonsignificant correlation due to immigrating males from other
trees. We are also conducting an experiment to determine if trees with greater
number of females attract more males. This we do by removing all males from
populations (using sticky traps to catch males as they enter the litter in October to
pupate) and measuring the number of immigrating males the following spring.
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Figure 3.5 Year-to-year variation in sex ratios on individual trees between scale
generations (open bars) and among randomly paired trees (black bars). For both time
periods the amount of within-tree variation is comparable to among-tree variation.
Bars indicate means * 1 SE.

3.5.1 Density-Dependent Larval Emigration Promotes Gene Flow

Another source of gene flow that would prevent deme formation is the wind dis-
persal of larvae. By using elevated petri plates covered with Tanglefoot® to trap
emigrating larvae, we found that larval dispersal is positively density dependent
(Fig. 3.6). Furthermore, the response is disproportionate; high-density popula-
tions contribute 2.5-6 times as many colonists as low-density populations.
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Figure 3.6 Density-dependent larval dispersal showing the disproportion-
ate number of emigrating larvae produced by high-density scale populations.
The x axis denotes the number of scales/cm needle that colonized a tree; the
y axis denotes the number of windblown larvae captured by petri plates. Petri
plates were covered with Tanglefoot® and secured on poles that were placed
equidistant from each other and 0.25 m from the canopy edge.
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The relevance of this pattern to promoting gene flow is that most scale popula-
tions on individual trees fluctuate between high- and low-density populations
(Fig. 3.4B). Trees that we have monitored for three to six years have on average
varied over eight-fold from low-density years (1.2 scale/cm needle) to high pop-
ulation density years (10.2 scale/cm needle). So the range in densities among
trees shown in Figure 3.6 is representative of the range in densities exhibited by
an individual tree over time. This indicates that most scale populations have the
potential for producing a significant number of dispersing larvae, and that trees
probably cycle between producing few or no emigrating larvae to producing rela-
tively large numbers of emigrating larvae. We hypothesize that a scale population
will vary from being a relatively important contributor to gene flow via wind-
blown larvae in high-population years to producing very few larvae in low-
density years.

3.5.2 Catastrophes That Hinder Deme Formation

El Niflo—-Southern Oscillation (ENSO) events can create climatic catastrophes that
have severe and long-lasting effects on populations, communities, and ecosys-
tems. These effects have been well documented for marine systems (Dayton and
Tegner 1984; Glynn 1988; Glynn and Colgan 1992). In 1992, an ENSO-mediated
catastrophe led to extinction of scale populations on many trees, followed by re-
colonization of emigrating larvae from nearby trees whose scale populations had
survived (some trees have yet to be recolonized). An obvious consequence of ex-
tinction is the prevention of scales from adapting to host phenotypes. We also
show that population bottlenecks are created, thereby increasing the effect of
gene flow from immigrating larvae, and the effects of genetic drift, both of which
would likely further hinder deme formation.

In Northern Arizona, May is typically one of the driest months of the year;
however, in 1992, extensive rains occurred that were 8.5 times higher than nor-
mal. This event was associated with a massive reduction of the scale population
within our study site, and scales suffered complete extinction at other sites in
Northern Arizona (Christensen et al. 1995). We suspect that population reduc-
tions and extinctions were most likely due to the direct effect of rain on emerging
larvae. Rain has been shown to significantly affect mortality in another scale in-
sect (Moran and Hoffman 1987).

The effect of these rains on scale populations was variable within our study
site. Extinctions occurred on 17% (n = 23) of infested trees; severe population
crashes occurred on an additional 13% (n = 17), and less severe reductions on
70% (n = 92) of the remaining populations. Table 3.2 shows the three population
responses to the 1992 ENSO event. Interestingly, the populations that went ex-
tinct after the catastrophe were only one-half the size of the other two population
types one year prior to the ENSO event. This indicates that small populations of
even 27,000 scales/tree were more vulnerable to extinction than populations that
averaged 58,000 scales/tree. There was no difference in population size between
“bottleneck” and other populations that survived prior to the rains, but there was
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Table 3.2 Impact of ENSO-Mediated Rains in May 1992. Estimated scale population
sizes for populations that went extinct (EXTINCT), populations that experienced severe
population reductions (BOTTLENECK), and populations that did not experience as severe
population reductions as the previous two groups (REMAINING POPULATIONS). Values
represent population sizes for the generation prior to the catastrophe and the generation fol-
lowing the catastrophe. All EXTINCT and BOTTLENECK populations were used in the
calculations, 20 populations were randomly selected to represent the remaining populations.

Precatastrophe Postcatastrophe
POPULATION TYPES Population Size Population Size
EXTINCT (n=23) 27,000 Extinct*
BOTTLENECK (n=16) 59,000 62
REMAINING POPULATIONS (n=20) 58,000 17,000

* Three remaining populations did not go extinct until the following year in 1993.

a significant difference afterwards. We believe there was a stochastic effect whereby
the timing of larval emergence determined the degree to which a population was
reduced. In other words, populations where peak larvae emergence coincided
with heavy rain were the most decimated.

Clearly, extinction followed by prolonged establishment of a new population
would deter deme formation. There may be a strong case for the “bottleneck”
populations being affected as well. Bottleneck populations were operationally de-
fined as those populations that exhibited population reductions by several orders
of magnitude and had absolute population sizes below 200 individuals after the
ENSO event. An estimate of the average population size for the “bottleneck” pop-
ulations prior to the 1992 rains was 59,000 scales/tree compared to 62 scales/tree
after the rains (Table 3.2). It is likely that the effective population was small
enough to be significantly affected by immigrating larvae and males from other
trees, as well as genetic drift, both of which would interfere with deme formation
based on adaptation to the individual host tree. Although the effects of this ENSO
event in the pinyon-scale system are not as dramatic as that observed in marine
systems, where entire areas are completely decimated (Glynn 1988), such envi-
ronmental variability is one important factor that, in conjunction with other fac-
tors we develop in the chapter, may prevent scales from acquiring “‘fine-tune”
adaptation to individual host trees.

3.5.3 Short-Term Differential Mortality

Scale survival within an individual tree can change significantly from year to year
due to density-dependent mortality. As the density of scales increases, food re-
source quality decreases dramatically due to chlorosis, leading to increased host-
related mortality of scales. We argue that extreme variation in survivorship from
one year to the next could lead to (1) differential selection of scale genotypes that
survive better under conditions of high scale densities versus low densities, and/or
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(2) relaxed selection against genotypes under conditions of low scale density.
These scenarios could lead to the decreased ability of a scale population to genet-
ically track its host plant. Although we do not have genetic evidence for differen-
tial selection of genotypes, differential selection at different densities has been es-
tablished or inferred for several species (Begon 1984; Wall and Begon 1986;
Dunham et al. 1990; Weber 1990; Bagley et al. 1994; Santos et al. 1994).

Using scale mortality as a bioassay of changing selection pressures, we show
that selection pressure can vary greatly from year to year. This annual variation in
scale mortality is illustrated for each tree in Figure 3.4D. For example, on tree #9
over a three-year period, the mortality of scales changed from 44% to 95% to
70%, and over the same time period, tree #18 mortality changed from 84% to 5%
to 24%.

