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Aggregation and species association of 9 species of phytophagous and

predaceous mites were studied for 6 yr in an orchard with 100, 2 m tall 'Red

Delicious' apple trees. To quantify aggregation, a method was developed that is

powerful, and easily interpreted. It relates the proportion of habitat occupied to

mean density of the organism, and allows discrimination of aggregation differences

between data sets.

We found that plant feeders were more aggregated than predators, and

active life stages were less aggregated than eggs. Specifically, webspinning spider

mites (Tetranychus urticae + Eotetranychus sp.) were the most aggregated.

Panonychus ulmi was less aggregated than the webspinning mites, and Bryobia

rubrioculus was the least aggregated of the spider mites. Zetzellia mali, the slowest

moving predator, had the greatest aggregation of all the predators. The rapid-



moving phytoseiids were the least aggregated of all the mite species studied, with 

the specialist predator Metaseiulus occidentalis having the greatest aggregation, the 

generalist predator Typhlodromus pyri having medium aggregation, and the fast 

moving Amblyseius andersoni having the least aggregation. 

Predator-predator, predator-prey, and prey-prey associations were measured 

using Yule's V association index. Predator-predator associations were the strongest 

and most consistent, showing a consistent seasonal pattern of neutral-negative

neutral association. Negative associations of T. pyri with other predators were the 

strongest, which is consistent with evidence that this mite can detect other 

predators. Predator-prey seasonal associations were weak and mixed, and 

interactions between prey species were generally weakly positive, probably because 

of similar habitat preferences. 

Predaceous mites were generally more aggregated when competing with 

other predators, possibly allowing the coexistence of 3 predators simultaneously for 

6 years via mechanisms proposed by the "aggregation theory of coexistence". G. 

occidentalis showed the greatest change of aggregation when other predators were 

present, Z. mali and T. pyri also showed significant changes in aggregation when 

they were with other predators, but A. andersoni (the largest, fastest predator in our 

study) showed no changes in aggregation. T. pyri's aggregation increased the most 

when in the presence of Z. mali, perhaps because of egg predation by the stigmaeid, 

or because T. pyri could detect the other predator. 
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CHAPTER 1 

INTRODUCTION 

The measurement of spatial properties of invertebrates has a long history in 

the agricultural and ecological literature, evolving from mere acknowledgment of 

it's presence, to graphical and analytical techniques, through explicit modeling of 

spatial distributions (Horne and Schneider 1995). Two important and related areas 

in spatial statistics are the measurement and comparison of intraspecific 

aggregation (clumping of species), and the measurement of interspecific 

aggregation (association among species). 

In integrated pest management systems, measurements of aggregation are 

used to describe how a pest is distributed (uniformly, randomly, or clumped) within 

a crop. Knowledge of an insect's distribution allows the use of sequential or 

binomial sampling plans to determine the pests density for parameter estimation or 

decision making (Ruesink and Kogan 1994), thus eliminating the need to repeatedly 

perform expensive and time consuming absolute sampling methods. 

Measurements of aggregation also can help answer more basic questions. 

For example, the introduction of predators can influence the aggregation ofpest 

species and vice versa (Kareiva 1990), giving an indication of predation pressure on 
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a pest. Studying the distribution of a species over time aids in determining 

dispersion rates, and can show the impacts of spatially specific mortality factors 

such as competition. Tracking aggregation over time can show when mortality 

factors are most active if these factors do not affect the population uniformly 

(Wilson and Room 1983), or temporal variability in reproduction or dispersal. 

Also, man-induced influences such as pesticides can change the aggregation of 

arthropods (Li et al. 1992). Measuring these changes can help establish more subtle 

effects of chemicals beyond acute toxicity. 

Numerous indices have been developed for describing species aggregation 

based on the mean and variance of a sample. These include the negative binomial 

common k, Lloyd's index of mean crowding, Iwao's patchiness regression, and the 

mean-variance power law (all reviewed in Southwood 1991). Morisita's IS index, 

while not derived from mean-variance data, has been shown to be fundamentally 

similar to both Lloyd's index, and Kuno's CA index, which are so derived (Kuno 

1991). Perry and Hewitt (1991) developed a modern, computationally intensive 

method for discerning deviation of a single sample from randomness. 

One popular index of aggregation, the mean-variance power law 

popularized by Taylor (1961), 

log(S 2 ) = log(a) + b log(m) 
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is often used by entomologists (e.g., Li et al. 1992) though there are some who are 

critical of it. Kuno (1991), and Rout ledge and Swartz (1991) discussed the lack of 

fit of Taylor's linear equation when compared to a quadratic equation. Tokeshi 

(1995) showed that Taylor's equation is mathematically more constrained than 

Iwao's regression model of Lloyd's index of mean crowding, suggesting that the 

former is unreliable for showing ecological influences. Perry and Woiwod (1992), 

though, noted that the fit of Taylor's equation compares favorably with Iwao's and 

others models if the data sets meet certain criteria (see Chapter 2). 

Despite possible problems, Taylor's equation is easy to apply, and fits real 

data sets well. However, the conventional interpretation of Taylor's is that the a 

(intercept) is related to sample size and methods, and the b (slope) is a measure of 

species aggregation that is constant for each species (Taylor 1961). This 

interpretation overemphasizes the b coefficient when measuring aggregation, and 

assumes that two populations with the same slope, but different intercepts, are 

aggregated identically. Its power to discriminate among the aggregation of similar 

populations is limited. This interpretation is still widely used (e.g., Kendal and 

Frost 1987, Li et al. 1992, Ruesink and Kogan 1994) but newer interpretations 

emphasize the importance of including the log(a) (intercept) coefficient when 

measuring aggregation (Perry 1997, Taylor et al. 1988, Wilson 1994). The problem 

remains, however, to utilize this information in an easily interpretable way. 
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Wilson and Room (1983) developed a binomial model using both Taylor's a 

and b coefficients, relating the mean, variance, and proportion infested (P(I)) of a 

population, based on the negative binomial distribution. 

e-m.1n(amb-1)-(amb-1-1)- 1 

The binomial model captures information from Taylor's a and b coefficients in an 

easy to interpret way: it is assumed that a more clumped population will take up 

less space, and have a lower P(I) at a given mean, since the individuals are crowded 

together (Overholt et al. 1994, Wilson and Room 1983). While useful for 

describing the aggregation of a species, this model has not been useful for statistical 

comparisons between data sets (Wilson et al. 1984). Regular nonlinear regression 

does not work for the binomial model because it would violate equal variance 

assumptions due to the shape of the data, which are generally tapered sharply at 

both ends, and wide in the middle. In order to utilize the power of the binomial 

model, we developed a method that accounts for the unusual shape of the data, and 

allows us to statistically compare data sets. This method is described in Chapter 2. 

We use the binomial model to describe the aggregation of 9 species of mites 

in an experimental apple tree plot in Chapter 3 (see Chapter 3 for horticultural and 

species details). We measure aggregation of each, and of each life stage. We 

consider how factors such as walking, searching, dispersal, fecundity, development, 
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territoriality, mate searching, or responses to plant or prey quality and quantity 

could affect the intraspecific aggregation of the different species and life stages. 

Based on our observations, we formed 6 hypotheses about the expected 

spatial patterns of mites found in an apple tree orchard: predaceous mites would be 

less aggregated than phytophagous mites because predators must search for mobile 

prey; an oligophagous predator on spider mites such as Galendromus occidentalis 

(Nesbitt) would be more aggregated than a polyphagous predator, because it would 

track prey species more closely; active life stages of all species would be less 

aggregated than their eggs because of dispersal; spider mites would become less 

aggregated as predators reduced their densities; colonies of all mites would appear 

to be more dispersed at very low densities than at higher densities because of 

pseudo-randomization effects (Perry and Woiwod 1992, Taylor 1984); and 

predators would aggregate in response to distributions of their preferred prey. 

Related to the intraspecific aggregation of the apple mites, species 

association (=interspecific aggregation) between two species of mite on apple 

leaves is the propensity for these mites to be found on the same leaf together. It is 

generally measured by comparing the expected values of cells (leaves) where the 

two species occur together, individually, or not at all with the values measured in 

the samples (Janson and Vegelius 1981, Palmer and van der Maarel 1995). Some 

measures of association use simple presence-absence data, while others use actual 

density measurements for each species found on each leaf. In general, any pair of 

species that are found together on more leaves than expected from random chance 
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would be positively associated. Conversely, any pair of species that are found 

together on fewer leaves than expected would be negatively associated. We used 

Yule's V index (Pielou 1977) to test associations among the apple mites. 

Application and interpretation of association indices to presence-absence 

mite data can be used to detect several aspects of mite behavior, such as which prey 

and predator mites compete most strongly with each other, what the preferred prey 

of predaceous mites are, and which predator mites detect other predators 

(consequently avoiding them). They also may indicate which prey mites are using 

similar habitats. Based on our previous predation (Croft and Slone 1997) and 

aggregation (Chapter 3) studies, we were able to formulate several hypotheses on 

the association patterns that we expected among the several species of mites that we 

sampled. 

Our main interest in Chapter 4 is in exploring associations among 

predaceous mite species. After observing intraguild predation, and contact 

avoidance where predator mites move rapidly after contact with a heterospecific 

predator, we hypothesized that predators would be most negatively associated with 

each other when they are interacting most strongly. This negative association 

would be expressed most strongly in the mid season, when predator mites are 

common and prey mites are being controlled. 

A second area of interest is in predator-prey associations. A high searching 

capacity found in specialist predator mites should result in the specialist predators 

being more closely coupled to the prey, and so have more positive associations with 
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prey than would the generalists. We hypothesized that the specialist predator G. 

occidentalis (McMurtry and Croft 1997) would become positively associated with 

their preferred prey early in the mid season, after a period of neutral association. 

Later, as the predators consume their prey, the association between predator and 

prey would return to neutral. They might even go towards negative association as 

predators consume all of the prey in some local patches. The generalist predators 

(Ablyseius andersoni Chant, Typhlodromus pyri Scheuten, Zetzellia mali (Ewing); 

McMurtry and Croft 1997) should show less association than a specialist predator 

with their prey, but follow the same seasonal pattern. 

Finally in Chapter 4, we explore prey-prey associations. Due to the low 

densities of prey mites found in the apple trees, we would not expect to see any 

effects from competition for plant resources. One factor that may influence 

associations among plant-feeding species in our studies is that there may be areas 

within the plant where resources are concentrated, such as the terminal leaves. We 

hypothesized that phytophagous mites that are highly dependent on leaf nutrients 

such as Aculus schlechtendali (Nalepa) and Panonychus ulmi Koch would be 

positively associated with each other because of their affinity for the nutrient-rich 

areas. This effect, though, could easily be masked by other interspecific factors that 

affect association. 

In Chapter 5, we integrate some of the findings from our earlier work. 

Concentrating on the 4 predators found in the apple plots, we explored the effect 

each predator had on the aggregation of the others. In other chapters we found that 
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predaceous mites in apple trees had aggregated spatial patterns on a within-tree 

scale (Chapter 3). We also found that predators when abundant were disassociated 

on leaves with other predator species, though they occurred in the same trees 

(Chapter 4). We speculated that these patterns were caused by intra- and 

interspecific interactions, such as competition for food and leaf area, intraguild 

predation, and contact avoidance, where a predator moves rapidly after contacting a 

larger individual from another species of predator. 

If there are strong interspecific interactions among predaceous mites on 

apple trees, such as intraguild predation and competition for food resources, then 

what happens to their spatial aggregation patterns when predaceous mite species 

occur together? Given the reduction of predator density that was observed when 

they were found with other predators (Croft and Slone 1997), either mortality or 

reduction of fecundity must have occurred. If the mortality or fecundity reduction 

happens in a non-random fashion, this could combine with behavioral responses to 

the presence of other predators (i.e. moving off of occupied leaves) to change the 

aggregation of the affected predator. 

