Horse Chestnut Scale (Pulvinaria regalis) (Homoptera: Coccidae) and Urban
Host Tree Environment

M. R. Speight; R. S. Hails; M. Gilbert; A. Foggo

Ecology, Volume 79, Issue 5 (Jul., 1998), 1503-1513.

Stable URL:
http://links jstor.org/sici?sici=0012-9658%28199807%2979%3 A5%3C1503%3AHCS %28R%28%3E2.0.CO%3B2-9

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

Ecology is published by The Ecological Society of America. Please contact the publisher for further permissions
regarding the use of this work. Publisher contact information may be obtained at
http://www jstor.org/journals/esa.html.

Ecology
©1998 The Ecological Society of America

JSTOR and the JSTOR logo are trademarks of JSTOR, and are Registered in the U.S. Patent and Trademark Office.
For more information on JSTOR contact jstor-info@umich.edu.

©2003 JSTOR

http://www.jstor.org/
Wed Apr 9 11:14:21 2003



Ecology, 79(5), 1998, pp. 15031513
© 1998 by the Ecological Society of America

HORSE CHESTNUT SCALE (PULVINARIA REGALIS)

(HOMOPTERA: COCCIDAE) AND URBAN HOST TREE ENVIRONMENT

M. R. SpeiGHT,' R. S. HAILS,? M. GILBERT,*> AND A. FOGGO*

'Department of Zoology, University of Oxford, South Parks Road, Oxford, OX1 3PS, UK
2NERC Institute of Virology and Environmental Microbiology, Mansfield Road, Oxford, OXI 3SR, UK

3Dept. de Biologie Animale et Cellulaire, Université Libres de Bruxelles, CP130/02, Av. FD Roosevelt, 50, 1050,

Brussels, Belgium
“Department of Biological Sciences, University of Plymouth, Drake Circus, Plymouth PL4 8AA, UK

Abstract. The analysis and explanation of the spatial distribution of organisms within
a locality are problematic. This study uses a combination of standard analytical methods
(Generalized Linear Interactive Modeling [GLIM]) with recently developed spatial statis-
tical techniques (geostatistical analysis), on a model system of insect—plant interactions in
an urban setting. Infestations of the horse chestnut scale, Pulvinaria regalis, were mapped
on three tree species in Oxford, United Kingdom. Various tree parameters were measured,
as were aspects of the site in which each tree was growing. Using general linear modeling
and geostatistics, the distribution and intensity of scale populations were investigated in
relation to these parameters. The trees were separated into those that showed no symptoms
of lack of vigor and those that were clearly unhealthy. In both cases, the only parameter
that explained much of the variance in the scale egg densities on trees was the impermeability
of the substrate surface under the trees, such that as substrates became more impermeable
to water and nutrients (for example, as a result of concrete or roadways), the higher were
the pest densities on those trees. For the vigorous trees alone, an extra parameter, that of
building distance, was also found to be significant, so that trees very close to buildings
also showed high pest densities. The spatial dependence of scale insect eggs on trees was
found to be anisotropic through the sample area, in the southwest/northeast direction,

attributable to wind speed, direction, and canyon effects.
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INTRODUCTION

For most animals and plants, urban environments
represent different habitats to those in which they
evolved. Both abiotic and biotic conditions may vary
from those found in natural habitats, and organisms
living in urban areas might be expected to vary in their
fitness as a consequence of how well adapted they are
to these evolutionarily novel conditions. Abiotic con-
ditions in urban habitats relative to those in rural areas
often include higher wind speeds, due to a ‘“‘canyon”
effect in long open streets, increased temperatures and
insolation, lower soil moisture and nutrient flow, and
higher levels of aerial pollution (Luria et al. 1990, Kjel-
gren and Clark 1992). Biotic conditions may include
lower plant and animal species diversity, altered natural
enemy loads, higher management intensity of plants
and animals, and also an increased likelihood of me-
chanical damage (Fraser and Frankie 1986, Ruszczyk
1986). One of the consequences of these differences
may be an increased variability in vigor of town trees,
due to their differing abilities to tolerate these condi-

Manuscript received 24 July 1996; revised 23 April 1997;
accepted 10 May 1997, final version received 30 June 1997.