The year-to-year variation in the mortality of scales for individual trees rivals
the variation we observed among trees in the population (Fig. 3.7). To compare
within- and among-tree variation in scale mortality, we calculated within-tree
variation as the mean absolute difference in scale mortality from one year to the
next, for two time periods (1986-1987 and 1987-1988). Using the same 18 trees,
we also compiled among-tree variation from one year to the next by creating ran-
dom tree pairs. For example, the mortality of scales on tree #18 in 1986 was sub-
tracted from the mortality of scales from another tree in the population in 1987 (a
random pair). Figure 3.7 shows the mean absolute change in percentage mortality
for the two time periods (1986 vs. 1987, and 1987 vs. 1988) within single trees
and between 36 randomly paired trees (18 pairs). Both within- and among-tree
variation was significantly greater than zero for both time periods (p < 0.0001 for
all four means). We also observed the same degree of variation within trees be-
tween years as we see between randomly paired trees (Fig. 3.7), where the year-
to-year variation in scale mortality for individual trees equals the variation in
scale mortality among trees in the population. This high degree of year-to-year
variation within a single tree would make it very difficult for scales to evolution-
arily track individual trees from other trees in the population. Additionally, it is
difficult to envision how deme formation could occur when variation in scale per-
formance is as great within trees as it is among trees.

The changes in mortality are clearly related to changes in scale density and
needle chlorosis (i.e., food-resource quality). We can explain over 60% of the
variation in first and second instar mortality by knowing the percentage of nee-
dles that were chlorotic due to scale feeding and scale density (Table 3.1). Mor-
tality listed in Table 3.1 is separated into the percentage of individuals that died as
first instars and those that died as second instars. Sixty-one percent of the varia-
tion in the number of individuals that died as first instars is explained by needle
chlorosis and scale density, although density is positively correlated, and chloro-
sis is negatively correlated with percentage of the population that died as first in-
stars (see regression coefficients). The opposite is true for the percentage of indi-
viduals that died as second instars, where chlorosis is positively correlated, and
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Figure 3.7 Year-to-year variation in scale mortality on individual trees between years
(open bars) and among randomly paired trees (black bars). For both time periods, the
amount of within-tree variation in scale mortality is comparable to among-tree varia-
tion. Bars indicate means * 1 SE.

density is actually negatively correlated. The effect of needle chlorosis on second
instar death is easily understood: The second instar is the stage when most growth
occurs, and it is 10-20 times larger in volume than first instars. Hence, when most
of the individuals pass successfully through the first instar, they can greatly affect
needle damage, because high densities of second instars can completely kill a
needle before adults are ready to emerge. We do not yet understand why scale
density per se leads to increasing numbers of individuals that die as first instars,
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considering that they produce very little chlorosis. Evidently, there is some uri-
known induced response by the plant that mediates high first instar death at high
scale densities. These data indicate that at intermediate scale densities, many
scales survive the first instar and subsequently die in their second instar as a result
of resource depletion, whereas at high scale densities, many individuals die as
first instars before extensive chlorosis occurs.

3.5.4 Long-term Differential Selection—Developmental Immunity

A major prediction of the DF hypothesis is that deme formation is most likely to
form on long-lived hosts. Several studies, however, show that phase shifts in
plant development, either genetic turning on and off of genes (ontogenetic) or re-
source limitation to shoots (senescence or physiological aging) result in major
changes of plant resistance traits through time (Zagory and Libby 1985; Kearsley
and Whitham 1989). We propose that developmental changes in long-lived host
plants occur over their life span, making them temporal habitat mosaics that are
difficult for scale insects to evolutionarily track.

In support of the developmental changes in pinyons, we find that scales are al-
most entirely restricted to juvenile trees (Fig. 3.8A), demonstrating that scales do
not have the entire life span of the tree to form demes. A survey of trees in 1996
showed that scales infest 79% of the juvenile trees (32 yrs old), 27% of the inter-
mediate aged trees (60 yrs old), and only 8% of mature trees (150 yrs old). This
pattern of infestation is comparable to that found in a survey conducted in 1985
(Cobb et al. 1994). Additionally, scale density also decreases dramatically on
these three age classes (Fig. 3.8B), where scale densities on juvenile trees were
3.5 and 17 times higher than intermediate-aged and mature trees, respectively.
This demonstrates that even the most susceptible trees in the two older age
classes do not support populations as dense as those found on juvenile trees.

These observational data indicate that scales do not progressively become
more adapted to natal trees, but lose the ability to successfully attack trees as they
age and become mature. Although we need to conduct transfer experiments to
confirm that individual trees become more resistant with age, experiments in an-
other system showed increased resistance with tree age. When gall aphids were
transferred to different-aged ramets within the same cottonwood clone, a pre-
dictable 10-fold change in resistance occurred over a two-year period as trees
shift from juvenile to mature phases (Kearsley and Whitham 1989). Such devel-
opmental changes are widespread and can affect diverse taxa associated with the
host tree (Waltz and Whitham unpublished data).

3.6 Summary
Although the pinyon needle scale has many of the attributes of an organism that is

most likely to make “fine-scale” adaptations to individual trees (Edmunds and Al-
stad 1978, 1981), we found no evidence to support the DF hypothesis. We pro-
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Figure 3.8 The percentage of trees infested (A) and scale density (B) are both
inversely related to developmental stage of the tree. This 1996 survey strongly in-
dicates that scales do not become progressively more adapted to their host trees.

vide two sources of evidence demonstrating that scales have not acquired special
adaptations to individual trees but are equally capable of attacking most juvenile
trees, which make up approximately 80% of the pinyon population. First, in a recip-
rocal transfer experiment, scales survived just as well on novel trees that had pre-
viously supported scale populations as they did on their natal trees. Second, in
comparing scale mortality of incipient scale populations with established scale
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populations, we found no differences in mortality, even when the effect of scale
density was eliminated as a confounding variable.

Although we found no evidence for deme formation using scale mortality as a
bioassay of tree resistance, we show that individual trees were either highly resis-
tant or susceptible to scale attack. The group of juvenile trees that supported no
natural scale populations was found to be highly resistant to scale attack; scales
experimentally transferred to these trees suffered 91% mortality. These resistant
trees make up approximately 11% of all juvenile trees. In contrast, scales experi-
mentally transferred to trees that supported natural scale populations only experi-
enced 50% mortality. These susceptible trees make up approximately 89% of all
juvenile trees in the population. Although the presence of resistant trees should
represent a selection pressure favoring scale biotype and/or deme formation, a
seven-year ongoing experiment currently provides no evidence of such local
adaptation.

We examined several mechanisms that could prevent deme formation by M.
acalyptus on individual trees by increasing gene flow. First, the fluctuation of
scale populations on individual trees from year to year can promote gene flow
among trees. Fluctuating population size promotes the survival of males at high
densities, whereas low scale densities promote the production of more females
than males. Because there is asynchrony among scale populations on different
trees, some trees will be “male exporters,” whereas other trees will be “male im-
porters” (male export hypothesis). Second, high population densities also leads to
increased larval dispersion, which will further promote gene flow. Third, gene
flow can also be promoted by catastrophic events that can lead to (1) the extinc-
tion of scales on certain trees, which are subsequently colonized by scales from
adjacent populations, or (2) population bottlenecks, which would be relatively
more affected by immigrants and subject to genetic drift.