Measuring P(I) of a species at a constant density when it is alone and when 

it is together with a competing predator can show changes in aggregation related to 

the presence of the competitor. We have observed in the field what seems to be the 

distributional effects of combining predators in apple trees. When leaves from the 

experimental apple trees were sampled methodically, patterns in leaf occupancy 

emerged. It was observed that each of the species of predator occupied large areas 



9 

of the tree by themselves, so that the tree resembled a "patchwork quilt" of different 

predator species (pers. obs.). These observations were consistent with the findings 

that the predator species were strongly disassociated from each other (Chapter 4). 

We review the "aggregation model of coexistence" (Ives 1988, Ives 1991, 

Sevenster 1996, Shorrocks et al. 1979), and discuss its applicability to the apple tree 

system, where several predators coexisted in the same trees for several years. 

Taking note of a conclusion of Hassell and May (1973), that an increase of 

intraspecific aggregation can stabilize an inherently unstable system, what can we 

predict for the aggregation of competing predaceous mites? Assuming that the 

populations of two or more competitors are less stable than that of a single predator, 

and that the aggregation model holds for the apple tree system, we hypothesized 

that the aggregation of predators would tend to be greater when competing than 

when alone to account for their observed coexistence. Furthermore, we 

hypothesized that the aggregation of predators that are affected more by competitors 

would increase more, again, because otherwise we would not observe their 

continued coexistence. 

All tests and descriptions in this thesis are done on a between-leaf, within-

tree scale. Between-tree scales were explored briefly, but are not included in any 

tests because they gave unpredictable and variable results due to small sample sizes. 

We had 50 leaf measurements for every tree measurement, so although the true 

replication of trees and leaves were the same (trees were independent, but leaves 
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within a tree were not), the large numbers of leaves collected lowered the variability 

of each replicate to the point where we could make useful inferences. 
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ABSTRACT
 

Using data sets of phytophagous and predaceous mites, we introduce a 

method for estimating standard error bands for the proportion of habitat occupied 

by a species as a function of mean density, by transforming error bands from the 

variance-mean power law. Error bands produced by this method were more 

conservative than bands produced by bootstrapping and repeated subsampling 

methods applied to the same data. Though conservative, the binomial model 

showed potential to be an easily interpreted, powerful method for detecting 

differences in the proportion of habitat occupied among data sets (interpreted as 

differences in species aggregation) on one spatial scale. This was demonstrated in 

three specific cases: between years for the predaceous mite Typhlodromuspyri 

Scheuten (Acari: Phytoseiidae) on 'Red Delicious' apple trees (Malus pumila 

Miller), for the phytophagous mite Tetranychus urticae Koch (Acari: 

Tetranychidae), whether or not it was preyed upon by the predaceous mite 

Neoseiulus fallacis (Garman) (Acari: Phytoseiidae) on hops (Humulus lupulus L.), 

and among individual life stages of the predaceous mite Metaseiulus occidentalis 

(Nesbitt) (Acari: Phytoseiidae) on apple. 

INTRODUCTION 

Measurement of species aggregation is a central issue in ecology and 

applied biology, especially for sampling and density studies (Southwood, 1991; 

Gutierrez, 1996). For an applied population biologist, knowledge of a population's 
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aggregation is necessary to develop sequential, binomial, or other sampling plans. 

A change in the aggregation of a species often requires an alteration of the sampling 

plan for an accurate population count. 

Many indices used for describing species aggregation are based on the mean 

and variance of a sample. These include the negative binomial common k, Lloyd's 

index of mean crowding, Iwao's patchiness regression, and the "variance-mean 

power law" (hereafter referred to as power law)(all reviewed in Southwood, 1991). 

Wilson & Room (1983) developed a binomial model that estimates P(I), the 

proportion of sample units occupied by an organism at a given mean, as a function 

of population density. They found that incorporating the clumping behavior of a 

species (as measured by the power law coefficients) significantly improved the 

estimation of P(I) values. 

Here, we introduce a model based on Wilson & Room's (1983) model, that 

predicts P(I) values over the observed range of means, and estimates error bands 

around P(I). By predicting the P(I) value of a data set at a given mean, the binomial 

model can be used directly as a simple method for measuring aggregation on one 

spatial scale, since a more clumped population takes up less space, and has a lower 

P(I) at a given mean (Wilson & Room, 1983). With the addition of error bands, the 

model can be used to test for differences in P(I) values between data sets, and thus 

test for differences in aggregation. 
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MATERIALS AND METHODS
 

Background 

Data to be analysed with the power law (and our model) consist of counts of 

organisms from a number OD of random samples of habitat, each sample consisting 

of a number (nu) of units. The data presented here are from various mite species 

counted on leaves from their host plant. For example, if the mites per leaf were 

counted on samples of 10 leaves each, and 50 samples were counted, then nu = 10 

and ns = 50. For each of the samples, we calculate m, the mean density of mites, S2, 

the sample variance, and P(I), the proportion of sample units occupied. 

Power Law 

The variances of a group of samples are related to their means by the power 

law equation (described by Taylor, 1961): 

S2 =amb (2.1) 

Or 

log(S2) = log(a) + b log(m) . (2.2) 
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The conventional usage of the power law is, after log-transforming the axes, to fit a 

least-squares regression line (Perry, 1997), and use the b (slope) coefficient to 

describe aggregation (Taylor, 1961). A slope near 1 indicates a randomly 

distributed population. A slope significantly greater than 1 implies aggregation, 

while a slope significantly less than 1 indicates a population that is more uniformly 

distributed. This interpretation is still widely used (e.g. Kendall & Frost, 1987; Li 

et al., 1992) but newer interpretations emphasize the importance of including the 

log(a) (intercept) coefficient when measuring aggregation (Perry, 1997; Taylor et 

al., 1988; Wilson, 1994). 

The Model 

Wilson & Room (1983), starting with the relationship of the negative 

binomial K to the proportion of unoccupied sample units, P(0): 

fi(0) [K (K + m)-1 JK (2.3) 

and the variance-mean relationship of the negative binomial: 

S2 - m +m2 K-1 (2.4) 



19 

arrived at the following relationship (arranged and converted to P(I), the proportion 

of occupied sample units): 

13(i) =1- e-m-ln(S2 .m-1).(s2 .1n-1 (2.5) 

By substituting the power law equation (Eq. 2.1) into this relationship, they arrived 

at the following: 

(2.6)
P(I)=1- e-m.ln(amb-1).(amb-1-1)-1 

We applied this model to 24 data sets of phytophagous and predaceous 

mites (Table 2.1) and found that it did not produce a minimum sum of squares fit, 

due to a systematic underestimation of the a coefficient. We used an empirical 

correction for this bias (see Appendix A), and found this correction fit 13 other data 

sets well (Table 2.2). 

Error Bands 

The original purpose of the power law substitution into the binomial model 

was to estimate the mean density of an organism, whose power law coefficients are 
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Table 2.1. Data sets (mites/leaf) of phytophagous and predaceous mites used to 
construct the binomial species aggregation model described in the paper 

Data Set Attributes Power Law Coeff. 
Species' Plant Year nu 2 ns 3 Range (m) a b 

A. andersoni apple 1993 50 36 0.04-2.36 1.93 1.10 
A. andersoni apple 1994 50 58 0.04-1.54 2.41 1.21 
B. rubrioculus apple 1994 50 32 0.04-1.00 3.99 1.38 
Eotetranychus sp. apple 1991 50 57 0.04-4.84 16.98 1.68 
Eotetranychus sp. apple 1992 50 27 0.04-0.78 34.34 1.89 
Eotetranychus sp. apple 1993 50 27 0.04-1.80 45.64 2.08 
Eotetranychus sp. apple 1994 50 57 0.04-2.02 24.35 1.81 
M. occidentalis apple 1990 10 912 0.20-8.80 2.33 1.46 
M. occidentalis apple 1990 50 114 0.04-2.84 3.68 1.35 
M. occidentalis apple 1991 10 191 0.20-11.00 2.45 1.24 
M. occidentalis apple 1991 50 189 0.04-1.92 3.66 1.35 
M. occidentalis apple 1991 50 24 0.04-2.20 4.06 1.40 
M. occidentalis apple 1991 50 23 0.04-7.42 2.47 1.30 
M. occidentalis apple 1991 50 33 0.04-0.82 4.48 1.40 
P. ulmi apple 1991 50 242 0.04-232.08 5.39 1.50 
T. urticae apple 1990 50 260 0.04-20.28 13.24 1.62 
T. urticae hop 1992 20 35 0.10-19.45 8.12 1.54 
T. urticae hop 1992 20 36 0.05-105.45 8.31 1.62 
T. urticae hop 1992 20 38 0.60-1038.25 7.46 1.64 
T. pyri apple 1992 50 180 0.04-6.06 2.86 1.27 
T. pyri apple 1993 50 146 0.04-4.80 2.34 1.21 
T. pyri apple, 1994 50 163 0.04-2.26 2.92 1.28 
Z. mali apple 1991 50 248 0.04-19.40 3.07 1.40 
Z. mali apple 1992 10 680 0.20-52.30 2.39 1.46 

'Species listed are Amblyseius andersoni Chant, Bryobia rubrioculus (Scheuten), Eotetranychus 
spp., Metaseiulus occidentalis, Panonychus ulmi (Koch), Tetranychus urticae Koch, Typhlodromus
 
pyri Scheuten, and Zetzellia mali (Ewing).
 
2Number of leaves per sample.
 
3Number of samples per data set.
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Table 2.2. Data sets (mites/leaf) of phytophagous and predaceous mites used to 
validate the binomial species aggregation model described in the paper 

Data Set Attributes Power Law Coeff. 
Species' Plant Year ni,

2 
ns 

3 Range (m) a 
A. andersoni apple 1995 50 87 0.04-1.68 2.85 1.231 
B. rubrioculus apple 1995 50 49 0.04-2.16 3.94 1.346 
E. spp apple 1995 50 32 0.04-2.22 25.19 1.812 
M. occidentalis apple 1990 10 586 0.20-4.70 2.71 1.450 
M. occidentalis apple 1990 50 231 0.04-3.98 3.38 1.400 
P. ulmi apple 1995 50 20 0.04-0.68 10.69 1.608 
T. urticae hop 1993 20 67 0.10-612.10 7.61 1.669 
T. pyri apple 1990 50 233 0.04-1.36 1.81 1.152 
T. pyri apple 1995 50 139 0.04-4.14 2.53 1.282 
Z. mali apple 1992 50 211 0.04-17.54 3.96 1.393 
Z. mali apple 1993 50 161 0.04-16.44 3.82 1.414 
Z mali apple 1994 50 143 0.04-8.84 5.63 1.437 
Z. mali apple 1995 50 105 0.04-5.38 4.69 1.375 

'See Table 2.1 for species information. 
2Number of leaves per sample. 
3 Number of samples per data set. 

known, by using only P(I) data. The binomial model with this substitution 

can also be used in reverse (estimating P(I) values from mean density data). By 

assuming that the measurement of mean density is made without error (see 

Results), it also allows for estimation of variability around P(I). The binomial 

model is in effect a transformation of the power law model from the ln(S2) to the 

P(I) axis, so error bands on the power law model should be translatable to error 

bands on the binomial model. 