5 Present address: Department of Zoology, University of
Oxford, South Parks Road, Oxford, OX1 3PS, UK.

canyon effects; geostatistics; kriging; plant stress; Pulvinaria regalis; scale insects;

tions. Variations in vigor may in many cases be related
to stresses derived from the trees’ environment (Hous-
ton 1984). The relationships between tree vigor, stress,
and the growing environment (site) are complex
(Speight and Wainhouse 1989, Speight 1996), and the
role of vigor and stress respectively in shaping the
physiologic responses of trees to environmental factors
is currently a matter of debate (Watt 1994). It is none-
theless true that in a general sense town trees are often
found to be less healthy than their rural counterparts
(Coffelt and Schultz 1993).

Various causes of tree unhealthiness in urban habitats
have been suggested. For example, Kjelgren and Clark
(1992) report that the growth of town trees can be re-
stricted, predominantly by the chronically high evap-
orative demand and limited soil resources typical of
street habitats. Building and road works frequently lim-
it the amount of water reaching tree roots (Nogueira
1976), and in general, drought conditions are thought
to prevail in urban habitats, probably because of the
low permeability of ground surfaces to rain water cou-
pled with efficient roadside drainage systems (Houston
1984).

The horse chestnut scale insect, Pulvinaria regalis
Canard, is a typical urban insect (Speight and Nicol
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TABLE 1. Summary of measurements made on trees during the Oxford Survey.

Category Measurement type Code
Tree species Name SPS
Location Map XY coordinate XY
Height of tree Absolute HGT
Diameter at breast height Absolute DBH
Evidence of low vigor Yes or not VIG
Distance to nearest infested tree Absolute INFE
Distance to nearest road Absolute ROAD
Distance to nearest building Absolutei BLDG
Impermeability of ground under canopy Percentage§ IMP
Level of adult/egg infestation Score from 0 to 10]| EGG
Density of nymphs on leaves Absolute] NYM

+ Low vigor was assessed by recording the incidence on each tree of the following phenomena:
(a) crown dieback, (b) branch or twig dieback, (c) dead branches, (d) rot holes, (e) and fungal
fruiting bodies. If one or more of these features was observed, then low vigor was scored as
“‘yes.”

1 A building was defined as any large man-made structure such as a house or office block,
but garden walls were excluded.

§ Impermeability under the tree was assessed by eye, in terms of the type of ground cover.
Paving slabs, tarmac, and concrete were considered to be impermeable to water and nutrients,
whereas soil, grass, or gravel overlying soil were considered to be permeable. If, for example,
a tree was growing next to a road but with one-half of the area under its canopy in grass or
soil, then the impermeability was scored as 50%.

|| Adult and accompanying egg mass infestations on each tree were scored using an ‘‘eyeball’
estimate of bark covered. A tree devoid of any scales received a score of zero, while one with
100% of its bark covered by scales and egg masses received a score of 10. Infestations between
these limits were graded at intervals of 10%.

q From each tree, a random sample of 10 leaves was collected at the time of the survey. The
size (area) of each leaf was measured using a leaf-area analyzer, and all scale insect nymphs
settled on both upper and lower leaf surfaces were counted. A measure of mean nymph density
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per square centimeter of leaf surface per tree could then be calculated.

1985), which is rarely, if ever, found in rural areas in
the United Kingdom (UK). The species was first en-
countered in the UK in the late 1960s (Harris 1970),
and is now fairly widespread in England and Wales
(Speight and Nicol 1985). This species has also been
reported as an urban problem in Belgium (Merlin et al.
1988), in France (Meirleire 1984), and in Germany
(Sengonca and Faber 1995). The infestations of adult
females and their egg masses are unsightly, and the
effect on the growth of host trees by the feeding of
nymphs can be severe (Speight 1991). Because of its
huge fecundity (Speight 1994) and ability to spread
rapidly through urban areas as highly mobile first instar
crawlers, the overall impact of this species both as an
eyesore and also as a growth-retarding agent can be
considerable. However, infestations in towns in south-
ern England are patchy, with some host trees badly
infested and others little affected.

This paper describes the results of work conducted
to investigate possible causes of P. regalis infestation
in urban trees in Oxford, England. It uses survey data
to examine the role of various environmental param-
eters in predicting the distribution of P. regalis infes-
tations, and employs a combination of analytical ap-
proaches from generalized linear interactive modeling
to spatial statistics.