Changing selection pressures can confound deme formation and select for
more generalized scale genotypes. Several levels of changing selection pressures
contribute to this evolutionary dilemma for scales. First, short-term variation
(year to year) in scale mortality on individual trees largely brought about by
changing scale densities and density-dependent selection results in selection of
different scale genotypes at different scale densities, or relaxed selection at low
scale densities. Second, over longer periods of time, in our case, decades, selec-
tion regimes due to developmental changes in the host plant may increase resis-
tance to scales and overwhelm any local adaptation occurring in the herbivore
population. This is supported by the fact that the percentage of trees infested by
scales decreases sharply from young to mature trees. These last two conclusions
still need experimentation to confirm that differential selection within a scale
population is a consequence of changing resource quality, and that pinyon resis-
tance to scale attack increases with developmental aging. Despite this, the obser-
vational patterns are certainly strong enough to justify our conclusions, and deter-
mination of differential selection is a critical avenue for further research.
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Third, although less studied in this system, other studies have shown that indi-
vidual trees are highly heterogeneous resources and are mosaics of resistance. In
a series of papers, Whitham and his colleagues (Whitham 1981, 1983; Whitham
and Slobodchikoff 1981; Whitham et al. 1984) have argued for the importance of
within-tree variability in preventing herbivores from tracking their host plants.
Most of these arguments were based on variation in resource quality that we have
not mentioned and include differences in resource quality (1) within an individual
leaf, (2) between terminal and lateral leaves, (3) among individual branches of the
same developmental stage, and (4) between the lower juvenile and the upper ma-
ture portion of the canopy. Our work on the scale-pinyon system further under-
scores the importance of within-tree variability that can exist even in small trees
(~2.5 m® canopy volume).

In conclusion, although we find extreme variation in plant resistance traits
that should favor deme formation, the variation is so fine-scale at both spatial
and temporal levels that we doubt that adaptations to individual trees could
occur. However, at the landscape level we believe local adaptation is possible,
and we are currently pursuing these studies. For example, the pinyon needle
scale is only found in a few areas within the range of pinyon pine in Arizona.
Scales are restricted to either P. edulis populations that experience high levels
of edaphic stress, or hybrid populations of P. edulis and P. californiarum. Are
these populations of M. acalyptus the same, or have they genetically diverged,
one adapted to “stressed” P. edulis populations and another adapted to hybrid
pinyons? Furthermore, is there local adaptation among different “stressed” host
populations and among different hybrid populations? It is important to know
whether a species such as M. acalyptus, which does not form demes on individ-
ual trees, would become local adapted at larger spatial levels. Or are herbivores
that exhibit fine-scale adaptation to host plants more likely to form biotypes or
host races? For example, Mopper et al. (1995) found adaptation by Stilbosis
quadricustatella at three different spatial levels: individual trees, populations of
different trees in the host species, and different host species. Understanding the
spatial level at which species exhibit genetic adaptations, and the factors re-
sponsible for these patterns, remains a fundamental question in evolutionary
ecology.
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4.1 Introduction

Evolutionary ecologists are interested in microgeographic genetic structure in
herbivore populations and its importance to herbivore population dynamics
(Slatkin 1987, Mopper 1996a, Gandon et al., Chapter 13, this volume, McCauley
and Goft, Chapter 9, this volume, Peterson and Denno, Chapter 12, this volume).
Two major patterns have emerged from the pioneering work by Bush (1969) and
Edmunds and Alstad (1978): Polyphagous herbivores exhibit distinct “races”
adapted to sympatrically distributed host species (Bush 1969; Pashley 1988; Aki-
moto 1990; Feder et al. 1990, Chapter 16, this volume; Via 1991; Carroll and
Boyd 1992), and specialist herbivores display genetic differentiation—demes—at
the spatial scale of individual conspecific host plants (McCauley et al. 1988;
McPheron et al. 1988; Alstad and Corbin 1990; Komatsu and Akimoto 1995).
The fine-scale partitioning of herbivore populations into demes has been impli-
cated as an important factor promoting discontinuous distributions of herbivores
within natural populations of host plants (Edmunds and Alstad 1978; Wainhouse
and Howell 1983; Hanks and Denno 1994; Mopper 1996a), and has been cited as
an important variable in understanding herbivore outbreaks (Wainhouse and
Howell 1983).

A central question underlying studies of microgeographic genetic variation
within herbivore populations is whether the variation is adaptive. In other words,
are herbivores locally adapted to their hosts? Demes may form in response to nat-
ural selection or genetic drift, and therefore may be adaptive or nonadaptive. The
adaptive value of a deme is its ability to survive and reproduce relative to other
demes. Gene flow among local demes can counteract genetic drift (unpredictable
changes in gene frequencies associated with small population size), and it can
eliminate genetic structure produced by natural selection. However, if the agents
of selection are sufficiently strong, structure will prevail despite substantial gene
flow (Slatkin 1987; Strauss and Karban, Chapter 8, this volume). While there is
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convincing experimental evidence of host-race formation—local adaptation to
sympatrically distributed host species (Akimoto 1990; Sandstrom 1996; Feder et
al., Chapter 16, this volume), the experimental evidence for herbivore adaptation
to individual host plants is less compelling and remains controversial (see Unruh
and Luck 1987; Cobb and Whitham 1993; Alstad, Chapter 1, this volume).

Edmunds and Alstad (1978) provided the first experimental evidence of “‘host
tracking” in the black pineleaf scale, Nuculaspis californica, on ponderosa pine,
Pinus ponderosa. Cohorts of scales were transferred among natal and novel trees.
Scales survived best on natal trees, indicating local adaptation of scale demes at
the level of individual trees. However, potential flaws in the experimental design
have called into question the existence of adaptive deme formation in this system
(Unruh and Luck 1987; Karban 1989; Cobb and Whitham 1993; Alstad, Chapter
1, this volume).

Transfer experiments have subsequently been conducted in a number of plant-
herbivore systems with mixed results. For example, Mopper et al. (1995) ob-
served higher survival rates among leafminers transferred to natal trees than to
novel trees, whereas Unruh and Luck (1987) found no significant differences in
scale insect survival between natal and novel hosts. In a recent literature review,
Cobb and Whitham (Chapter 3, this volume) cite two studies that provide strong
evidence of adaptive deme formation by phytophagous insects (Karban 1989;
Mopper et al. 1995), two studies that provide partial evidence (Wainhouse and
Howell 1983; Hanks and Denno 1994), and five studies that provide no evidence
(Rice 1983; Unruh and Luck 1987; Cobb and Whitham 1993; Memmott et al.
1995; Kimberling and Price 1996). In contrast, Mopper (1996a) reviewed much
of the same literature and reported that 6 of 10 studies support the hypothesis of
adaptive deme formation. Similarly, Stiling and Rossi (Chapter 2, this volume)
list 5 of 8 studies that provide experimental evidence of local adaptation.

What exactly constitutes adaptive deme formation in herbivore populations?
That different researchers can review practically the same literature yet draw
such different conclusions indicates that diverse standards of evidence are used,
and underscores the need for a critical review of the theory of adaptive deme for-
mation and the evidence adduced to support and refute it. Here we attempt such
areview.

4.2 The Theory of Adaptive Deme Formation

Ongoing investigation of adaptive deme formation has brought about several
modifications and extensions of the original hypothesis proposed by Edmunds
and Alstad (1978, 1981). Therefore, we begin our review with an explicit formu-
lation of the adaptive deme formation hypothesis. Our formulation of the hypoth-
esis is similar to Edmunds and Alstad’s original construction, but is generalized to
include dispersive as well as sessile insects (e.g., Ayers et al. 1987; Mopper et al.
1995; Stiling and Rossi, Chapter 2, this volume), and non-defense-related plant
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characteristics (see Komatsu and Akimoto 1995). See Gandon et al. (Chapter 13,
this volume), Peterson and Denno (Chapter 12, this volume), and Costa (Chapter
10, this volume), for detailed discussions of the theory and evidence regarding the
influence of host and herbivore behavior and dispersal patterns on gene flow and
local adaptation.