Standard error bands for P(I) can be estimated with the least squares 

standard error from the power law regression: 
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1 

1 (111(m) mini) 2 
SYt = S2 + (2.7)

y. x n nss 
L(ln(rni ) mbn )2 
i=1 

where 

ns 

ln(mi) 
(2.8)i =1 

mbn ns 

Sy.x is the residual mean square of the power law regression, ?is = number of 

samples taken, and m is the mean value at which Si; is calculated. Applying this 

term to the a coefficient in the binomial model translates the standard error bands 

from the power law to the binomial model. The upper standard error band is: 

n(a) -; ).mln(e 
O (b-1) e(ln(a)& m(b-1) -1ll 

(2.9)
PULSE = 1 e 
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and the lower standard error band is: 

) m(b-1))(e(111(11)+Srimin(e(ln(a)+S.'; 

(2.10)P(I)IsE =1e 

Bootstrapping 

We bootstrapped our data sets (Tables 2.1 and 2.2) with 200 replications 

each to check the fit of the standard error bands (Efron & Tibshirani, 1986). If a 

standard error for P(I) produced by a model fits the data, it should approximately 

equal the sample standard deviation for P(I) of the bootstrap samples. We 

compared the standard error bands of the binomial model to the standard deviation 

bands generated by the bootstrapping technique at seven points along each P(I) 

regression (at 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 times the maximum ln[m] of that 

data set). 

Comparing Data Sets 

In addition to expressing the variability of P(I) values, the binomial model 

can be used to compare P(I) values between data sets, such as different species in 

the same habitat, one species with and without an external influence (a predator for 

example), or different life stages of the same species. To compare two data sets, 

first calculate the width of the individual standard error bands. For the data set 
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which has the higher P(/) values at a given m (call it data set 1), the width of the 

standard error band is: 

(2.11)SP(I)1 =(P(I)usE P(I)1) 

and for the other data set (data set 2), the width of the standard error band is: 

(2.12)Sp(I)2 = (P(1)2 )lsE2 ). 

These terms are squared in the pooled standard error, which is analagous to the 

pooled standard error band for comparing mean values of two linear regressions 

(Zar, 1984): 

[S2.. (n.di ((n.di 2)]+[S2 (n.02 .((ns)2 2)]
P(1)1 P(02 11 1 1(2.13)

SP(1)1 -P(I)2 (ns)i + (n5)2 4 (ns)i (ns)2 

Dividing the difference between two regressions by their pooled standard error 

results in a t statistic: 
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P(1)1 13(1)2t (2.14)
S 

P(1)2 

with degrees of freedom [(ns + (ns )2 4]. A discrete t statistic is returned at 

each point on the log(m) axis, much as when comparing f1 V2 for a linear 

regression. 

To check the rate of significant (a = 0.05) differences in sample P(I) values 

found by the test when there is no difference in the populations, we subsampled 

from a large (nu=-50, ns=1106) data set of the predaceous mite Typhlodromus pyri 

on apple trees (Malus pumila Miller). We drew 3000 sets of random samples 

(nu=50, ns=100), and performed 1500 tests on the these samples for differences in 

P(I) value at a density of three mites per leaf. 

Applications of the Model 

To show the use of the model, and to compare this method with the 

commonly used test of power law b values, some independent data sets were tested 

for differences in P(I) values at an intermediate density of three mites per leaf. For 

the first example, the predaceous mite T. pyri Scheuten (Acari: Phytoseiidae) 

(Table 2.3) was sampled in an apple (M. pumila) plot for the years 1990 and 1991. 

A difference in aggregation was expected between the two years because of the 

introduction of a competitor. For the second example, the phytophagous spider 

mite Tetranychus urticae Koch (Acari: Tetranychidae) (Table 2.3) was sampled in 
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Table 2.3: Data sets used to evaluate differences in the power of aggregation 
discrimination between the binomial model described in the paper and comparing 
power law b values 

Data Set Attributes Power Law Coeff. 
Species' Plant Year nu2 ns3 Range (m) a 
M. occidentalis Females apple 1990 50 224 0.04-1.40 1.80 1.174 
M. occidentalis apple 1990 50 160 0.04-0.68 2.10 1.182 
M. occidentalis apple 1990 50 159 0.04-0.82 2.70 1.280 
M. occidentalis Larvae apple 1990 50 87 0.04-0.52 3.21 1.303 
M. occidentalis Eggs apple 1990 50 189 0.04-1.92 3.66 1.354 
T. urticae hop 1992 20 37 0.15-1310.00 5.85 1.659 
T. urticae w/N.f. hop 1992 20 39 0.10-435.70 8.01 1.540 
T. pyri apple 1990 50 249 0.04-5.20 3.70 1.313 
T. pyri apple 1991 50 229 0.04-11.24 2.90 1.327 

'See Table 2.1 for species information.
 
2Number of leaves per sample.
 
3Number of samples per data set.
 

hop (Humulus lupulus L.) during 1992 when the predaceous mite Neoseiulus 

fallacis (Garman) (Acari: Phytoseiidae) was or was not present. We wanted to 

determine if the addition of the predator would be associated with a change in 

aggregation of the spider mite. As a final example, we hypothesized that older life 

stages of the predator Metaseiulus occidentalis (Nesbit) (Acari: Phytoseiidae) 

(Table 2.3) would be progressively less aggregated than younger life stages as the 

mite develops on apple, due to the greater mobility of older nymphs and adults. 

Pairwise comparisons were performed between the life stages to test for differences 

in aggregation. A omparisonwise significance level of ac = 0.005 was used to 

yield an experimentwise error of cc = 0.05. 

http:0.04-11.24
http:0.04-5.20
http:0.10-435.70
http:0.15-1310.00
http:0.04-1.92
http:0.04-0.52
http:0.04-0.82
http:0.04-0.68
http:0.04-1.40
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RESULTS 

The Model 

The fit of the binomial model was remarkably similar to a linear model 

(OLS regression) used by Nachman (1984): 

ln(m) = c + d ln(-1n[1 PM]) , (2.15) 

except (on the same transformed axes) our model showed some curvature in all data 

sets, and had a small improvement in r2 (Fig. 2.1). 

Even tranformed on log(mean) vs. log(-log[1-P(/)]) axes to linearize them, 

the P(I) data were not entirely linear, and did not have constant variance over the 

range of means. In addition to being curved, the error bands of our model were 

wider at the higher mean values than they were at lower mean values, which, 

compared to the linear model, seemed to better fit the data (Fig. 2.1). Nachman 

(1984) was estimating the mean density of aphids using field-gathered P(I) data, so 

his model was concerned with the accuracy of prediction and variability in m, and 

bias incurred by transformation. Here, we assume that m is sampled without error, 

and are concerned instead with the accuracy of prediction, and variability in P(I). 

This is justified because our purpose is to predict P(I) values based on observed 

values of m, rather than to demonstrate a functional relationship (Nachman 1984). 
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In( m ) 

Figure 2.1. Data set of the phytophagous mite Panonychus ulmi collected from 
apple trees in 1991 (nu=50, ns= 229; samples where P(I)=1 were removed), with 
the binomial model (solid lines) and OLS regression (dashed lines) added. Central 
lines are the fitted models; outside lines are 95% prediction bands based on the 
standard error bands described in the text, and OLS regression respectively. Axes 
are ln(sample mean) and ln(-1n[1-proportion of leaves occupied)). 

Bootstrapping 

The mean size of the model's standard error bands for P(I) proportional to 

the bootstrap's standard deviation bands for P(I) were: at 0.05 times the maximum 

ln[m]: 1.14, at 0.1: 1.02, at 0.2: 0.97, at 0.4: 1.01, at 0.6: 1.04, at 0.8: 1.06, and at 

the maximum ln[m): 1.07. The standard error bands from the model were generally 

5 
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more conservative in comparison to the bootstrap standard deviation bands,
 

particularly at the lowest and highest mean densities.
 

Comparing Data Sets 

An accurate comparison procedure should find 5% significant differences 

( a = 0.05) when samples from the same population are compared. At a density of 

three mites per leaf, the test described here found 3.6% significant differences in the 

1500 comparisons, again indicating that it is somewhat conservative. 

Applications of the Model 

When comparing the data sets of T. pyri in 1990 and 1991 (Table 2.3), the 

binomial model yielded a P-value of <0.0001, while comparing b's produced 

P=0.36. The a values for the two years were very different, while the b values were 

relatively constant. The difference in a was sufficient to show a significant 

difference in the binomial model. When comparing T. urticae data sets when N. 

fallacis was or was not present (Table 2.3), the binomial model yielded a P-value of 

0.36, while comparing b's produced P=0.12. The a and b values both changed, but 

in opposite directions effectively canceling each other. When M. occidentalis life 

stages were compared (Table 2.3), the binomial model found four significant 

differences, while the comparison of b values found only two (Fig. 2.2). Individual 

P-values were often orders of magnitude smaller for the binomial model. Clearly, 
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the multiple comparison using the binomial model provided more evidence that M. 

occidentalis life stages became less aggregated as they matured. 

DISCUSSION 

The Model 

The model proposed in this paper was developed with data from 

experiments on predator-prey and predator-predator relationships among mites. We 

sampled eight species of mite (four predators and four plant feeders) in apple, and 

Multiple comparison p-values from: binomial model / power law b 

Females Deutonymphs Protonymphs Larvae Eggs 
0.10 / 0.39 11 0.16 / 0.13 031/039 H 034/034 I 

0.009 / 0.16 

0.12 / 0.15 

0.005/0.09 

10-4/ 0.004 

Increasing Aggregation 

Figure 2.2. Multiple comparison test P-values from differences in aggregation of 
life stages of the phytoseiid mite Metaseiulus occidentalis. P-values were obtained 
by comparing Wilson & Room's binomial curves (Eq. 2.6), and comparing power 
law (Eq. 2.2) b coefficient for each life stage (binomial model/Power Law). 

http:0.005/0.09
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one phytophagous mite being impacted by a predator in hop. Our interest in these 

systems was in studying what effects the predators had on the spatial distribution of 

the other species in the system. Mites are excellent subjects for this kind of study 

because they have short generation times, and large communities can be easily 

sampled. Though this model was based only on one order of organisms, the eight 

species studied spanned a wide range of power law values: 1.93-45.64 for the a 

coefficient, and 1.10-2.08 for the b coefficient. This would suggest the model may 

fit other species' distributions: more testing is needed to confirm its applicability. 

As with most aggregation indices, this new model fits better the data sets 

having larger numbers of samples (n.,), and (particularly) larger numbers of sample 

units (nu). These large samples allow for a wider range of P(I) values which have 

normally distributed error, and are subject to fewer stochastic effects. Experiments 

analyzed with the new model should be designed to obtain as large a range of 

means as possible (see discussion of these factors below). 

We needed to apply a correction to the power law a coefficient in our model 

to fit it to our data sets. Hughes & Madden (1993) and Madden & Hughes (1995) 

showed that the negative binomial distribution, the basis for the model presented 

here, is not the best fit for the density per sample of some aggregated organisms. 

They found that the beta-binomial distribution was a better fit to plant and plant 

disease data, especially at higher densities. A cursory examination of our mite data 

suggests that they also follow the beta-binomial distribution, so we would expect 

the binomial model to overestimate P(I) at higher densities. We found this indeed 

http:1.10-2.08
http:1.93-45.64
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to be the case. The correction to the a coefficient was satisfactory for these data, 

but more work is clearly needed to see if our model can be adapted to other 

distributions. 