METHODS
Survey methods

Infestations of P. regalis on town trees were sur-
veyed in Oxford in June 1990, at a period when adult

females with the remnants of their egg masses were
most in evidence, but after egg hatch and nymphal
colonization of leaves. A small-scale pilot survey was
carried out initially, with surveyors being trained in the
techniques to standardize record keeping and score as-
sessments. Two people made up each team in the full
survey, and double scoring was used to reduce observer
bias. The categories assessed during the survey are
presented in Table 1.

The survey covered an area of Oxford which in-
cluded the main shopping area, colleges and university
departments, and extended for 1.6 km (one mile) east
to west and 1.6 km (one mile) north to south, with a
total area of ~250 ha. Only the three main tree species
known to be hosts for Pulvinaria regalis (Speight 1991)
were included in the survey; namely horse chestnut
(Aesculus hippocastanuem L.), lime (Tilia cordata Mil-
ler), and sycamore (Acer pseudoplatanus L.), though
egg masses occurring on other species were noted. All
trees, whatever their age, of the three species within
the survey area were recorded, numbering 233 in total.

Analysis

Traditional multiple regression approaches to the
analysis of data generated by this type of survey are
fraught with problems of correlation between variables,
and multiplicity of P values. Nonetheless, surveys are
often the only form of investigation possible in the
early stages of ecological studies, and they provide
vital evidence for the creation of hypotheses about cau-
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sality that may be subsequently investigated in exper-
imental investigations. Scatterplots of the survey data
suggested that the trees were not evenly distributed.
Spatial distributions of trees were therefore tested for
overdispersion at two levels of organization; the entire
population, and infested specimens only. Local fre-
quencies of trees in each class were determined by
superimposing a 100 X 100 m grid on the survey area.
In each case cells containing no trees were discounted,
then the observed frequency distribution of trees in the
grid was compared to that expected from a Poisson
distribution (G test for goodness-of-fit), lumping across
categories where demanded by low expected values.
To ensure independence from cell demarcation, the
tests were repeated with the grid displaced through 50
m on each axis. Test results indicated that the distri-
butions of trees in both classes were significantly ov-
erdispersed (all trees: G = 32.7/36.4, P < 0.001, df =
4; infested trees G = 28.5/31.8, P < 0.001, df = 4).

Two measures of P. regalis infestation level were
provided by the survey (egg code and nymph density),
but because they were highly correlated (P < 0.001),
only the egg code variable was employed in analysis.
The nymph density data was considered to be less ap-
propriate since eggs are indicative of the surviving
scale populations on each tree, without the extra com-
plication of potential immigration and emigration of
crawlers. Prior to commencing analysis, the number of
independent variables (see Table 1) was reduced to de-
crease the problems of multiplicity of P values. Cor-
related pairs of independent variables such as tree
height and diameter were identified, and only the mem-
ber of the pair explaining the higher proportion of vari-
ance in a simple multiple regression was included in
the final model.

A Poisson error structure was assumed for data
(based on counts), and this was substantiated during
the analysis by model checking procedures. The scale
parameter was also calculated and used to compensate
for overdispersion where necessary. Variables entered
into the final GLIM regression model were: species
(SPS), diameter (DBH), distance from nearest infested
tree (INFEST), distance to nearest road (ROAD), per-
centage impermeability of ground surface under tree
canopy (IMP), vigor estimate of tree (VIG), and dis-
tance from nearest building (BLDG). In the case of the
final parameter, any building farther than 50 m from a
tree was constrained in the GLIM analysis to be at 50
m; this was carried out to reduce the overemphasis on
a few, distant, outlying data points wherein no building
influence could be envisaged.

The GLIM analysis was carried out using standard
model criticisms. Residuals were plotted against fitted
values and explanatory variables during the process,
and these plots were examined for any recognizable
pattern. A Poisson error structure was established as
the most appropriate. Compensation for overdispersion
was carried out at the model-fitting stage. Variables
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were entered into the model simultaneously, and then
adjusted and sequential ss were compared to simplify
the final model by excluding variables with marginal
significance (e.g., 0.01 < P < 0.05), with a critical
value of P < 0.001 being set for variable inclusion in
the final model. The choice of P < 0.001 rather than
a higher level of significance meant that only the very
important variables were considered.