We propose a formulation of the adaptive deme formation hypothesis that
strongly emphasizes process (natural selection) over pattern (herbivore demes).
Our goal is to redirect hypothesis testing toward mechanisms, not mere demon-
strations of the presence or absence of predicted patterns. We consider adaptive
deme formation to be one of several competing mechanisms that can structure
herbivore populations into demes. By emphasizing mechanism, we avoid casting
the adaptive deme formation hypothesis as an existential hypothesis, which is
verifiable but not falsifiable, and therefore, outside the domain of empirical sci-
ence (Popper 1959). A mechanistic construction comes with a cost—it limits the
number of experimental systems that can rigorously test the hypothesis, since the
pattern must be present before the underlying mechanisms can be tested (see
below). Existential hypotheses have no such constraint. We recognize that these
philosophical considerations might carry little weight with experimentalists, but
we argue that systems lacking the appropriate conditions for deme formation can-
not provide rigorous tests of the deme formation hypothesis.

4.2.1 The Adaptive Deme Formation Hypothesis

The spatial heterogeneity in nutritive, defensive, or phenological traits within
populations of long-lived plants structures populations of short-lived, specialized
herbivores into demes adapted to the phenotypes of individual hosts.

In his retrospective of the black pineleaf scale-ponderosa pine system, Alstad
(Chapter 1, this volume) suggests that the adaptive deme formation hypothesis
(also known as the local-adaptation hypothesis) may be divided into intrinsic and
extrinsic hypotheses. The distinction is based on the nature of the plant traits dri-
ving the adaptive response of herbivore demes and represents an explicit recogni-
tion of the prominent role that environmental factors can play in plant-herbivore
interactions. The intrinsic hypothesis emphasizes adaptation of herbivore demes
to plant traits that are under strong genotypic control, whereas the extrinsic hy-
pothesis is directed to traits controlled primarily by the environment or by inter-
actions between plant genotypes and the environment. Alstad concludes that
much of the original evidence inferred by Edmunds and Alstad (1978) as support-
ing the intrinsic (plant genotype) local-adaptation hypothesis, is more indicative
of extrinsic (environmental) local adaptation.

We will not adopt a distinction between extrinsic and intrinsic factors in our
construction of the adaptive deme formation hypothesis, or in our review of the
experimental evidence. Interactions between herbivores and host plants are typi-
cally complex and often involve several, simultaneously covarying aspects of the
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host phenotype. It would be a rare case indeed in which herbivore demes are
adapted to host phenotypes determined solely by genotypic effects. The subdivi-
sion of host traits into unambiguous categories that are either under strict geno-
typic or environment control is impractical; therefore, partitioning the adaptive
deme formation hypothesis into intrinsic and extrinsic hypotheses is not opera-
tional (sensu Brady 1979) in natural systems.

4.3 Corollaries to the Adaptive Deme Formation Hypothesis

We have identified from the literature four major predictions that have assumed
such a prominent role in testing the adaptive deme formation hypothesis that they
may be considered corollaries, or natural consequences, of the main hypothesis.

Corollary 1: Herbivore adaptation to an individual host plant is maladap-
tive for colonizing other conspecific host plants. Corollary 1 derives di-
rectly from Edmunds and Alstad’s (1978) original test of the adaptive deme
formation hypothesis and is motivated by their observation that individual
host plants varied in defensive chemistry and therefore exerted different se-
lection pressures on their herbivore colonizers. All subsequent experimental
studies of the adaptive deme formation hypothesis have tested this predic-
tion by measuring herbivore performance following transfers to natal and
novel hosts plants.

Corollary 2: Herbivore performance and population growth increase
through time as herbivore demes become increasingly adapted to their host
plants. Corollary 2 was first presented by Edmunds and Alstad (1978) as a
positive correlation between scale density and the age of the host tree,
which supported the adaptive deme formation hypothesis in black pineleaf
scale. It has since been considered a major prediction of the theory (see
Wainhouse and Howell 1983; Unruh and Luck 1987; Cobb and Whitham,
Chapter 3, this volume).

Corollary 3: Adaptive deme formation is facilitated when host plants are
spatially isolated. Corollary 3 is based primarily on the results of Hanks and
Denno (1994, Chapter 11, this volume) and Wainhouse and Howell (1983),
who observed local adaptation among herbivores on spatially isolated
hosts.

Corollary 4: For haplodiploid herbivores, haploids (usually males) suffer
higher mortality on novel hosts than diploids. Therefore, as demes adapt to
the host plant, haploid survival and density rise. Corollary 4 (here referred
to as “haploid handicap”) is based primarily on the ponderosa pine—black
pineleaf scale interaction (Alstad et al. 1980; Alstad and Edmunds 1983a.
1983b; see Unruh and Luck 1987; Alstad, Chapter 1, this volume).
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4.4 Experimental Evidence of Adaptive Deme Formation

The adaptive deme formation hypothesis envisions a close genetic match between
herbivore demes and host-plant phenotype (“herbivore tracking™), and predicts
that herbivores will suffer lower relative fitness on novel hosts compared with
natal plants (see Corollary 1). Artificial transfers of herbivores onto natal and
novel host plants provide the primary experimental evidence adduced in support
or refutation of the adaptive deme formation hypothesis (but see Komatsu and
Akimoto 1995). Colonization success, survival, fecundity, and other aspects of
herbivore performance are used as assays of adaptation. For example, reduced
herbivore performance on novel plants compared to natal plants is indicative of
local adaptation and deemed support of the adaptive deme formation hypothesis
(e.g., Mopper et al. 1995), whereas, similar performance on natal and novel
plants, or superior performance on novel plants, is inconsistent with the hypothe-
sis (e.g., Unruh and Luck 1987).

Herbivore transfers are also the primary experimental evidence adduced in
support or refutation of the haploid handicap hypothesis. Corollary 4 predicts
high initial rates of haploid male mortality (compared to that of diploid females)
following colonization of novel hosts, with increasing male survival and densities
thereafter. To date, transfers of the armored scale, Pseudaulacaspis pentagona
(Hanks and Denno 1994, Chapter 11, this volume), and the black-pineleaf scale,
Nuculaspis californica (Alstad and Edmunds 1983a, 1983b, 1987; Alstad, Chap-
ter 1, this volume) represent the only experimental evidence explicitly testing the
haploid handicap hypothesis. Hanks and Denno (1994) inferred from generally
similar male and female survival following reciprocal transfers between spatially
isolated trees that ploidy did not influence male colonization success relative to
females. In contrast, greater intragenerational male black pineleaf scale mortality
relative to females following exposure to the insecticide Malathion resulted in an
increasingly female-biased cohort (Edmunds and Alstad 1985; Alstad and Ed-
munds 1989). In addition, transfer experiments suggested that male pineleaf scale
insects were more vulnerable to gene flow and its potential to disrupt genetic
adaptations to the natal host plant (Alstad and Edmunds 1983a, 1987, Chapter 1,
this volume).

Herbivore transfer experiments, like any assay used as a diagnostic test, are
subject to false positives and to false negatives. A false positive occurs when her-
bivore populations lack local differentiation (demic structure), yet nevertheless
exhibit superior performance on natal compared to novel hosts. A number of
mechanisms that do not involve genetic adaptation of herbivores to individual
hosts may account for this. For example, a mismatch between herbivore and host
phenologies can reduce performance. In addition, maternal effects (see Unruh
and Luck 1987; Rossiter, Chapter 6, this volume), physiological acclimation
(Karban 1989), and environmental differences (Hanks and Denno 1994; Alstad,
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Chapter 1, this volume) have been proposed as alternatives to adaptive deme for-
mation in explaining reduced herbivore performance on novel hosts following ex-
perimental transfers.