Error Bands 

The binomial model is generally conservative with its application of error 

bands, as seen by the bootstrapping and subsampling tests. The error bands tended 

to fit the data less well when nu or rts were small, or when the range of means was 

low. These conditions may cause problems with the fit of the power law (Downing, 

1986; Yamamura, 1990) and by extension, any procedure based on it. With low 

values of nu, any semblance of a normal distribution of P(I) values is lost. A rule 

which encourages normal distribution of binomial data is to make sure 

nu P(I) 5 and nu -[1 P(I)] 5 at the mean values of P(I) that are to be tested 

(Hogg & Tanis, 1988). Problems associated with testing data sets that have only 

low mean densities are well known (Rout ledge & Swartz, 1991), including pseudo-

randomness in the power law regression that does not reflect the actual distribution 

of the population. Perry & Woiwod (1992) addressed the issue of testing data sets 

with only low densities and suggested a method to minimize problems with the 

power law. Testing data sets with only a small range of densities leads to unreliable 

estimates of coefficients (Downing, 1986). Data sets with only a few data points 

suffer simply from stochastic events, where changing a few points one way or the 

other changes greatly the fit of the model. 
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Comparing Data Sets 

As Taylor et al. (1988) pointed out, comparing aggregation between 

populations is only appropriate when data are collected under similar 

circumstances. Values of nu must be equal, and values of ns should be similar. The 

sampling method, environment (habitat) and composition of the organism's life 

stages should be comparable because of possible effects from behavioral 

differences and habitat influence. In addition, populations should only be compared 

at densities where the two data sets overlap to avoid extrapolation. 

Conclusion 

Few researchers have looked at the consequences of predation, parasitism, 

or competition on the distribution of prey organisms, or how the distribution ofa 

predator affects its efficiency at locating prey. The methodology described in this 

paper would be useful for such work. More generally, it will allow population 

biologists to discriminate between similar populations, and quantify the effects of 

natural processes such as predation and competition, or human-induced 

management actions on a population's distribution. 

An immediate use for the technique described here is in the field of 

arthropod integrated pest management, where binomial sampling models are used 

frequently to estimate the number of pest arthropods and their natural enemies. 

Pest managers make decisions to release control agents or apply chemical 
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treatments based in part on the numbers of arthropods estimated by their sampling 

plan, frequently with a simple treat/no-treat decision level. With a similar approach 

to that used here, confidence intervals could be applied to density estimates from 

P(I) samples, providing pest managers with additional information for estimating 

future density values, possibly changing their treatment decision. 



35 

REFERENCES
 

Downing, J.A., 1986. Spatial heterogeneity: evolved behaviour or mathematical
 
artefact? Nature 323: 255-257.
 

Efron, B. & R. Tibshirani, 1986. Bootstrap methods for standard errors, confidence 
intervals, and other measures of statistical accuracy. Statistical Science 1(1): 
54-77. 

Gutierrez, A.P., 1996. Applied population ecology: a supply-demand approach.
 
John Wiley & Sons, Inc., New York.
 

Hogg, R.V. & E.A. Tanis, 1988. Probability and statistical inference. Macmillan
 
Publishing Co., New York.
 

Hughes, G. & L.V. Madden, 1993. Using the beta-binomial distribution to describe 
aggregated patterns of disease incidence. Phytopathology 83:759-763. 

Kendall, W.S. & P. Frost, 1987. Experimental metastasis: a novel application of the 
variance to mean power function. Journal of the National Cancer Institute 
79: 1113-1115. 

Li, S.Y., R. Harmsen, & H.M.A. Thistlewood, 1992. The effect of pyrethroid 
lambdacyhalothrin applications on the spatial distribution of phytophagous 
and predatory mites in apple orchards. Experimental and Applied Acarology 
15: 259-269. 

Madden, L.V. & G. Hughes, 1995. Plant disease incidence: distributions, 
heterogeneity, and temporal analysis. Annual Review of Phytopathology 
33:529-564. 

Nachman, G., 1984. Estimates of mean population density and spatial distribution 
of Tetranychus urticae (Acarina: Tetranychidae) and Phytoseiulus 
persimilis (Acarina: Phytoseiidae) based upon the proportion of empty 
sampling units. Journal of Applied Ecology 21: 903-913. 

Perry, J.N., 1997. Statistical aspects of field experiments. In: D.R. Dent & M.P. 
Walton (eds), Methods in Ecological and Agricultural Entomology. CAB 
International, Wallingford. 

Perry, J.N. & I.P. Woiwod, 1992. Fitting Taylor's power law. Oikos 65(3): 538
542. 



36 

Rout ledge, R.D. & T.B. Swartz, 1991 Taylor's power law re-examined. Oikos
 
60(1): 107-112.
 

Southwood, T.R.E., 1991. Ecological Methods with Particular Reference to the
 
Study of Insect Populations, 2nd ed., Chapman and Hall, Cambridge.
 

Taylor, L.R., 1961. Aggregation, variance and the mean. Nature 189: 732-735. 

Taylor, L.R., J.N. Perry, I.P. Woiwod, & A.J. Taylor, 1988. Specificity of the 
spatial power-law exponent in ecology and agriculture. Nature 332: 721
722. 

Wilson, L.T., 1994. Estimating abundance, impact, and interactions among 
arthropods in cotton agroecosystems. In: L.P. Pedigo & G.D. Buntin (eds), 
Handbook of Sampling Methods for Arthropods in Agriculture. CRC Press, 
Boca Raton, pp. 475-514. 

Wilson, L.T. & P.M. Room, 1983. Clumping patterns of fruit and arthropods in 
cotton, with implications for binomial sampling. Environmental 
Entomology 12: 50-54. 

Yamamura, K., 1990. Sampling scale dependence of Taylor's power law. Oikos 
59(1): 121-125. 

Zar, J.H., 1984. Biostatistical Analysis, 2nd ed. Prentice-Hall Inc. Englewood 
Cliffs, NJ. 



37 

CHAPTER 3
 

SPATIAL AGGREGATION OF APPLE MITES (ACARI: PHYTOSEIIDAE,
 
STIGMAEIDAE, TETRANYCHIDAE) AS MEASURED BY A BINOMIAL
 

MODEL: EFFECTS OF LIFE STAGE, REPRODUCTION, COMPETITION AND
 
PREDATION
 

Daniel H. Slone and B. A. Croft 

Published in volume 27, number 4 of Environmental Entomolgy
 
August 1998, pp. 918-925
 

Used with kind permission from the Entomological Society ofAmerica 



38 

ABSTRACT
 

A binomial model was used to describe aggregation for 8 mite species that 

were collected from an experimental apple orchard in 1990-1995. They included 

the plant-feeding spider mites Tetranychus urticae Koch (combined with 

Eotetranychus sp.), Panonychus ulmi (Koch), and Bryobia rubrioculus (Scheuten); 

the stigmaeid predator Zetzellia mali (Ewing); and the phytoseiid predators 

Amblyseius andersoni Chant, Galendromus occidentalis (Nesbitt), and 

Typhlodromus pyri Scheuten. Aggregation was compared among all species, 

among life stages, and for each species as its density changed yearly. We found 

that predators were less aggregated than spider mites, and older life stages were less 

aggregated than younger ones. Tetranychus urticae + Eotetranychus sp., P. ulmi, 

and Z mali were more clumped when their densities were low. Aggregation of T. 

pyri was related to the aggregation and densities of P. ulmi and Z mali. 

Explanations for observed spatial patterns are suggested based on movement, 

reproduction, competition, predation, and behavioral traits of each species. 

INTRODUCTION 

There are many factors that affect spatial patterns and aggregation among 

the mites that commonly occur on plant foliage, such as walking, searching, 

dispersal, fecundity, development, territoriality, mate searching, or responses to 

plant or prey quality and quantity. More specifically, it has been observed that 

movement (dispersal to new leaves) of active stages decreases aggregation of older 
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life stages by evening out patchy areas of high population densities and that greater 

reproduction of a species without dispersal increases aggregation (Southwood 

1991). Furthermore, colony-forming mites usually move less and have higher rates 

of reproduction, so they aggregate more strongly than non-colony forming mites 

(Saito 1985); selection of oviposition sites affects the aggregation of eggs, and 

consequently the species as a whole (Wilson 1994); and when quality and quantity 

of plant or prey foods decline, mites enter a dispersal phase. For example, two-

spotted spider mites Tetranychus urticae Koch may climb to plant tops to form 

large clumps where they can be carried off either by wind or animals (Kennedy and 

Smitley 1985). Similarly, adult female phytoseiids of some species move to the 

edges of leaves and assume a raised stance or posture that aids in wind dispersal 

(Johnson and Croft 1976). 

Based on these key factors, we formed 6 hypotheses about the expected 

spatial patterns of mites found in an apple tree orchard: (1) predaceous mites would 

be less aggregated than phytophagous mites because predators must search for 

mobile prey; (2) an oligophagous predator on spider mites, such as Galendromus 

occidentalis (Nesbitt) would be more aggregated than a polyphagous predator, 

because it would track prey species more closely; (3) active life stages of all species 

would be less aggregated than their eggs because of dispersal; (4) spider mites 

would become less aggregated as predators reduced their densities; (5) colonies of 

all mites would appear to be more dispersed at very low densities than at higher 

densities because of pseudo-randomization effects (Taylor 1984, Perry and Woiwod 
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1992); and (6) predators would aggregate in response to distributions of their 

preferred prey. 

To evaluate the validity of these hypotheses, we compared data from a 6-yr. 

(1990-1995) study on biological control of apple pest mites that included spatial 

information for 8 species of phytophagous and predaceous mites (Croft and 

MacRae 1992a, b; Croft and MacRae 1993; Croft 1994; Croft and Slone 1997). 

Data included information on the occurrences of each life stage of each mite species 

for each year it was present. We assessed distributional changes relative to time, 

density, and species associations, and attempted to relate the results to individual 

factors such as mite movement, colony-forming behavior, foraging strategies, and 

reproduction. 

MATERIALS AND METHODS 

The experimental apple plot was created in 1990 with 100, 7-yr-old 'Red 

Delicious' apple trees planted in 50 gallon pots. Trees were pruned to m high, 

and placed 50 m apart in a large open field at the Oregon State University 

Entomology Farm in Corvallis, Oregon. In 1990, experimental apple trees were 

sprayed variously with pesticides (azinphosmethyl 50% wettable powder (WP) at 

0.09 kg active ingredient (AI)/ha, endosulfan 50% WP at 0.09 kg (AD/ha, and 

phosmet 50% WP at 0.09 kg (AI)/ha) from a backpack sprayer, and inoculated 

variously with the spider mites Panonychus ulmi (Koch) (European red mite) and T. 

urticae (two-spotted spider mite), and the phytoseiid predators G. occidentalis and 
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Typhlodromus pyri Scheuten. These 5treatments were applied as a 5 x 4 factorial, 

randomized design with 5 replicates. The pesticide and phytophagous mite 

treatments were as follows: azinphosmethyl, azinphosmethyl + endosulfan + 1000 

P. ulmi per tree, azinphosmethyl + 1000 P. ulmi per tree, azinphosmethyl + 

phosmet + 1000 P. ulmi per tree + 1000 T. urticae per tree, and azinphosmethyl + 

endosulfan + 1000 P. ulmi per tree + 1000 T. urticae per tree. These treatments 

were factorially combined with 4 predator treatments as follows: no predators 

added, 150 T. pyri per tree, 150 G. occidentalis per tree, and 75 T. pyri per tree + 75 

G. occidentalis per tree. The spider mites Bryobia rubrioculus (Scheuten) and 

Eotetranychus sp.; the apple rust mite, Aculus schlechtendali (Nalepa); the 

stigmaeid predator Zetzellia mali (Ewing); and the phytoseiid predator Amblyseius 

andersoni Chant were already established or immigrated from surrounding 

vegetation (Croft and Slone 1997). 

By 1994, the species compositions and densities of mites in the 

experimental plots had converged into 5 types: the predator factors had become 

indistinguishable due to dispersal of predators and only the pesticide + prey 

treatments remained, because the sprays were repeated each year, and the mite 

releases were not. Trees were then arranged into 20 groups of 5 trees each (4 

replicates of 5 treatments, each replicate containing 5 trees arranged according to 

the pesticide + prey treatments), with the groups at least 17 m apart. 