Geostatistical tools were used to explore the spatial
component of the data. They allow the exploration and
quantification of the spatial continuity of a geo-refer-
enced data set. A more complete description of these
tools is presented in Isaaks and Srivastava (1989) and
Cressie (1993). A conflict between the GLIM analysis
and the spatial statistics might be identified, in that
errors from both protocols may be related. This is un-
avoidable, but the reason for performing the two types
of analysis on the same data set was to explore different
aspects of the same phenomenon. Normally, in work
of this nature, spatial relationships are completely ig-
nored.

The principle of spatial continuity is based on the
premise that pairs of random variables, only short dis-
tances apart, are likely to have values that are more
similar to each other than those of other pairs of the
same variables that are farther apart from each other
(Isaaks and Srivastava, 1989). Different tools exist in
geostatistics to explore and quantify the spatial con-
tinuity of a data set, which include h-scatterplots, se-
mivariograms, non-ergotic correlograms (N-E correl-
ogram) and non-ergotic covariance measures (Rossi et
al. 1992). The semivariogram is a crucial tool used in
geostatistics to describe the spatial continuity of a data
set. Let z(x;) be an observation at location x; and z(x;
+ h) an observation at location x; + h (h can be a
scalar or a vector); a classical estimator of the semi-
variance at lag h is given as

N(h)
> [x) — z(x, + WP
y(h) = =

2N (h)

where N(h) is the number of data points separated in
space by a lag of h. The most widely used geostatistical
techniques assume that the random process is station-
ary; it is assumed that neither the expectation of the
process nor its variogram are dependent on location.
Furthermore, if the semivariogram is only a function
of distance h and is independent of direction, the pro-
cess is said to be isotropic, otherwise, it is anisotropic.
Usually, as suggested above, data from locations that
are close together give values that are more similar
than data separated by larger distances. For this reason,
the semivariance is usually small at small lags, and
increases with lag. In most cases, there is a lag value
beyond which it does not increase any more (spatial
dependence is no longer perceptible); this lag value is
called range, and the corresponding semivariogram pla-
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FiG. 1.
vigor and scale insect egg infestation. Dark shaded streets indicate the major roads used by heavy traffic, and light shaded
areas indicate the green areas.

teau is referred to as the sill. In stationary processes,
and when the study-area radius is large when compared
to the range, sill value is equal to the process variance.
When the lag is zero, the semivariance is, by definition,
always zero. In reality, however, semivariograms often
tend to a positive value when lag is zero; this is called
the nugget effect. There are two explanations for this
effect; firstly, measurement errors may create ‘‘white
noise’’ that is added to the semivariogram, and sec-
ondly, it can be due to variations at a smaller scale
than the smallest h.

Geostatistical studies are never straightforward; re-
sults of each step in the analysis guide the choice of
methods that will produce meaningful results in the
next step (Rossi et al. 1992). In the present study, in-
teractive exploratory variography and modeling were
performed using the software package Variowin (Pan-
natier, 1996). The geostatistical analysis had two main
goals. The first was to provide the best egg density
surface map and the second was to explore the spatial
distribution of the data. Two separate techniques were
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Street map of central Oxford, showing the distribution of sampled trees, together with a representation of their

employed, ordinary kriging, and spatial dependence
analysis.

The estimation tool known as ordinary kriging takes
account of the estimated range, sill, and directional
anisotropy in a model that is used for spatial interpo-
lation. These surfaces provide visual (mapped) descrip-
tions of the geographical distribution of populations
(Maurer 1994). They allow complex patterns such as
those revealed in multivariate analyses to be displayed
in a simple, intuitive format, and illustrate patterns re-
lated to statistical trends.

RESULTS

The distribution of sample trees in central Oxford is
shown in Fig. 1, with the density of eggs on each tree
indicated by the relative size of the markers at each
location. Circular markers indicate the positions of vig-
orous trees, while squares indicate the positions of non-
vigorous trees. The majority of trees were found along
roadsides or in town squares, so that the samples were
nonuniformly distributed. The spatial continuity be-
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tween points can be seen to change markedly from one
area to another such that in the northwest, southwest,
and northeast part of the map, the spatial continuity of
infestation levels appears to be fairly good. On the
other hand, in the middle of the map, it can be observed
that highly attacked trees are close to unattacked ones.
These discontinuities may have a strong influence on
the quantitative analysis of the general spatial conti-
nuity of the egg counts. Explanations for this nonuni-
form distribution were then sought.