A plurality of mechanisms can confound interpretations of transfer experi-
ments and undermine evidence supporting the adaptive deme formation hypothe-
sis. For example, Karban (1989) argued that the transfer experiments of Edmunds
and Alstad (1978) could not distinguish between adaptation to individual hosts
(adaptive deme formation) and adaptation to sites (environmental effects), be-
cause all intertree transfers involved donor trees and recipient trees from distant
sites. In the same vein, Karban criticized the transfer experiments of Wainhouse
and Howell (1983), because recipient hosts were not arranged in a common gar-
den. Hanks and Denno (1994) observed in their own transfer experiments and
those of Wainhouse and Howell (1983) that evidence of adaptive deme formation
appeared only when recipient trees were relatively isolated from other heavily in-
fested trees. In fact, Hanks and Denno (1994) suggested that the failure to detect
adaptive deme formation in other experiments (Rice 1983; Unruh and Luck 1987;
Cobb and Whitham 1993) was attributable to the close proximity of heavily in-
fested trees to experimental trees, and argued that the “negative” results provided
circumstantial evidence for the importance of isolation in adaptive deme forma-
tion (see Corollary 3). An alternative explanation is the spatial autocorrelation of
environmental factors, in that isolated trees represent distinct environments, po-
tentially confounding adaptive deme formation with environmental differences.
These examples clearly illustrate that transfer experiments can provide unam-
biguous evidence of adaptive deme formation only if alternative mechanisms can
be dismissed.

Not all sources of false positives in herbivore transfer experiments are mecha-
nistic. Unruh and Luck (1987) described a scenario in which a statistical artifact,
the misinterpretation of a significant interaction effect in an analysis of variance
table (ANOVA), can result in false acceptance of the adaptive deme formation
hypothesis. In transfer experiments involving reciprocal transfers between hosts,
a significant interaction between the natal and novel treatments (donor and recip-
ient hosts) is considered consistent with adaptive deme formation (see Edmunds
and Alstad 1979; Wainhouse and Howell 1983; Karban 1989; Mopper et al. 1995;
Stiling and Rossi, Chapter 2, this volume). In one of their experiments, Unruh and
Luck (1987) observed a significant novel-by-natal-tree interaction on scale sur-
vival. However, the interaction effect was not due to higher survival of native
scales compared to immigrant scales, as predicted by Corollary 1 of the adaptive
deme formation hypothesis, but rather by unusually low survival of native scales
on one particular tree. Unruh and Luck suggested that significant interaction ef-
fects produced by reciprocal transfer experiments must be decomposed into sepa-
rate components to ascertain the source of the interaction, and to determine if the
interaction is truly consistent with the adaptive deme formation hypothesis.
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4.4.1 Problems with Power

Experimental tests of the adaptive deme formation hypothesis may also produce
false negatives. A false negative obtains when demes adapted to individual hosts
exist within herbivore populations, yet no reduction in herbivore performance is
observed following transfers to novel hosts. In most instances, false negatives
will occur because of a lack of statistical power in the experimental design. Power
is the probability of rejecting the null hypothesis when it is false. The power of
transfer experiments is determined jointly by sample size, variation in herbivore
responses, and the magnitude of fitness differences imposed on herbivores by
variation in host phenotype. The size of detectable differences is an important
consideration in an experimental design, and in interpreting the results of transfer
experiments (or any experiment designed to detect fitness differences), especially
for those experiments that yield negative results (see Endler 1986).

If selection differences between plant hosts are small, even though they are bi-
ologically important, the typical herbivore transfer experiment may not detect
them. The genetic evidence from field experiments suggests that the magnitude of
interdemic variation between herbivore populations may be too small to reveal
differences. For example, McPheron et al. (1988) and Alstad and Corbin (1990)
reported statistically significant microgeographic genetic variation in populations
of Rhagoletis pomonella and Nuculaspis californica, respectively. However, the
reported Fst values were very small, averaging only 0.010 for R. pomonella and
0.048 for N. californica. These values are probably typical of the magnitude of
differentiation at the spatial scale of individual hosts. A compendium of 29 such
Fst values collected from the literature averages only 0.045, and only 0.031 if the
large outlier (Fst = 0.427) is excluded (Table 4.1). It is important to note that
even slight differences in selection coefficients between hosts may be sufficient,
depending on the level of gene flow, to produce interdemic variation of this mag-
nitude (see Falconer 1981). Consequently, a robust test of the adaptive deme for-
mation hypothesis in a system with limited gene flow may require a transfer ex-
periment that can detect as little as a 1-5% difference in herbivore performance
between novel and natal hosts.

Low power is a special concern when herbivore responses are highly variable
(as they so often are in natural systems) and when reciprocal transfers are con-
ducted between hosts with little phenotypic variation. It is common to use only
high density hosts in transfer experiments (e.g., Mopper et al. 1995), since suffi-
cient numbers of herbivores must be available for reciprocal transfers. The use of
high-density hosts is motivated also by a tacit assumption underlying the adaptive
deme formation hypothesis (Corollary 2), namely, that high herbivore densities
represent highly adapted demes (see Alstad and Edmunds 1983a; Cobb and
Whitham 1993). It is arguable, however, that transfers between such hosts may be
a poor strategy for detecting local adaptation. First, high-density hosts may sup-
port the least differentiated herbivore populations. They may be high-density
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Table 4.1 Estimates of Genetic Variation in Phytophagous Insects at the Level of Indi-
vidual Host Plants

HERBIVORE HOST POPULATION Fst SOURCE
Chrysomela Salix BPCa 0.000 Rank 1992
aeneicollis orestera BPCb 0.113
BPCc 0.043
BPCd 0.036
BPCe 0.015
BPCf 0.039
BPCg 0.000
RCa 0.023
RCb 0.079
RCc 0.165
SLa 0.034
SLb 0.016
SLc 0.009
SLd 0.000
SLe 0.427
Nuculaspis Pinus Plot 1 0.066*  Alstad and Corbin
californica ponderosa Plot 2 0.034* (1990)
Plot 3 0.044*
Plagiodera Salix nigra 1985-2 0.008 McCauley et al.
versicolora 1986-1 0.024 (1988)
1986-2 0.041
Salix interior 1986-1 0.015
1986-2 0.037
Rhagoletis Crataegus 1982 0.011*  McPheron et al.
pomonella mollis 1985 0.009* (1988)
Rhagoletis Malus 1985 0.006 Feder et al. (1990)
pomonella pumila 1987 0.006
Crataegus 1985 0.002
mollis 1987 0.001

All Fst values are composite estimates except those indicated by an asterisk, which are averages
of Fst over all loci.

hosts simply because they are successfully colonized by herbivores with a diver-
sity of genetic backgrounds. For example, Memmott et al. (1995) mixed together
aphids collected from a variety of sources and transferred them to cypress hosts in
four different infestation categories. There was a significant positive relationship
between colonization success and infestation class of the host, suggesting that cy-
press plants varied in their resistance to herbivory. Similarly, Strauss and Karban
(1994) observed that the densities of thrips were influenced by plant resistance
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characters rather than by local adaptation to a given host. If high-density hosts do
support a composite of herbivore demes, then transfers involving such popula-
tions are unlikely to yield consistent results. Second, heavily attacked trees may
represent the same adaptive peak (poor defense, high nutritional quality, coinci-
dent phenologies, etc.) within the evolutionary landscape of host plants. If a given
level of herbivore infestation represents an adaptive peak, then exclusive use of
high-density hosts (or matching or blocking hosts according to densities, as in
Cobb and Whitham 1993; Memmott et al. 1995) may produce experiments with
little phenotypic variation among hosts, low or undetectable selection gradients
among hosts (see above), and experimental designs with relatively little power to
detect local adaptation.