Populations of G. occidentalis were severely depleted by 1992 because of 

competition with Z mali, 7'. pyri, or both. G. occidentalis was reintroduced into 
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selected plots in 1992 (Croft and MacRae 1993), where it disappeared completely 

by 1994. Low numbers of T. pyri were reintroduced into selected plots in 1993 to 

test for reestablishment with different levels of Z. mali present in the plots 

(interspecific competition effects) (Croft 1994). 

Approximately 10 times each growing season, 10 leaves were taken from 

each tree (50 per treatment replicate), and the mites on each leaf were counted 

under a 30x binocular microscope. Each mite was recorded as egg, immature, or 

adult stage for the spider mites T. urticae, Eotetranychus sp., P. ulmi and B. 

rubrioculus, and the stigmaeid Z. mali. Egg, larvae, protonymph, deutonymph, 

adult male, and adult female stages were recorded for the 3 phytoseiids A. 

andersoni, G. occidentalis, and T. pyri. The eriophyid mite A. schlechtendali was 

sampled, but its density was recorded as classes (0, 1-10, 11-100, ...), and the data 

were not used for this study. T. urticae and Eotetranychus sp. were treated as 1 

species because they have very similar colonization behaviors (Saito 1985) and 

reproductive capacities (Sabelis 1985b), and we observed that in the experimental 

apple orchard, their spatial patterns were indistinguishable from one another. 

Aggregation of each mite species was quantified using a procedure 

developed by Slone and Croft (Chapter 2) based on a binomial model by Wilson 

and Room (1983): 

-m.log(amb-1).(amb-1-11-
1 

P(I) = 1 e I (3.1) 
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It relates the proportion of leaves infested, P(I), to m, the mean sample density, and 

the a and b coefficients from a least-squares fit to the variance-mean power law 

equation: 

log(S 2) = log(a) + b log(m) (3.2) 

(Taylor 1961). 

An increase in either a or b is associated with a lower P(1) at a given mean. 

This is interpreted as increasing aggregation, because it is assumed that a more 

clumped population will occupy less space and have a lower P(1) at a given mean 

(Wilson and Room 1983, Wilson 1994, Overholt et al. 1994). All data sets were 

analyzed with multiple comparison techniques (Sidak inequality; Jones 1984, 

Chapter 2) and linear regression. 

Following the procedures of Slone and Croft (Chapter 2), after discarding 

samples containing fewer than 2 mites (Taylor 1984), each data set was regressed 

on log(m) and log(S2) axes to estimate the power law coefficients. The values of 

these coefficients were applied to the binomial model, as modified by Slone and 

Croft (Chapter 2) to correct for a bias in the a coefficient, to obtain P(1) values and 

standard error bands. Statistical tests for P(1) comparisons were performed only at 

those densities that were observed in the field, but P(1) values are reported herein at 

a mean density of 3 mites per leaf. This density, though it required extrapolation 



for some data sets, was used because it provided a consistent measurement and 

because it most clearly showed aggregation trends among and within species. 

The number of sampling dates per year varied, so data sets from mite 

density counts were standardized to a constant number of samples (10,000 leaves 

per year). Using P(I) values at 3 mites per leaf from the binomial model, mite 

aggregation was quantified in the following 3 ways: overall aggregation for each 

species, aggregation for each life stage, and aggregation as it relates to the overall 

mean density of a data set. To accomplish the latter, the overall mean density and 

P(I) values (at 3 mites per leaf) for each species, each year, were calculated. These 

values were regressed on log(m) and logit[P(/)] axes to see if there was any 

systematic change in P(I) with changing overall density. This differs from asking 

if, within a data set, the P(I) values change with density (this is assumed). Instead, 

we are asking whether the overall mean density of the data set affects the P(I) value 

at 3 mites per leaf. A change in this P(I) measurement would signify a change in 

the population's aggregation between data sets. 

The data used for these regressions, being from different years in the same 

experimental orchard, were not fully independent, but they showed no significant 

serial correlation between years. Predator mite species also were tested with similar 

regression methods to see whether they showed aggregation changes based on the 

density or aggregation of other species. 
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RESULTS AND DISCUSSION
 

Species Aggregation 

Data from all life stages, over all years were combined to estimate overall 

aggregation for each species (Table 3.1). Spider mites were generally more 

aggregated than the other mite species, with T. urticae + Eotetranychus sp. being 

significantly more aggregated than P. ulmi. B. rubrioculus and Z mali had 

intermediate aggregation tendencies, and the phytoseiids were the least aggregated 

of all. 

Life Stage Aggregation 

All of the spider mite species studied showed decreasing aggregation in the 

older life stages (Table 3.2). T. urticae + Eotetranychus sp. had eggs and 

Table 3.1. Power law regression attributes and binomial model results (proportion 
of leaves occupied +/- 95% CL) at a density of 3 mites per leaf for 7 species of 
apple mites from 1990-1995 

power law binomial model 
Species Year n a b r2 -95% CL P(I) +95% CL 

B. rubrioculus 1994-1995 81 3.954 1.363 0.928 0.579 0.622 0.665 
P. ulmi 1990-1995 823 6.261 1.503 0.962 0.435 0.444 0.453 
T. u. + E. sp. 1990-1995 460 15.320 1.630 0.950 0.179 0.188 0.197 
A. andersoni 1993-1995 181 2.530 1.209 0.901 0.758 0.781 0.802 
G. occidentalis 1990-1993 327 3.400 1.338 0.938 0.659 0.673 0.686 
T. pyri 1990-1995 1106 2.969 1.297 0.929 0.712 0.720 0.728 
Z mali 1992-1995 868 3.897 1.380 0.933 0.611 0.622 0.633 

Each regression is significant at P < 0.0001. T.u., T. urticae; E. sp., Eotetranychus sp. 
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immatures that were highly aggregated, whereas the more mobile adults were less 

aggregated. These trends were consistent with the behavior of their immatures to 

remain locally within a webbed area on a leaf. In contrast, the more mobile 

immatures of P. ulmi were more dispersed than their eggs (Table 3.2). The egg 

stage of B. rubrioculus was the most aggregated of that species. Highly mobile 

immatures and adults of this species were both significantly less aggregated than 

eggs but could not be statistically separated from one another. In general, the 

aggregation of a particular life stage is dependent on the aggregation of the previous 

life stage and its mobility between leaves. As discussed below, other factors can 

also affect the life stage aggregation of some species. 

The predators also showed decreasing aggregation with older life stages 

(Table 3.3). The aggregation of eggs, immatures, and adults of Z. mali were 

Table 3.2. Power law regression attributes and binomial model results (proportion 
of leaves occupied +1- 95% CL) at a density of 3 mites per leaf for life stages of 4 
species of phytophagous apple mites from 1990-1995 

power law binomial model 
Species Stage n a b r2 -95% CL P(I) +95% CL 

B. rubrioculus Egg 43 4.362 1.399 0.946 0.533 0.583 0.633 
Nymph 45 2.179 1.138 0.890 0.771 0.828 0.876 
Adult 35 1.963 1.156 0.760 0.727 0.844 0.926 

P. ulmi Egg 702 6.657 1.478 0.961 0.422 0.432 0.441 
Nymph 495 4.942 1.423 0.957 0.524 0.538 0.552 
Adult 372 3.588 1.351 0.947 0.635 0.654 0.672 

7'. u. + E. sp. Egg 396 14.130 1.589 0.940 0.199 0.210 0.222 
Nymph	 194 13.540 1.610 0.942 0.198 0.216 0.236 
Adult 207 8.960 1.601 0.941 0.292 0.318 0.345 

Each regression is significant at P < 0.0001. T.u., T. urticae; E. sp., Eotetranychus sp. 
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significantly different from each other. This may indicate that Z mali immatures 

move between leaves, but less than adults. G. occidentalis showed its largest 

change in aggregation between the protonymphal and deutonymphal stages (Table 

3.3). Larvae of T. pyri were significantly less aggregated than eggs (Table 3.3), 

which seems to contradict behavioral studies showing that T. pyri larvae, similar to 

those of A. andersoni, do not feed or move much (Croft and Zhang 1994, Zhang 

and Croft 1994). One possible explanation is that 10% fewer T. pyri larvae were 

sampled than protonymphs, after correcting for developmental time (Zhang and 

Croft 1994; Table 3.4). The small (as compared with other phytoseiids) T. pyri 

larvae, immediately upon hatching, seek out secluded spots and hide until molting 

into protonymphs (Croft and Croft 1993); a behavior unique among the 3 

phytoseiids. Not sampling these hidden T. pyri larvae may have reduced the 

apparent larval aggregation. 

Adult Male T. pyri were significantly less aggregated than adult female T. 

pyri (Table 3.3). We expected this response because males search for females 

almost continuously, whereas females aggregate in response to egg-laying areas and 

clumped food resources. We could not separate the aggregation of A. andersoni 

and G. occidentalis males from females, possibly because of the much smaller 

sample sizes for these 2 species (Table 3.4). 

Amblyseius andersoni egg and larval stages showed similar aggregation 

patterns, whereas the more active stages were less aggregated (Table 3.3). Croft 

and Zhang (1994) and Croft et al. (1996) showed that larvae of A. andersoni move 
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very little and generally do not feed. After molting to a protonymph, they exhibit 

an increased searching behavior, moving more rapidly than other phytoseiids 

(Croft et al. 1995). This behavior occurs in all life stages past the larva. 

Amblyseius andersoni exhibited an interesting spatial pattern. Its overall 

species aggregation was substantially less than the other species (Table 3.1), yet the 

Table 3.3. Power law regression attributes and binomial model results (proportion
 
of leaves occupied +1- 95% CL) at a density of 3 mites per leaf for life stages of 4
 
species of predaceous apple mites from 1990-1995
 

power law binomial model 
Species Stage a r2 P(I)n b -95% CL +95% CL 

A. andersoni Egg 119 3.262 1.325 0.870 0.6880.634 0.739 
Larva 49 2.920 1.286 0.797 0.610 0.727 0.829 
Prot. 97 1.776 1.148 0.860 0.826 0.864 0.896 
Deut. 88 1.506 1.117 0.832 0.853 0.894 0.926 

Female 141 1.541 1.125 0.913 0.871	 0.9060.889 
Male 85 1.673 1.159 0.931 0.846 0.872 0.894 

G. occidentalis Egg 234 3.568 1.339 0.912 0.637 0.659 0.680 
Larva 97 3.296 1.311 0.777 0.595 0.688 0.774 
Prot. 60 2.949 1.224 0.779 0.660 0.740 0.811 
Deut. 72 2.045 1.125 0.787 0.790 0.842 0.887 

Female 306 1.792 1.187 0.929 0.844	 0.8660.855 
Male 139 1.652 1.128 0.833 0.846 0.879 0.907 

T. pyri Egg 787 3.464 1.315 0.911 0.6730.660 0.687 
Larva 291 2.330 1.236 0.847 0.760 0.794 0.824 
Prot. 567 1.767 1.155 0.895 0.852 0.863 0.874 
Deut. 593 1.636 1.142 0.898 0.867 0.878 0.888 

Female 912 1.683 1.157 0.928 0.864	 0.8780.871 
Male 483 1.181 1.022 0.903 0.926 0.934 0.940 

Z mali Egg 394 5.685 1.419 0.937 0.4950.479	 0.512 
Nymph	 361 4.074 1.338 0.945 0.604 0.620 0.635 
Adult 412 2.418 1.262 0.957 0.769 0.779 0.789 

Each regression is significant at P < 0.0001. T. u., T. urticae; E. sp., Eotetranychus sp. 