The final GLIM model accounted for over one-half
of the total variance in the data (> = 0.508) and showed
differences in the response of trees scored as ‘‘vigor-
ous’’ and those scored ‘‘not vigorous’ to the average
impermeability of the ground around them and the dis-
tance to the nearest building:

In EGGS = 0.3909 + 0.01375(IMP) (1)
In EGGS = 0.5581 + 0.01375(IMP)
— 0.0532(BLDG). 2)

Low vigor:

High vigor:

The estimated scale parameter from the model was
2.268; had it exceeded a value of ~3, then a different
transformation would have been sought, but as it was,
it was considered to provide a reasonable approxima-
tion to Poisson errors (Crawley 1993).

Significance was investigated using rescaled chi-
squared tests. In the model (Egs. 1 and 2), the effect
of impermeability was highly significant for both vig-
orous and nonvigorous trees (x> = 44.89,df = 1, P <
0.001), while that of building distance was significant
for the vigorous category (x> = 14.02, df = 1, P <
0.001) but not for the nonvigorous (x> = 0.48, df =
1). Assuming that trees very close to buildings were
likely to be influenced adversely, the interaction be-
tween vigor and building distance was also obtained;
the building distance—vigor interaction was significant
(x> = 18.86, df = 1). The slopes for high and low vigor
were not significantly different from one another (x>
= 0.42, df = 1). Other variables were excluded from
the model by the analysis, such that tree species, dbh,
and road distance had no significant effect. Examina-
tion of Egs. 1 and 2 reveals that low vigor trees were
in general more infested by scale insects at any given
level of substrate impermeability, except when vigor-
ous trees were very close to a building (~<3 m). Only
then did they have predicted egg codes greater than a
nonvigorous tree on the same site. Fig. 2 shows the
model predictions of the distributions of scale insect
eggs. In very close proximity to a building, otherwise-
vigorous trees may be stressed by shade and/or root
compaction. It is important to note that there were no
detectable significant links directly between lack of
vigor symptoms in the trees and the soil impermeability
from the survey data, indicating the operation of other
factors causing deterioration of tree health, such as age,
wounding and/or disease.

Exploratory Data Analysis (EDA; Tukey 1977) of
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derived from GLIM analysis (Egs. 1 and 2). Two extremes
of building distance (1 m and 50 m) for vigorous trees are
shown to compare with nonvigorous trees, showing that the
trees in the latter category always have higher infestations
except when very close indeed to buildings.

the Pulvinaria data set provided useful information.
Firstly, the data exhibited a strongly left-skewed dis-
tribution. These effects were corrected, as prescribed
by Tukey (1977), by application of a logarithmic trans-
formation (Z' = log Z + 1). Secondly, spatial conti-
nuity measured by directional semivariograms was
found to be anisotropic (east—northeast direction), and
sills were larger than data variances. Combination of
these two observations were considered to be evidence
of global nonstationarity, and would indicate presence
of a spatial trend in the data. There are two ways to
take account of a spatial trend, either by trying to iden-
tify the trend or alternatively by using a variogram
estimator that filters local mean (non-ergotic correlo-
grams). In the present case, a planar regression was
found significant (P < 0.001) and standardized resid-
uals were therefore used for further computations. Spa-
tial dependence measured by semivariograms of these
residuals was still anisotropic (east—northeast direc-
tion), but sills were equal to data variance. A two-
dimensional anisotropic model was built and used to
perform ordinary kriging of these standardized resid-
uals. Results were then added to the trend surface and
back transformed to provide the egg density distribu-
tion maps presented in Fig. 3. The interpolated surface
resulting from the kriging is presented in Fig. 3. Both
two-dimensional and three-dimensional surfaces of the
egg densities are presented, which indicate highest egg
densities in the southwest and northwest area of the
map.