Endler (1986) described a number of reasons why selection might not be de-
tected despite its existence, including the case when the measurement error of the
trait examined is larger than the magnitude of selection. Herbivore responses
measured in transfer experiments are often quite variable. For example, Karban
(1989) used the number of thrips per plant as a measure of herbivore perfor-
mance. This value (based on 10 replicates) after three generations had an average
coefficient of variation of 90.8%. Nevertheless, Karban could detect significant
effects in this experiment because of wide differences in thrips performance be-
tween treatments and a large sample size (90 host plants). Perhaps owing to
strong performance differentials and/or low variance among herbivores trans-
ferred to natal and novel plants, both Mopper et al. (1995) and Hanks and Denno
(1994) detected significant differences between treatments despite relatively low
samples sizes. These examples indicate that herbivore density and herbivore per-
formance can be variable in transfer experiments, even in those that exhibit sig-
nificant effects. We could not provide a more general estimate of the variability of
herbivore responses observed in herbivore transfer experiments because perfor-
mance and density data are rarely published in tabular form.

The number and allocation of experimental units are probably the most impor-
tant components affecting statistical power under experimenter control. In gen-
eral, replication generates power. However, transfer experiments typically in-
volve small numbers of herbivore cohorts (putative demes) and hosts, owing to
the logistical difficulties of finding and transferring large numbers of herbivores.
For example, in completely reciprocal transfer designs, Karban (1989) used only
three Apterothrips herbivore cohorts and three Erigeron host clones, and Stiling
and Rossi (Chapter 2, this volume) and Mopper et al. (1995) used four herbivore-
by-host combinations.

Compounding the effects of small sample size is the common practice in herbi-
vore transfer experiments of using nested designs with multiple replicates of a
given herbivore cohort-by-host combination. For example, Mopper et al. (1995)
used 10 replicates (cages) of each donor population on each host (although repli-
cates were ultimately pooled within trees for the analysis), Unruh and Luck
(1987) used three replicate per cohort—host combinations, and Hanks and Denno
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(1994) used between six and nine branches (set of natal and novel cages) per host.
Such multiple replication of herbivore cohorts within individual hosts represents
pseudoreplication (sensu Hurlbert 1984). A preferred method would be fewer her-
bivore replicates within hosts, but more combinations of different herbivore—host
transfers. The fact that several of these experiments, despite their low level of ef-
fective replication, detected significant differences in herbivore performance be-
tween natal and novel hosts suggests that the selection gradients created by host-
plant phenotypes were relatively large.

The power of transfer experiments is determined also by the type of experi-
mental design used. Some designs are inherently more powerful than others in de-
tecting certain effects. For example, Cobb and Whitham (1993) conducted a re-
ciprocal transfer experiment where hosts were blocked according to infestation
levels (see also Memmott et al. 1995). The test of donor-by-receptor interaction
(evidence of deme formation) was based on the number of donor and receptor
blocks (N. Cobb, personal communication). A more powerful approach would
have been to test the interaction using individual trees, perhaps using natural scale
infestation levels as a covariate. In addition, Horton et al. (1991) described the
use of repeated-measures designs in detecting local adaptation in host races, and
demonstrated that these designs can offer substantial power advantages over
completely randomized designs in detecting host-by-population interactions.
Repeated-measures designs would appear also to be a good choice for experi-
mental tests of the adaptive deme formation hypothesis.

For these reasons, the typical herbivore transfer experiment likely will have
low power in detecting slight differences in selection coefficients between hosts.
The degree to which such experiments refute the adaptive deme formation hy-
pothesis is questionable. Experiments with low statistical power confound a lack
of effect (adaptive deme formation) with an inability to detect the effect, and can-
not therefore provide strong refutations of hypotheses. Unfortunately, none of the
studies that have failed to support the adaptive deme formation hypothesis (Rice
1983; Unruh and Luck 1987; Cobb and Whitham 1993; Hanks and Denno 1994
[near tree transfers]; Memmott et al. 1995; Kimberling and Price 1996) provide
power analyses, so it is impossible to gauge, in a statistical sense, the rigor of
these experimental refutations.

Herbivore transfer experiments may generate an additional type of false nega-
tive with respect to the adaptive deme formation hypothesis. This occurs when
transfers are conducted in experimental systems that lack the necessary condi-
tions for adaptive deme formation. A number of studies have described attributes
of experimental systems that make adaptive deme formation unlikely, including
high levels of gene flow, weak or density-dependent selection, ontogenetic or
temporal changes in host resistance, within-host heterogeneity in resources or re-
sistance, and environmental catastrophes (see Hanks and Denno 1994, Chapter
11, this volume; Cobb and Whitham 1993, Chapter 3, this volume). In such sys-
tems, a rigorous test is not possible (see above), and failure to provide evidence of
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adaptive deme formation must be viewed as a trivial result (false negative), par-
ticularly if demes cannot exist in the first place, or if transfers are between hosts
with little phenotypic variation. Demonstrating a lack of adaptive deme formation
in these types of experimental systems may say something about the prevalence
of the conditions necessary for adaptive deme formation, but it says little about
the mechanism itself.

4.4.2 Correlative Evidence

Correlative evidence has been adduced in support or in refutation of all four
corollaries of the adaptive deme formation hypothesis. With respect to Corollary
1, Alstad and Edmunds (1983b) reported a significant inverse relationship be-
tween the density of scales on a host and their colonization success following
transfer to novel hosts (see also Edmunds and Alstad 1981). Alstad and Edmunds
(1983b) interpreted this as support for Corollary 1 and its prediction that adapta-
tion to a given host individual is maladaptive for colonizing new hosts.

Most of the correlative evidence gathered with respect to the adaptive deme
formation hypothesis has been directed at Corollary 2 and its prediction that her-
bivore performance and population growth will increase as herbivore demes be-
come better adapted to their hosts. Temporal patterns of herbivore density and
performance have been examined in a variety of systems and have yielded mixed
results. For example, a positive relationship between host age and herbivore den-
sity has been adduced in support of Corollary 2 (Edmunds and Alstad 1978, 1981;
Wainhouse and Howell 1983), while failure to find such a relationship has been
offered as refutation (Cobb and Whitham, Chapter 3, this volume). In addition,
Cobb and Whitham (1993) failed to observe a decrease in rates of herbivore mor-
tality in newly established populations (putative demes) through time and deemed
this result to be inconsistent with the adaptive deme formation hypothesis.

The contention that adaptive deme formation is facilitated by host spatial isola-
tion and has (Corollary 3) attracted relatively little attention. Alstad and Edmunds
(1987) examined scale densities on twigs adjacent to and distant from neighbor-
ing trees, and observed significantly higher densities on the distant twigs, which
they interpreted as evidence of outbreeding depression (breakdown of adaptive
demes) at the margins of individual hosts (see also Alstad and Edmunds 1983a).
At a larger spatial scale, Kimberling and Price (1996) failed to detect a significant
relationship between colonization success of Phylloxera cohorts on grape cut-
tings in experimental arenas and the distance between the original grape clones in
the field. To test for environmental effects on adaptive variation, Strauss (1997)
examined the relative performance of Blepharida rhois on natal and novel plants
of Rhus glabra as a function of the distance between hosts. There were significant
environmental gradients in survivorship and development time, but no evidence
that relative performance increased with distance per se. For larval weight, rela-
tive performance actually decreased with distance between hosts. Although Strauss
(1997) and Kimberling and Price (1996) provide some correlative data, they did
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not measure the spatial distance between insect subpopulations, and the relation-
ship between isolation and deme formation remains unresolved.