Table 3.4. Number of mites counted for each life stage of 8 species of apple mites from 1990-1995 

Number of Individuals Counted Mites per Leaf
Species Yrs. counted n Egg Larva Prot. Deut. Inun. Female Male Adult Total Mean Maximum 

B. rubrioculus 1994-1995 81 789 373 166 1,328 0.328 2.16
P. ulmi 1990-1995 823 130,520 35,553 10,883 176,956 4.300 232.08 

T u.+ E. sp. 1990-1995 460 14,081 6,116 4,521 24,718 1.075 19.24 
A. andersoni 1993-1995 181 870 240 686 435 1,361 1,279 567 1,846 4,871 0.538 2.36 

G. occidentalis 1990-1993 327 5,248 425 657 691 1,773 4,191 782 4,973 12,985 0.794 7.42 
T. pyri 1990-1995 1,106 14,479 1,504 5,298 4,741 11,543 11,610 3,438 15,048 49,175 0.889 11.24 
Z mali 1992-1995 868 16,617 - 16,026 15,210 47,853 1.102 19.40 

T.u., T. urticae; E. sp., Eotetranychus sp.; Prot., protonymph; Deut., deutonymph; Imm., immature. 
Maximum mites-per-leaf measurement is the greatest 50-leaf sample dividedby 50. 
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P(1) values for its individual life stages were comparable to the respective life stage 

P(1) values of G. occidentalis and T. pyri (Table 3.3). One possible explanation is 

that compared with the other phytoseiids, A. andersoni life stages are more 

dissociated from each other, possibly due to each life stage having an ambulatory 

phase either just before or just after molting. Another explanation may be because 

A. andersoni eggs were relatively less numerous than those of the other phytoseiids 

(Table 3.4), the species' overall aggregation was affected more by the less 

aggregated motile stages. 

One clear trend was that eggs of each species were significantly more 

aggregated than adult females (Tables 3.2 and 3.3), which implies that females 

selected oviposition sites that were more aggregated than they themselves were. 

For T. urticae + Eotetranychus sp., increased egg aggregation might be expected 

because they are more sedentary and tend to lay eggs in their webbed areas. In 

contrast, oviposition site preference for highly mobile phytoseiids may be related to 

these predators' ability to return repeatedly to areas of high prey density (Zhang and 

Sanderson 1992), and the possible ability of some phytoseiids to recognize eggs of 

their own species (Croft et al. 1996, Monetti and Croft 1997). Possible cues for 

selecting oviposition sites may be existing predator eggs, clusters of prey species, or 

leaf features such as holes, domatia, or webbed areas. 
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Overall Aggregation Based on Density 

For the webspinning spider mites (T. urticae + Eotetranychus sp., P. ulmi) 

and the stigmaeid Z. mali, the data showed a trend of increasing aggregation with 

decreasing density (Fig. 3.1). This seems contradictory to the generally accepted 
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Figure 3.1. Regressions of the (logit) proportion of leaves occupied by each of 7 
species of apple mites at a density of 3 mites per leaf on the (log) mean densities of 
each data set (1990-1995). Open points (dotted lines) represent phytophagous 
mites, solid points (solid lines) represent predaceous mites. Abbreviations are: T.u., 
T. urticae; E.sp., Eotetranychus sp. 
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view that aggregation of clumped organisms generally decreases at lower densities; 

however, we are measuring between data sets, rather than within a single data set. 

Within each of the data sets, aggregation did decrease at lower densities for all 

species. 

Tetranychus urticae + Eotetranychus sp. showed the strongest trend of 

increasing aggregation between data sets (P = 0.055). P. ulmi showed a lesser trend 

(P = 0.080), and Z. mali showed a slight trend (P = 0.109). B. rubrioculus (not 

tested) showed no relationship over the 2 y during which it was studied, and none 

of the phytoseiids showed a significant trend in relation to their own population 

levels (A. andersoni, P = 0.633; G. occidentalis, P = 0.748; T. pyri: P = 0.378). 

Factors Affecting Spider mite aggregation 

The colonial, webspinning spider mites (T. urticae + Eotetranychus sp.) 

were found to be most aggregated. They do not move much between leaves, and 

they form densely populated, compact colonies. Their intrinsic rates of increase are 

much higher that any other mite group in this study (Sabelis 1985a, b; Santos and 

Laing 1985), resulting in an increased power law a coefficient, a depressed P(I) 

curve, and increased aggregation. As Gerson (1985) pointed out, the elaborate 

webbing structures provide more favorable environmental conditions and protection 

from predators. The favorable conditions found within the webbing allow greater 

reproduction, and its protection provides incentive not to move away. 
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European red mites (not webspinning colonial mites) were not as aggregated 

as the colonial spider mites, possibly because they move more between leaves in 

both the immature and adult life stages. Sabelis (1985b) suggests that Panonychus 

spp. may rely on the dispersal of immatures as a strategy to protect them from 

predators, rather than on the use of a silk barrier as in Tetranychus spp. P. ulmi 

were still far more aggregated than the predators because they have a larger 

reproductive capability than the predators (increasing their power law a coefficient) 

and because they do not have to search or move as much to find food. 

Bryobia rubrioculus showed greater dispersion than the other spider mites, 

with aggregation patterns comparable to the predator Z. mali, and almost as 

dispersed as the 3 phytoseiids. This mite is the most mobile of all the 

phytophagous mites studied herein, and spends much of its time on woody parts of 

the tree and not on leaves (Anderson and Morgan 1958, Herbert 1965). It does not 

spin silk (Alberti and Crooker 1985) or form concentrated colonies on apple leaves, 

and its fecundity is the lowest among the spider mites studied (Sabelis 1985a). 

Factors Affecting Predator Aggregation 

Zetzellia male s aggregation was the greatest of the predators studied. 

Because of its predaceous habits, Z. mali must move to find prey but it also shows 

more of a tendency than phytoseiids to remain on a leaf (Lawson and Walde 1994), 

hiding in the domatia created by the midrib, veins, and hairs of apple leaves. It is 

the slowest moving of the predators studied (Santos 1991), specializing in preying 
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upon eggs and quiescent life stages of spider mites and phytoseiids (Clements and 

Harmsen 1993). Aggregation in Z. mali was not likely to have been affected 

directly by predation because phytoseiids in general do not prey upon it to any great 

extent (Clements and Harmsen 1993, MacRae and Croft 1996). Phytoseiids instead 

may have a substantial indirect effect on Z. mali through mechanisms of 

competition for decreasing prey and contact avoidance. 

Phytoseiids in general move rapidly in search of prey and tend to colonize 

new leaves and plants (Croft et al. 1995), so they were the least aggregated of all 

the mite species studied herein (Table 3.1). G. occidentalis was more aggregated 

than the other phytoseiids, possibly because of its preferences for the highly 

aggregated T. urticae + Eotetranychus sp., though it also feeds on the common and 

widely distributed apple rust mite (Hoyt 1969). It also is the predator that is most 

likely to be affected by predation by Z mali (Croft and MacRae 1993, MacRae and 

Croft 1996) or other phytoseiids (Croft and Croft 1996, Croft et al. 1996). 

Although each of these factors undoubtedly had an effect during these studies, the 

overall aggregation of G. occidentalis remained relatively constant in the 4 yr that it 

was present. 

Typhlodromus pyri was less aggregated than G. occidentalis. It responds to 

the presence of the less aggregated P. ulmi (Nyrop 1988, Lawson and Walde 1994). 

In our tests, T. pyri's aggregation generally decreased when P. ulmi's density 

dropped (see effects of competition and predation, below). This may have been due 

to greater searching behavior in the predator when prey was scarce. At very low 
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densities of spider mites, T. pyri's increased searching behavior may have been 

diminished by the availability and distribution of alternate foods such as pollen and 

apple rust mite, which were usually ubiquitous (unpublished data). 

The least aggregated mite in our study, A. andersoni, feeds on more prey or 

food types than any of the other predators studied herein, including insects, 

phytophagous mites, pollen, and even the larger stages of phytoseiids (e.g., adult 

females) (Croft et al. 1996, Croft and Croft 1996). None of the predators studied 

feeds on the larger motile stages of A. andersoni, though Z. mali does eat its eggs 

and some immatures. Immature and adult female A. andersoni move more rapidly 

and disperse more quickly than the other 2 phytoseiids, even when food is present 

(Croft et al. 1995). Another possible factor contributing to its low aggregation is 

that A. andersoni was a regular immigrant in this study (Croft 1994). This mite's 

adult female distribution was continuously being reduced by dispersants randomly 

arriving from surrounding vegetation (Croft 1994, Croft and Slone 1997), whereas 

the other 2 phytoseiids were introduced and were not present (or very rare) in the 

surrounding vegetation. Amblyseius andersoni also had the smallest population 

size of all predators species, which may have decreased aggregation measurements, 

because of pseudorandomization effects (Taylor 1984, Perry and Woiwod 1992). 

Effects of Competition and Predation 

Competition among spider mites was probably not a factor in our studies 

because their densities or those of other plant-feeding arthropods were not 
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sufficient to cause any food-limiting effects. Such effects among predators, 

however, may have been substantial. Several studies have shown that these 

predators, to one degree or another, eat the same prey species and feed on 

themselves and on each other (Croft and Croft 1996, Croft et al. 1996). 

Typhlodromus pyri aggregation was correlated with the aggregation of Z. 

mali, its chief competitor, and the density of P. ulmi: (logit[P(/) of T.p.] = 1.56 + 

0.80 * logit[P(/) of Z.m.) 0.11 * log(P.u. density); P = 0.008). Z. mali was 

affecting T. pyri, possibly by contact avoidance and most certainly by egg predation 

(MacRae and Croft 1996). Croft and MacRae (1993) and Croft (1994) suggested 

that Z. mali competed with and displaced T. pyri in some of the experimental apple 

orchard plots that we included in our data set. T. pyri probably also affected Z mali 

through competition (contact avoidance), especially when P. ulmi density was low. 

At times of high P. ulmi densities, individuals of either predator species would be 

more likely to encounter a spider mite, and not each another. 

We expected that populations of mites would show decreased aggregation 

(if any change at all) at lower densities because of pseudorandomization effects. 

The opposite trend of increased aggregation as density decreased between data sets 

in populations of T. urticae + Eotetranychus sp., P. ulmi, and Z. mali may have 

been a direct result of control, regulation, and competition by the predatory mites 

that were present in the system. During the last several years of the experiment, 

predator mites had reduced spider mite densities to very low levels (Croft and Slone 

1997). Even though the predators were less aggregated than the spider mites, they 
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were sufficiently aggregated to have left temporary refugia consisting of scattered 

leaves in which spider mites could survive and reproduce. These refugia, though 

temporary, were also dynamic: as one pocket was found by predators, another 

opened up for exploitation by spider mites. Highly clumped refugia (implying 

highly clumped spider mites) add stability to the system, because the predators 

never cause extinction of their prey (Fernando and Hassel 1980, Hassel and May 

1974). 