The spatial continuity of the transformed egg counts
was found to be anisotropic. This spatial dependence
could have been a consequence of significant factors
in the GLIM analysis since they were also spatially
autocorrelated. In order to separate the dispersal spatial
continuity from the regressor spatial continuity, GLIM
analysis standardized residuals were used instead of
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the egg counts for further calculations. One major prob-
lem was encountered. The distance to building param-
eter used in the model is intrinsically spatial, i.e., it
depends on the relative position of sample points and
buildings. For example, in the case of an east—west egg
gradient with a building to the west, the correlation
between egg counts and distance to building will be
excellent and standardized residuals will be spatially
independent. If however, the building is to the north or
south, in the middle of the egg gradient, the correlation
will be low and standardized residuals will be highly
spatially dependent. In the present study, there was an
east—west trend in the transformed egg counts (Fig. 4a;
P < 0.001), showing that the trees are over-dispersed.
Buildings were clustered in the city, but in no particular
direction relative to trees, and so to avoid such a bias,
further statistics were performed on standardized re-
siduals of the GLIM model that did not include the
distance to building.

The standardized residuals exhibited a strongly left-
skewed distribution and these effects were corrected,
by application of a logarithmic transformation (Z' =
log Z + 2). Again spatial continuity measured by di-
rectional semivariograms was found to be anisotropic
(east—northeast direction), and sills were larger than
data variances. Planar regression standardized residuals
were used for directional semivariogram estimation. A
semivariogram surface (Fig. 4b) was estimated as well
as semivariograms in the two main axes (Fig. 4c). The
semivariogram surface summarizes semivariogram es-
timations for all the combinations of distances and di-
rections within =500 m in X and Y directions.

The significant factors from the GLIM analysis were
spatially autocorrelated. The impermeabilty was spa-
tially dependent up to 200 m with a nugget of 30% of
the variance, whilst the vigor of the trees was spatially
dependent up to 150 m with a nugget of 60% of the
total variance. Finally, the distance to buildings was
spatially dependent up to 150 m with a nugget of 5%
of the total variance. The planar regression computed
on the GLIM analysis log-transformed standardized re-
siduals was significant (Fig. 4a, P < 0.001), and in-
dicated the presence of an east-northeast decreasing
gradient. Directional semivariograms showed a strong
directional anisotropy with a range of >500 m in the
east-northeast direction, with a lower anisotropy up to
200 m in the north-northwest direction (Figs. 4b and
c).

DiscussioN

The spatial distribution of high populations of insects
in a habitat is rarely random, especially if the host plant

M. R. SPEIGHT ET AL.

Ecology, Vol. 79, No. 5§

is widespread but discontinuous within the habitat. In
fact, because of the fundamental heterogeneity of the
environment, most populations are patchily distributed
(sensu MacArthur and Pianka 1966). In order to explain
these distributions, mapping and Geographical Infor-
mation Systems (GIS) are gathering momentum in the
analysis of forest insect outbreak dynamics (Liebhold
et al. 1993), though at the moment, interpolative sys-
tems do little more than produce pictorial descriptions
of distributions, relying on external statistical packages
to investigate the quantitative, potentially causal, re-
lationships. The employment of geostatistics offers a
particularly appropriate method for this.

In this study, using geostatistical analysis, it was
found that the GLIM analysis standardized residuals
from the egg counts were spatially dependent. It is
concluded that the number of eggs on any particular
tree has an influence on the number of eggs on another
up to at least 500 m in the east—northeast direction,
and ~200 m in the north—northwest direction, whatever
the soil impermeability or vigor of the tree. In other
words, pairs of points separated by a distance >200 m
are spatially independent if they are located in the
north—-northwest direction and are dependent if they are
located in the east—northeast direction. Most likely, this
influence is due to long distance transport of first instar
crawlers in the previous year. Moreover, such a strong
directional anisotropy is most likely caused by a di-
rectional feature which has an influence on crawler
dispersal. The main environmental feature with such a
directional influence is likely to be the wind. In Oxford,
the main wind direction is west—southwest to southwest
(unpublished meteorological data, School of Geogra-
phy, University of Oxford). This direction coincides
very well with the correlogram surface (Fig. 4b) and
the trend direction (Fig. 4a). Pulvinaria regalis fecun-
dity may be very high (Speight 1994), and dispersal is
via the first instar crawlers, predominantly within the
tree canopy from which they originated, but also by
being carried on the wind to other trees. The losses are
extremely high at this stage of the life cycle (Speight
1994), but it is clear that the crawlers may be carried
relatively long distances in a street ‘“‘canyon.”” This is
true especially when vehicular traffic at street level
increases air turbulence (DePaul and Sheih 1986), thus
increasing the probability of their reaching another
suitable host tree before they die.