The ponderosa pine-black pineleaf scale system has produced all of the correl-
ative evidence adduced in support of Corollary 4 and its prediction of increasing
male bias (performance) as herbivore demes become more adapted to their hosts
(Alstad et al. 1980; Alstad and Edmunds 1983a, 1983b; Alstad, Chapter 1, this
volume). For example, Alstad and Edmunds (1983a) reported significant yearly
increases in the relative frequency of male scales on 18 ponderosa pines sampled
over a three-year period (see also Alstad et al. 1980; Alstad and Edmunds 1983b).
In addition, Alstad and Edmunds (1983a) reported significantly lower male-to-
female ratios for scales on twigs adjacent to neighboring pines than for scales on
distant twigs (see also Alstad and Edmunds 1983b; Alstad, Chapter 1, this vol-
ume). However, Unruh and Luck (1987) and Alstad (Chapter 1, this volume) de-
scribed a number of potential confounding factors and alternative explanations
for these results, including sex-biased differential mortality, density-related sex-
ratio shifts, and sexual dimorphism in tolerance to environmental stress.

4.5 Testing the Adaptive Deme Formation Hypothesis

4.5.1 Defining the Question

The mechanistic formulation of the adaptive deme formation hypothesis asserts
that host-plant mediated natural selection produces locally adapted demes within
herbivore populations. In other words, natural selection is the mechanism that
produces the pattern-herbivore demes adapted to individual host plants. The hy-
pothesis is conditioned jointly on the strength of the selection gradient created by
phenotypic variation among hosts, and the degree of gene flow within the herbi-
vore population (Strauss and Karban, Chapter 8, this volume). Plant phenotypic
variation and limited herbivore gene flow create the necessary, but not sufficient,
conditions for natural selection to structure herbivore populations into demes
(adaptive deme formation). On the other hand, similarity among host phenotypes
and/or high levels of gene flow could counteract natural selection and prevent
demes from evolving. Under these conditions, adaptive deme formation is not
likely to occur, and an experimental system exhibiting these characteristics is in-
appropriate for testing the hypothesis. Simply put, an experimental system that
does not provide the necessary conditions for adaptive deme formation cannot
provide a rigorous test of the adaptive deme formation hypothesis.

Therefore, the strongest possible endorsement or refutation of the hypothesis
requires two conditions: First, the host-plant population must comprise pheno-
typically heterogeneous individuals (see Berenbaum and Zangerl, Chapter 5;
Strauss and Karban, Chapter 8; and Gandon et al., Chapter 13, this volume).
These traits may be concentrations of autritive or defensive compounds, mechan-
ical properties such as leaf size or trichome density, phenological variation in
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foliage production, and so on. However, they must have the potential to exert se-
lection pressure on colonizing herbivores. Second, genetic variation in the herbi-
vore population must be structured into demes at the spatial scale of individual
host plants. Demic structure is indicative of restricted gene flow, which may arise
from dispersal behavior, genetic drift, stochastic events, or natural selection.
Under these conditions, experimental evidence that the observed demic structure
is adaptive provides strong support of the mechanistic adaptive deme formation
hypothesis. Refutation of the hypothesis is achieved when deme formation is in-
dependent of variation in host phenotype, that is, nonadaptive.

4.5.2 The Essential Conditions
4.5.2.1 Plant Phenotypic Variation

Surprisingly few studies of adaptive deme formation have explicitly addressed
plant phenotypic variation. That populations of long-lived, sexually reproducing
plants are heterogeneous enough to generate differential selection pressures on
herbivores is a virtual paradigm. Perhaps because this assumption is so pervasive,
no experimental study of adaptive deme formation has explicitly examined varia-
tion in the phenotypic traits of host plants to which insects were transferred. Nev-
ertheless, the assumption of plant phenotypic variation is well-founded and based
on an extensive literature documenting individual variation in chemical and me-
chanical resistance to herbivory (see reviews in Denno and McClure 1983; Fritz
and Simms 1992; Horner and Abrahamson 1992). And in a review of the deme-
and host-race-formation literature, Strauss and Karban (Chapter 8, this volume)
observed that the strength of selection imposed on novel insect lines by individual
plants of the same species was comparable to that imposed on novel insect lines
by different host plant species. One of the few studies to investigate agents of
plant-mediated selection (Komatsu and Akimoto 1995) provides insight into how
variation in a plant trait-budburst phenology-is associated with local adaptation in
herbivores. Mopper (Chapter 7, this volume) also detected significant variation in
leaf production phenology among individual oak trees, and between sites and oak
species.

4.5.2.2 Herbivore Population Structure

Numerous studies document fine-scale genetic structure in herbivore popula-
tions (see reviews in this volume by Peterson and Denno, Chapter 12; Costa,
Chapter 10; McCauley and Goff, Chapter 9; Itami et al., Chapter 15; Thomas and
Singer, Chapter 14; Feder et al., Chapter 16) but rarely in the context of adaptive
deme formation (see Table 4.1). Nonetheless, the most rigorous test of the mech-
anistic hypothesis requires that demic structure is not only possible, but evident.
Studies by McPheron et al. (1988) and McCauley and Eanes (1987) detected demic
structure, although they disagree as to the underlying mechanisms. McPheron et
al. (1988) propose that natural selection structures Rhagoletis pomonella flies on
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mature hawthorn trees, and McCauley and Eanes (1987) hypothesize that genetic
drift/founder effects associated with ephemeral host-plant patch dynamics pro-
duce microgeographic structure in Tetraopes tetraopthalmus milkweed beetle
populations. Without experimental manipulation, it is impossible to understand
causative mechanisms.

Two unpublished studies have determined allozyme variation among herbi-
vores collected from the same populations used in reciprocal transfer experiments
testing adaptive deme formation (Strauss, unpublished data; Landau and Mopper,
unpublished data). Strauss’s (1977) transfer experiments with sumac flea beetles
refuted the adaptive deme formation hypothesis, in contrast to Mopper et al’s.
(1995) transfers of oak leafminers, which supported the hypothesis. The unpub-
lished allozyme data collected from both systems indicated local population
structure, providing evidence on the one hand for nonadaptive demic structure of
flea beetles (Strauss) and on the other hand, for adaptive demic structure in the
oak leaf miner (Landau and Mopper).

The only published study directly addressing genetic structure in the context of
adaptive deme formation detected structure in black pineleaf scale insects at the
spatial scale of sites, trees within sites, and branches within trees (Alstad and
Corbin 1990; Alstad, Chapter 1, this volume). Of the three polymorphic enzymes
examined, two appeared neutral and were nonrandomly distributed among scales
insects inhabiting different branches within the same tree. This supports the “drift
hypothesis”—nonrandom, nonadaptive structure caused primarily by the high
“viscosity” of the pineleaf scale mating system, which markedly restricts gene
flow. However, one locus (malic enzyme—examined among, not within, trees) is
correlated with scale density and sex ratio, and therefore appears to be adaptive or
linked with a gene under selection. Alstad (Chapter 1, this volume) proposes that
selection on malic enzyme results from scale-induced deterioration in plant qual-
ity by feeding, not from selection by intrinsic host-plant genetic traits. All of these
studies indicate that herbivore genetic structure is common, even at very fine spa-
tial scales; but its adaptive significance remains to be determined.