Conclusion 

We formed several hypotheses about the distribution of the phytophagous 

and predaceous mites studied herein. In general, we found that our predictions 

were supported by the data, but there were some exceptions. The results that 

agreed with our earlier hypotheses were that predators were less aggregated than 

plant feeders, active life stages were generally less aggregated than eggs, and life 

stages with greater mobility between leaves showed the largest aggregation 

decreases. The results that to some extent did not agree with our hypotheses were 

that there was no general trend of data sets with lower mean densities having 

greater P(I) values at 3 mites per leaf (having less aggregation), suggesting that the 

data were not significantly affected by pseudo-randomization, and that there may 

have been predation and competition effects. Other results that di not agree with 

our hypotheses were that the oligophagous predator G. occidentalis was more 

aggregated than the other phytoseiids, but the polyphagous predator Z. mali was 
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even more aggregated, and only weak evidence was found that 1 predator, T. pyri, 

aggregated in response to prey. It is possible that there were not enough data to 

discriminate this response in other predator species. Finally, a significant negative 

response was found between the 2 predators T. pyri and Z mali that seemed to be 

mediated by the density of P. ulmi. 
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ABSTRACT 

Predator-predator, predator-prey, and prey-prey associations among 9 

species of mites were studied in plots of 100, 7-yr. old Red Delicious apple (Malus 

pumila Miller) trees from 1990-1997. In 1990, trees were inoculated with 

Panonychus ulmi (Koch), Tetranychus urticae Koch (Acari: Tetranychidae) or both, 

and sprayed with azinphosmethyl (alone or plus endosulfan), or nothing. These 

treatments were crossed factorially with releases of Galendromus occidentalis 

(Nesbitt) and Typhlodromus pyri Scheuten. The species, Zetzellia mali (Ewing) 

(Acari: Stigmaeidae), Amblyseius andersoni Chant (Acari: Phytoseiidae), 

Eotetranychus sp., Bryobia rubrioculus (Scheuten) (Acari: Tetranychidae), and 

Aculus schlechtendali Nalepa (Acari: Eriophyidae) were already present or 

immigrated into plots. Yule's V and Schluter's indices were evaluated for 

measuring positive, neutral, or negative interspecific associations for each species 

pair. Yule's V was determined to be more robust under conditions of spatial 

autocorrelation in the data sets, and was used to measure association. Pesticide and 

release treatments did not greatly affect Yule's V results. Predator-predator 

associations were the strongest and most consistent, showing neutral associations in 

early season, negative ones in mid season, and weakly negative to neutral ones in 

late season. Negative associations of T. pyri with other predators were the 

strongest, which is consistent with evidence that this mite can detect other 

predators. Predator-prey seasonal associations were mixed, with some positive and 

others negative, with most significant associations occurring in the mid season. 
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Interactions between prey species were weakly positive, most likely because of 

similar habitat preferences. 

INTRODUCTION 

Since 1990, we have been studying biological control of phytophagous 

mites on 'Red Delicious' apple trees (Malus pumila Miller) by a complex of 

predaceous mites and interspecific competition of predator and prey mites 

(summarized in Croft and Slone 1997). Our studies have focused on 

organophosphate (OP) resistant strains of Typhlodromus pyri Scheuten and 

Galendromus occidentalis (Nesbitt) (Acari: Phytoseiidae). These mites can provide 

biological control of European red mite, Panonychus ulmi (Koch), two-spotted 

spider mite, Tetranychus urticae Koch (or Eotetranychus sp.)(Acari: 

Tetranychidae), and apple rust mite, Aculus schlechtendali Nalepa (Acari: 

Eriophyidae), and regulate them below economic injury levels. We also have been 

examining population trends of an OP tolerant stigmaeid mite, Zetzellia mali 

(Ewing), an OP susceptible, resident phytoseiid, Amblyseius andersoni Chant, and 

the pesticide susceptible tetranychid, Bryobia rubrioculus (Scheuten) (Croft 1994, 

Croft and Slone 1997). 

During these studies, we produced a large database of the densities of these 

nine mites over time for each year of 1990-1997 in an experimental apple orchard 

with prey-predator release and pesticide treatments. This apple orchard was 

subjected to a similar experimental protocol during years 1990-1995 (Croft and 
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Slone 1997), and these data were used to address predator-predator, predator-prey, 

and prey-prey associations. By association, we mean specifically the propensity for 

these mites to be found on the same leaf together. Any pair of species that together 

occupied more leaves than expected from random chance would be positively 

associated. Conversely, any pair of species that together occupied fewer leaves 

than expected would be negatively associated. 

Application and interpretation of association indices to presence-absence 

mite data can be used to detect several aspects of mite behavior, such as which prey 

and predator mites compete most strongly with each other, what the preferred prey 

of predaceous mites are, and which predator mites detect other predators, and 

consequently avoid them. They also may indicate which prey mites are using 

similar habitats. Based on our previous predation (Croft and Slone 1997) and 

aggregation (Chapter 3) studies, we were able to formulate several hypotheses on 

the association patterns that we expected among the several species of mites that we 

sampled. 

Predator-Predator Associations 

Our main interest was in exploring competition behaviors between 

predaceous mite species. Intra-guild predation (Clements and Harmsen 1990, Croft 

et al. 1996) and contact avoidance where predator mites move rapidly after contact 

with a heterospecific predator (Croft and Zhang 1994) have been observed in 

predatory mites. Our hypothesis is that predators will be most negatively associated 
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with each other when they interact most often, because the nature of their 

interactions would lead to heterospecifics leaving or being killed, resulting in few 

leaves where they coexist. Association will be expressed seasonally, with neutral 

association in the early season (April - May, when predatory mites are few), 

negative association in the mid season (June - August, when predator mites are 

more common and are likely to interact), and neutral association again in the late 

season (September October, when predators are again few). 

Predator-Prey Associations 

A likely characteristic of an efficient specialist predator is its high searching 

capacity for its preferred food item (Doutt and De Bach 1964). Conversely, a 

generalist predator that feeds on more food items would not have as high a 

searching capacity for any one item. A high searching capacity should result in the 

specialist predators being more closely coupled to the prey, and so having more 

positive associations with prey than the generalists. However, in the early season 

there may not be detectable associations in the prey and predator populations, 

because of the randomizing effects of differential emergence from diapause 

(Overmeer 1985) and patchy immigration. Similarly, in the late season predators 

and prey would disassociate to some extent when preparing to enter overwintering 

sites. With these seasonal limitations in mind, we hypothesize that the specialist 

predator G. occidentalis (McMurtry and Croft 1997) will become positively 

associated with their preferred prey early in the mid season, after a period of neutral 
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association. Later, as the predators consume their prey, the association between 

predator and prey will return to neutral. They may even go towards negative 

association as predators consume all of the prey in some local patches. The 

generalist predators (A. andersoni, T. pyri, Z mali; McMurtry and Croft 1997, 

Santos 1991) should show less association than a generalist predator with their 

prey, but following the same seasonal pattern as the specialist predators. 

Prey-Prey Associations 

At low densities, prey should be neutrally associated with other prey, due to 

the absence of strong competition among them. Only at higher densities would 

competition for plant resources, combined with the aggregated distributions of 

spider mites, result in negative association. Densities in our experimental system 

were generally low, with 50-leaf averages staying at < 4.3 mites per leaf for the 

tetranychids, and < 100 mites per leaf for the eriophyid (Chapter 3, Croft and Slone 

1997). The only exceptions were that P. ulmi reached 200 per leaf in the first 2 yr 

in a few trees (control plots) that did not receive releases of either G. occidentalis 

and/or T. pyri (Croft and MacRae 1992a, Croft and MacRae 1992b) and in 1990, 

the eriophyid reached high densities ( > 200 per leaf) that may have impacted on P. 

ulmi in some treatments (Croft and Hoying 1977, Croft and MacRae 1992a). 

Overall, the number of plots with high densities were a very small portion of the 

whole and thus, competition between phytophagous mites was probably not a large 

factor in the overall analysis. 
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One other factor that may have influenced competition among plant-feeding 

species in our studies is that there may have been areas within the plant where 

associations between phytophagous species were intense due to concentrations of 

high quality plant resources. For example, the terminal leaves of the apple trees 

that continue to grow throughout the summer may have been more resource rich 

than the more basal leaves on branches. We hypothesize that phytophagous mites 

that are highly dependent on leaf nutrients such as A. schlechtendali and P. ulmi 

will be positively associated with each other. This effect, though, could easily be 

masked by other interspecific factors that affect association. 

Association Protocols (Indices) 

To test each of the above hypotheses about predator-predator, predator-prey, 

and prey-prey associations, we used an index of interspecific association to measure 

positive, neutral, or negative associations among the 9 species of apple mites. 

Recent literature on association indices is sparse, though the subject has been 

thoroughly covered in earlier works (Cole 1949, Janson and Vegelius 1981, 

McCulloch 1985, among others). Several indices of association were considered 

for our analysis, with the requirement that the association be easily interpretable 

and consistent, robust with mite data, able to measure positive and negative 

association, and able to distinguish between complete (one species is always found 

with the other) and absolute (both species are always found with the other) 

association. The distinction between absolute and complete association is 
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important, because it may more readily show the difference between one-way 

associations where only one of the species prefers to be with (or away from) the 

other, and two way associations where both species prefer or require the company 

of the other, or actively avoid the other (but see Cole 1949). For example, a 

parasite would show complete association with its host, but each member of a 

mutualistic pair (e.g. a fig tree and fig wasp) would show absolute association with 

each other. 

Using the association index, patterns of association were noted, and possible 

explanations offered for each relationship between species based on our previous 

studies (Croft and Croft 1996, Croft et al. 1996, Croft and MacRae 1993, Croft and 

Slone 1997, MacRae and Croft 1996, Schausberger and Croft 1999) and other 

literature (Santos 1991, Schausberger 1997, Schausberger 1999a, Schausberger 

1999b, van der Geest 1985) covering the ecology and behavior of mites, including 

aspects of predation and competition. 

MATERIALS AND METHODS 

Horticulture/ Sampling Protocol 

The experimental apple plot was created in 1990 with 100, 7-yr. old Red 

Delicious apple trees planted in 50 gal. pots. Trees were pruned to an approximate 

2 m height, and placed 50 m apart in a large open field at the Oregon State 

University Entomology Farm in Corvallis, Oregon. In 1990, experimental apple 
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trees were sprayed variously with pesticides (azinphosmethyl 50% wettable powder 

(WP) @ 0.09 kg actual ingredient (AI)/ha, endosulfan 50% WP @ 0.09 kg (AD/ha, 

and phosmet 50% WP @ 0.09 kg (AD/ha) from a backpack sprayer, and inoculated 

variously with the spider mites P. ulmi and T urticae, and the phytoseiid predators 

G. occidentalis and T. pyri. The pesticide and phytophagous mite treatments were: 

A) azinphosmethyl, B) azinphosmethyl + endosulfan + 1000 P. ulmi per tree, C) 

azinphosmethyl + 1000 P. ulmi per tree, D) azinphosmethyl + phosmet + 1000 P. 

ulmi per tree + 1000 T. urticae per tree, and E) azinphosmethyl + endosulfan + 

1000 P. ulmi per tree + 1000 T. urticae per tree. These 5 treatments were 

factorially combined, in a randomized design with 5 replicates, with the 4 predator 

treatments that were: 1) no predators added, 2) 150 T. pyri per tree, 3) 150 G. 

occidentalis per tree, and 4) 75 T. pyri per tree + 75 G. occidentalis per tree. The 

spider mites B. rubrioculus and Eotetranychus sp., the apple rust mite A. 

schlechtendali, the stigmaeid predator Z. mali and the phytoseiid predator A. 

andersoni were already established or immigrated from surrounding vegetation 

(Croft and Slone 1997). 

By 1994, the species compositions and densities of mites in the 

experimental plots had converged into five types: the predator factors had become 

indistinguishable due to dispersal of predators, and only the pesticide/prey 

treatments remained, because the pesticide sprays were repeated each year, whereas 

the mite releases were not. Trees were then arranged into 20 groups of 5 trees each 
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(4 reps. of 5 treatments, each rep. copmming 5 trees arranged according to 

pesticide/prey treatments>, with the groups at least 17 meters apart. 

pop,oaions of G. occidentalis were severely depleted by 1992, because of 

competition with Z mall and/or T. pyri. G. occidentalis was reintroduced into 

selected plots in 1992 (Croft and MacRae 1993), where it disappeared completely 

by 1994. Low numbers of T. pyri were reintroduced into selected plots in 1993, to 

test for reestablishment with different levels of Z. mali present in the plots 

(interspecific competition effects) (Croft 1994). 