Wind dispersal by Hemiptera and other insects is
well known; the sooty beech scale, Ultracoelostoma
assimile, disperses in the crawler stage on the wind in
New Zealand (Morales et al. 1988), and two close rel-

FiG. 3.

—

Two-dimensional and three-dimensional interpolated surfaces produced by two-dimensional ordinary kriging based

on egg counts. The green shaded area indicates the parks, gardens, etc. (the ‘“‘green’ areas of the survey site). Highest
densities are located in the southwest and northwest quadrants with a tail extending in a northeasterly heading, probably as

result of prevailing winds and traffic concentration.
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atives of P. regalis, P. delottoi, and Pulvinariella mes-
embryanthemi from California spread rapidly in the
same life stage on wind currents (Washburn and Fran-
kie 1985). Even the notorious phylloxera aphid, Dak-
tulosphaira vitifoliae, which has caused so much dam-
age in grape growing regions of the world, has a crawler
stage that is carried by the wind. However, in this case,
20 m seems to be the maximum distance for this trans-
port system (King and Buchanan 1986). Reference to
the area map (Fig. 1), to the observed trend (Fig. 4a),
and the kriged surfaces (Fig. 3) suggests that scale
infestations were concentrated towards the northwest
and southwest of the urban survey area, with least in-
festations in the northeast. Moreover, the interpolated
egg density distribution coincides remarkably well with
the green regions in the sample area (Fig. 3). These
green areas, dominated by gardens, parkland, and play-
ing fields, are described by regions of low imperme-
ability in the GLIM analysis, and provide a different
environment for tree growth and perhaps for insect sur-
vival, when compared with more normal urban areas,
predominantly city streets, shopping centers and car
parks. Insect survival has been shown to increase where
urban environments provide sheltered, relatively warm,
overwintering sites (Miller and Hart 1987, Yoder and
Robinson 1990), such as might be expected close to
buildings or street lights. Areas devoid of vegetation,
leaf litter, exposed soil etc., are also less likely to harbor
natural enemies (Fang et al. 1983, Hanks and Denno
1993); in fact, arthropods in cities are likely to consist
mainly of species overwintering on the food plant itself
(Segebade and Schaefer, 1979).

Determining whether or not a tree is vigorous or
under stress is difficult until clearly visible symptoms
appear. Subtle changes in plant chemistry may occur
in the early stages of stress that benefit sap feeding and
defoliating insects, but by the time rots and diebacks
become apparent, stress conditions can be assumed to
be severe. The likelihood of trees in urban areas being
less vigorous than their rural counterparts has often
been discussed (Coffelt et al. 1993), and stress in the
host tree leading to increased populations of herbivores
is well known (for example, Speight 1986, 1996, White
1993). Specific stress-inducing agents include drought
(Thomas and Hodkinson 1991, Foggo and Speight
1993), soil nutrients (Stoszek 1988, Thomas and Hod-
kinson 1991, Potter 1992), root damage (Foggo and
Speight 1993), light conditions (Fang et al. 1983), ae-
rial pollution, especially SO, (Skuhrava and Skuhrava
1986, Warrington and Whittaker 1990, Nair and Ma-
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thew 1992), extremes of geographical range (McClure
1985), and physical damage (Rogers and Grant 1990).

Only two of the environmental parameters measured
were found to be important in predicting scale egg
numbers for vigorous trees, the impermeability of
ground cover under the trees, and their proximity to
buildings. Substrate impermeability is of course high,
even maximal, close to a building; tree roots will extend
under the foundations where no water or nutrients can
penetrate vertically. Other stress-inducing conditions
close to buildings might be root damage by excavation
works, and shade. The latter effect will depend on as-
pect, time of day, and of course, the size of the building,
and is likely to have most influence very close to the
tree in question. In any event, the general building
effect would appear to be of relatively little importance
in influencing tree vigor when compared with imper-
meability, or more general problems such as rots, die-
backs, or simply old age; all common problems with
urban trees.