4.5.3 Testing the Hypothesis

If the essential conditions prevail, the final objective is to test the prediction
(Corollary 1) that herbivores are locally adapted to individual host plants. Adap-
tation, or lack thereof, must be determined, and to do so requires experiments that
compare herbivore fitness on natal and novel host plants. The experimenter trans-
fers herbivores, then measures designated fitness components (depending in large
part on species’ life-history attributes) to test the central prediction that herbivores
will realize greater fitness on their natal host plant than on a novel host plant.
Many indices of performance have been employed to estimate herbivore fitness.
including density, egg and larval survival, developmental rates, and fecundity
(Table 4.2).
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Table 4.2 Experimental tests of the adaptive deme formation hypothesis

DONOR RECIPIENT
HERBIVORE HOST EVIDENCE POPULATIONS HOSTS
Apterothrips Erigeron Experimental 3 3
secticornis glaucus
Experimental 3 3
Asphondylia Borrichia Experimental 4 4
borrichiae frutescens
Blepharida Rhus glabra Experimental 8 8
rhois
Cinara Cupressus Experimental 8 4 pairs
cupressi lusitanica
Cryptococcus Fagus sylvatica  Experimental 3 2
fagisuga (1979)
Experimental 4 2
(1980)
Experimental 5 5
(forest trees)
Daktulosphaira  Vitus arizonica Experimental 4(2) 6
vitifoliae
Kaltenbachiella  Ulmus davidiana Quantitative ge- 6
Jjaponica netic (1991)
Quantitative ge- 6
netic (1992)
Matsucoccus Pinus edulis Experimental 3 density 4 density
acalyptus (transfers) classes classes
Experimental
(defaunation)
Matsucoccus Pinus mono- Experimental (SB) 10 10
acalyptus phylla Experimental (TM) 8 6
Experimental 12* 6

(SB to TM)
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ADAPTIVE
RESPONSE DEME COROLLARY
REPLICATION  VARIABLE FORMATION SOURCE

10 Population size + Karban (1989)

2 Population size + Strauss and Kar-
ban (1994)

15 Abundance gall + Stiling and Rossi
size, gall (1997)
abortion,
parasitism

6 Survivorship - Strauss (1997)
Developmental
time, pupal
weight, pre-
dation
2 Survivorship - Memmott et al.
(1995)
5 Survivorship, + Wainhouse and
fecundity Howell (1983)
5-6 Survivorship,
fecundity
Survivorship,
fecundity
3 Colonization, Kimberling and
survivorship, - Price (1996)
fecundity
3-8 Hatching time + Komatsu
and Akimoto
2-6 Hatching time + (1995)
2 Mortality - Cobb and Whit-
ham (1993)
20 Mortality Cobb and Whit-
ham (1997)
3 Survivorship - Unruh and Luck
4 Survivorship (1987)
4 Survivorship
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Table 4.2 (continued)

DONOR RECIPIENT
HERBIVORE HOST EVIDENCE POPULATIONS HOSTS
Nuculaspis Pinus ponderosa  Experimental 10 10
californica
Experimental 5 5
Correlative
Correlative
Correlative
Correlative
Correlative
Nuculaspis Pinus lamber- Experimental 10 65(7)
californica tiana Experimental 18(15) 31
Pseudaulacaspis Morus alba Experimental (near) 10 5 pairs
pentagona Experimental (far) 10 5 pairs
Stilbosis quadri- Quercus Experimental 4 4

custatella geminata
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REPLICATION

ADAPTIVE
RESPONSE

VARIABLE FORMATION

COROLLARY

SOURCE

3

667

11 pairs

11-18

11
22 pairs

18

Survivorship

Population
size & age

Sex ratio &
position

Sex ratio
& time

Population size
& position

Survivorship &
population size

Sex ratio & popu-
lation size

Survivorship
Survivorship

Survivorship

Survivorship

Mortality

Predation/para-
sitism

Edmunds and
Alstad (1978)
Edmunds and
Alstad (1981)
Alstad (1997)
Edmunds and
Alstad (1978)
Edmunds and
Alstad (1981)
Alstad and Ed-
munds (1983a)
Alstad and Ed-
munds (1983b)
Alstad (1997)
Alstad et al.
(1980)
Alstad and Ed-
munds (1983b)
Alstad and Ed-
munds (1991)
Alstad (1997)
Alstad and Ed-
munds (1987)
Alstad and Ed-
munds (1983b)
Alstad (1997)

Rice (1983)

Hanks and
Denno (1994)

Mopper et al.
(1995)
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4.5.3.1 Experimental Design

The most powerful experimental test of the adaptive deme formation hypothe-
sis is a transfer of herbivores between host plants. Most experiments are con-
ducted as reciprocal transfers in which insects are collected from, and returned to,
their natal host and to novel host plants. Typically, data are analyzed by a factorial
analysis of variance (Hanks and Denno 1994; Strauss 1997) when the response
variables are continuous, or by log-linear models (Mopper et al. 1995; Stiling and
Rossi, Chapter 2, this volume) when response variables are discrete. Evidence for
adaptation to individual host plants appears as an interaction effect between the
natal and novel treatments, not between individual host plants, as Unruh and
Luck (1987) caution. Horton et al. (1991) describe an alternative and potentially
more powerful method of testing local adaptation by using a repeated-measures
design. This approach requires certain conditions (ability to subdivide and trans-
fer related herbivores) that may be unrealistic in most natural herbivore popula-
tions but could be an excellent alternative when herbivores occur in distinct
groups of easily transferred siblings (e.g., diprionid sawflies; Mopper et al.,
1990), or when they can be collected and reared in the laboratory prior to distri-
bution to experimental treatments (example in Horton et al. 1991).

A test of Corollary 3 (adaptive deme formation facilitated by genetic isolation)
can be incorporated into the design by manipulating the distance between donor
and recipient plants. However, if host plants are widely dispersed, the results
must be carefully interpreted because of the potential confounding effects of en-
vironmental variation (Edmunds and Alstad 1978). An additional caveat is
whether host plants are isolated from all potential sources of herbivore gene flow
or only isolated from other plants in the experiment. Pairwise comparisons do not
eliminate the possibility of gene flow between herbivores inhabiting experimen-
tal and nonexperimental host plants.

Hanks and Denno (1994) incorporated isolation into their design and observed
a significant effect: Only scale insects that were isolated from conspecific neigh-
bors displayed differential survival consistent with adaptive deme formation.
Mopper et al. (1995) transferred oak leafminers at three spatial scales: between
individual host plants, between different host plant species growing sympatri-
cally, and between host plant populations growing 60 km apart. In each compari-
son, leafminers transferred to natal hosts performed significantly better than those
transferred to the novel hosts. Furthermore, the largest difference in herbivore
performance occurred in the between-site transfer (Mopper, Chapter 7, this vol-
ume). This study supports the adaptive deme formation hypothesis, and it also in-
dicates that isolation and environmental effects have discernible impacts on pop-
ulation structure. Virtually all experimental tests of the adaptive deme formation
hypothesis conduct reciprocal transters of herbivores among stationary natal and
novel host plants. One exception is the study conducted by Stiling and Rossi
(Chapter 2, this volume) who designed a creative alternative to the standard ap-
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proaches. They reciprocally transferred host plants (Borrichia frutescens) among
four offshore islands and monitored the performance of stem gall midges (Asphon-
dylia borrichiae) native to each islands. The experiment revealed adaptive ge-
netic structure in the stem gall populations.

4.5.3.2 Estimating Fitness
4.5.3.2.1 Density

The use of herbivore density as a measure of local adaptation has been a fun-
damental assumption underlying much of the correlative evidence used to invoke
adaptive deme formation (Corollary 2). However, density is an unreliable fitness
component, because herbivore populations are notoriously variable over time and
space, often exhibiting unpredictable explosions and collapses (Andrewartha and
Birch 1954). Even when measured on the same host plants over time, herbivore
populations are typically quite variable (Alstad, Chapter 1, this volume; Mopper,
Chapter 7, this volume). For example, Boecklen and Price (1991) observed that
herbivore densities on <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>