Only ground impermeability under the canopy was
shown to be an important predictor of egg densities on
both vigorous and nonvigorous trees. Because of severe
restrictions on water flow, drainage, nutrient cycling,
and soil conditions under concrete, tarmac, paving
slabs, and buildings will undoubtedly be less than op-
timal for plant growth. In other studies, it has been
found that trees growing in urban sites where nutrient
and water flow are restricted by paving have reduced
growth rates and high vapor pressure deficits when
compared with trees in parks (Kjelgren and Clark
1993). Oxygen tension in soil beneath these trees must
also be low, tending towards anaerobic conditions and
reduced root performance.

These results clearly support the view that the site
conditions in which a tree is growing can fundamen-
tally influence its susceptibility to insect herbivory.
Sap-feeding scale insect populations are in many cases
limited by food quantity and quality, by intraspecific
competition for these parameters, and also for space
(Denno et al. 1995). The influence of parasitoids and
predators is less important in population regulation of
P. regalis (Speight, unpublished). Hence, any improve-
ment in the food supply will promote individual success
and population increase. Planting trees in urban areas
where soil/root conditions are radically altered and nor-
mal performance prevented will significantly reduce
the vigor of the host trees and encourage herbivory.
Many other authors discuss the potential for higher
population levels of herbivorous insects in urban areas

F1G. 4.

-

(a) Trend calculated on the basis of the log-transformed GLIM analysis standardized residuals, showing an east—

northeast decreasing gradient Z = 0.657 — (2.4 X 107X — (1.4 X 10-%)Y, P < 0.001, df = 231. (b) Semivariogram surface
of the log-transformed GLIM analysis standardized residuals after trend removal, showing strong directional anisotropy in
the east—northeast direction (range >500 m in the 25° direction and estimated to 200 m in the 115° direction). (¢) Semivariogram
of log-transformed GLIM analysis standardized residuals after trend removal, showing the two main anisotropy axes and a
spatial dependence of respectively 45% and 35% of the total variance for the first lag in the 25° and 115° directions.
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compared with rural ones, though the causal agents
vary. Thus, the scale insect Pseudaulacaspis pentagona
infests host trees in parking grounds and along road-
sides, but is not found in woodlands (Hanks and Denno
1993), which is exactly the situation found with P.
regalis. Higher insect population densities on trees in
towns have been attributed to various causes. For ex-
ample, larch aphids in China are thought to increase
in urban habitats due to high light conditions and re-
ductions in natural enemy complexes (Fang et al.
1983), and lepidopteran wood borers show highest in-
festation levels in urban areas where mechanical dam-
age to trees from various anthropogenic sources is se-
vere (Rogers and Grant 1990). Combinations of con-
ditions likely to be more prevalent in urban habitats
promote insect attack and tree damage; plants growing
in soils of low nitrogen status and subject to drought
stress are most effective hosts for various defoliators
and miners (Thomas and Hodkinson 1991, Foggo and
Speight 1993), while the impact of aphids on host trees
seems to be greatest on trees effected by drought and
compounded by high levels of sulphur dioxide pollu-
tion (Warrington and Whittaker 1990).

The associations between tree environment and her-
bivory levels on the trees are clearly complex and mul-
tifaceted. From a management perspective however, the
signs are simple enough; trees cultivated in sites likely
to stress them should be avoided if insect pests are to
be reduced or avoided. Furthermore, as the geostatistics
have shown, extra environmental factors such as easy
dispersal of propagules or colonizers by wind, aided
by urban corridors, can exacerbate such pest problems;
management tactics might include the establishment of
trees at risk in the lee of windbreaks, or in isolation
from infection or infestation sources.

Finally, the analysis of the Pulvinaria regalis data
in this study validates the use and further development
of spatial statistics as a tool for the investigation of
patterns of insect abundance in a patchy landscape. In
essence, the systems are simple (especially with up-to-
date computer software), robust, and are able to reveal
new information about the distribution of data which
standard multivariate statistics ignore. Though this
study has been a fairly small scale one, using individual
trees as sample units, it has provided a convenient mod-
el with which to test both mapping and interpolation
methods, as well as variography. It is entirely possible
to use the same techniques on wider ranging and much
larger data sets which cover whole forests or even geo-
graphical regions. Further data collection is required
to provide for more development and verification of
this type of spatial statistics in both pure and applied
ecology. Existing data may benefit from reanalysis us-
ing these new protocols.
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