Approximately 10 times each growing season, 10 leaves were taken from 

each tree (= 50 per treatment replicate, or 200 per treatment), and the mites on each 

leaf were counted under a 30x binocular microscope. Each mite was recorded as 

egg, immature, or adult stage for the spider mites T. urticae, Eotetranychus sp., P. 

ubni and B. rubrioculus, and the stigmaeid Z. mali. Egg, larvae, protonymph, 

deutonymph, adult male, and adult female stages were recorded for the three 

phytoseuas 4. andersoni, G. occidentalis, and T. pyri. The density of the eriophyid 

mite, A. schlechtendati, s recorded as classes (0, 1-10,11-100,...). As in previous 

studies (Chapter 3, Croft, 1997 #125], r....ticae and Eotetranychus sp. were treated 

as one species, because they have v,y similar colonization behaviors (Saito 1985) 

and reproductive capacities (Sabelis 1985), .rd we felt that under the conditions of 

this study, their association patterns would be indistkwishable from one another. 
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Association Protocols (Indices) 

After considering several association indices, we evaluated two that seemed 

to be the most suitable for our needs. These were Yule's V (Pielou 1977), and 

Schluter's (Schluter 1984) indices. Yule's V index, 

V = (ad bc)(mnrsH (4.1) 

(Pielou 1977), is essentially a correlation coefficient for the presence of two species 

(Fig 4.1). It allows for negative and positive association, distinguishes between 

complete and absolute association, and its variability can be estimated: V2N has an 

approximate Chi squared distribution with 1 degree of freedom. 

Schluter's association index (Schluter 1984) is fundamentally different from 

Yule's V. It is a ratio of the estimated variance in total species number to the sum 

of the variances of the individual species: 

V = (sT2)(X a i2)-1 (4.2) 

The calculation of this index is detailed in Schluter (1984). This index was 

interesting because it allows for the simultaneous measurement of association 

among more than two species. Like Yule's V, it allows for negative and positive 

association, distinguishes between complete and absolute association, and it's 

variability can be estimated: in this case, VN has an approximate chi-square 

distribution with N degrees of freedom (N = number of samples). 
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Because of the aggregative behaviors of the mites that we studied (Chapter 

3) and the design of the sampling program, we expected our samples to show a high 

degree of spatial autocorrelation, displayed as non-random strings of presence-

absence data (serial correlation). We performed simulation studies (see Appendix 

B) to determine which index would be more robust under these conditions, and to 

estimate corrections for the significance levels. 

Based on the simulation studies, we chose to use Yule's V index for the 

studies herein, and we used an alpha level of 0.035, to allow less than 5% type I 

error on all the data sets, regardless of serial correlation. In addition, to limit the 

experimentwise type I error rate to 5%, we used the Sidak inequality (Jones 1984): 

ac =1 (1 ajn (4.3) 

to calculate a comparisonwise alpha level of 3.73x10-5. This level was used to 

determine the significance of each of the 955 species-pair samples. 

We tested for associations using 200-leaf (within pesticide treatment), and 

Species B 

Present Absent 

Present a m=a+b 
Species A 

Absent c d n=c+d 

r=a+c s=b+d N=m+n+r+s 

Figure 4.1. Yule's V (Eq. 4.1) is calculated from a table of presence/absence data. 
The cells a, b, c, d are counts of leaves conforming to each of the 4 presence/absence 
categories in each 50, 200, or 1000 leaf sample. 
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1000-leaf (within sample date) data to determine if the pesticide treatments were 

having an effect on species associations. If the within treatment tests and within 

sample date tests differed, then pesticide effects would be a likely explanation. 

RESULTS 

Pesticide Effects 

We tested each of the pesticide treatments (5 x 200 leaves ea.) separately to 

determine whether the treatments affected species association. Except for three 

combinations (A. andersoni - B. rubrioculus, G. occidentalis - Z. mali, and P. ulmi 

Z. mali), the results from the 200 leaf tests did not differ substantially from the 

1000 leaf tests, where the pesticide effects were excluded. Most importantly, there 

were no clear differences between the no-spray plots and the plots with the heaviest 

applications of pesticides. What we did find was that the 200 leaf samples had 

greater variability, and fewer usable samples, due to the scarcity of some of the mite 

species. Overall, the 200 leaf samples were not as reliable for the measurement of 

interspecific association as the 1000 leaf samples, so only the 1000 leaf samples are 

presented hereafter. 

Associations between mite species 

Examination of the data showed that different years were very similar in the 

way the mites were associated seasonally (patterns of significant associations were 
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consistent), so we combined all years for easier viewing. For each species pair, we 

arranged the samples into early (April - May), mid (June - August), and late 

(September - October) season results, with their respective significant positive, non

significant, and significant negative results (Fig. 4.2). 

Predator-Predator Associations 

As expected, the predator-predator associations were the strongest (most 

often significant) and most consistent (Figs. 4.3; 4.4a, b). In the early season, the 

number of neutral associations were mostly 100% of the total associations, and in 

the late season, the number of neutral associations were from 67 - 100% of the 

total. In the mid season, the neutral associations were only 53 - 88% of the total 

associations, and the negative associations were 12 - 47% of the total. There were 

no positive associations among any predator-predator pairs in any season. Among 

these associations, T. pyri - Z mali, T. pyri - A. andersoni, and T. pyri - G. 

occidentalis were the most strongly negatively associated in the mid season (Figs. 

Figure 4.2. For each species combination, one species (A) is listed on the top of the 
figure, and the associated species (B) is listed on the left side (Figs. 4.3, 4.5, 4.6). 
For each association (A:B), there are nine numbers: three each for early season 
(April May; a,d,g), mid season (June - August; b,e,h), and late season (September 

October; c,f,i). These numbers indicate how many significant positive (a,b,c), 
significant negative (g,h,i), and non-significant (d,e,f) associations were measured 
for each time period. 



G.o. T.p. Z.m. 
Early Mid Late Early Mid Late Early Mid Late 

A.a. 
2 

G.°. 0 

3 

Figure 4.3. Results from Yule's V index: predator-predator associations. Each 
species (A.a. = A. andersoni, G.o. = G. occidentalis, T.p. = T. pyri, Zm. = Z. mali) 
was tested against each other species. Listed are the number of significant positive, 
non-significant (grey), and significant negative (black color) associations (2 sided 
chi square test, a = 3.73x10-5) found during early, mid, and late season (see Fig. 
4.2 for further explanation). 

4.3; 4.4a, b). G. occidentalis and A. andersoni were never found in experimental 

plots at the same time, so we have no association data for this two-species 

combination. 

Predator-Prey Associations 

Associations between A. andersoni A. schlechtendali, A. andersoni - T. 

urticae, G. occidentalis - A. schlechtendali, and Z mali - A. schlechtendali were 

neutral-positive-neutral over the course of the season (Fig. 4.5). Their positive 

associations went from 0 - 22% of the total associations in the early season to 11 

43% of the total in the mid season, back down to 0 - 33% of the total in the late 

season. T. pyri showed mostly neutral-negative-neutral associations with the 
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Figure 4.4. Associations among predaceous apple mites (A.a. = A. andersoni, G.o. 
= G. occidentalis, T.p. = T. pyri, Z.m. = Z. mali) as measured by Yule's V index 
(Pielou, 1977). (4.4a): Each point represents one result of a 1000-leaf sample 
between two of the predators listed, placed on the month in which they were 
sampled. A negative V result indicates negative association, while a positive V 
result indicates positive association between the two species. (4.4b): Least-squares 
quadratic fit trendlines for the data shown in Fig. 4.4a. The lines for A. andersoni 
T. pyri and A. andersoni Z. mali do not extend to October (month 10) because 
there were no data for those species pairs during that month. 
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A.s. B.r. P.0 Tu. 
Early Mid Late Early Mid Late Early Mid Late Early Mid Late 

2 3 

A.a. 15	 14 

2 10 1 

G.0.	 7 13 21 

T.p.	 13 27 7
 

2 7 3
 
7
 

14 23 5
 

Figure 4.5. Results from Yule's V index: predator-prey associations. Each species 
(A.a. = A. andersoni, G.o. = G. occidentalis, T.p. = T. pyri, Z.m. = Z mali, A.s. = 
A. schlechtendali, B.r. = B. rubrioculus, P.u. = P. ulmi, and T.u. = T. urticae) was 
tested against each other species. Listed are the number of significant positive 
(white color), non-significant (grey), and significant negative (black color) 
associations (2 sided chi square test, a = 3.73x10-5) found during early, mid, and 
late season (see Fig. 4.2 for further explanation). 

phytophagous mites, and the association between Z. mali P. ulmi went from 

mostly neutral to 28% negative, without any positive association. The spider mite 

T. urticae (Eotetranychus sp.) was not strongly associated with any predator, but it 

had weak positive (with A. andersoni) and negative (with G. occidentalis) 

associations. 

Because the predators were all more or less negatively associated in mid 

season, we would expect their associations with prey species to be affected, 

especially associations involving T. pyri. For example, when T. pyri was negatively 
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Figure 4.6. Results from Yule's V index: prey-prey associations. Each species 
(A.a. = A. andersoni, G.o. = G. occidentalis, T.p. = T. pyri, Z.m. = Z. mali) was 
tested against each other species. Listed are the number of significant positive 
(white color), non-significant (grey), and significant negative (black color) 
associations (2 sided chi square test, a = 3.73x10-5) found during early, mid, and 
late season (see Fig. 4.2 for further explanation). 

associated in the mid season with A. schlechtendali, then A. andersoni, G. 

occidentalis, and Z. mali were more or less positively associated (Fig. 4.5). 

Prey-Prey Associations 

The prey species in our study did not have many significant associations 

with each other, but with one exception (A. schlechtendali - P. ulmi), the 

associations they did have were positive, with 0 - 20% significant associations (Fig. 

4.6). The only species pair that did not show any significant associations was A. 

schlechtendali - T. urticae. 
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DISCUSSION
 

Predator-Predator Associations 

The clearest trend by far was that the predators were all negatively 

associated with each other in mid season, and were more neutral in the early and 

late seasons. The probable mechanism for this is: in the beginning of the season, 

the predators are arriving into the system, recovering from diapause, and the prey 

have not yet built up to large numbers. At this time, interspecific interactions may 

be low, the predators may be feeding on more widespread alternative foods such as 

pollen, or there may be much movement of predators between leaves searching for 

prey. As the prey mites build up, the predators concentrate on large aggregations of 

prey that they eventually reduce to low levels. As prey levels are reduced, 

interspecific interactions and competition would be strongest. Z mali, for instance, 

would be feeding on the eggs of the phytoseiids (Croft and MacRae 1993, MacRae 

and Croft 1996), the phytoseiids would be attacking the motile stages of the other 

predators (Croft and Croft 1996, Croft et al. 1996, Schausberger 1999a), and 

predators may be leaving leaves after contacting larger members of other predator 

species (pers. obs.). The result of these interactions would be strong negative 

association. At the end of the season, the prey are almost eliminated, and the 

remaining predators again take to searching for food, or searching for overwintering 

sites. As they lose their associations with the prey, the number of predator 

interactions would decrease, bringing their association back to neutral. 



82 

The strongest negative associations were with T. pyri., especially between T. 

pyri and Z. mali. Zetzellia mali feeds readily on eggs of phytoseiids when 

phytophagous mites become scarce (Croft and MacRae 1993, MacRae and Croft 

1996), and it mostly occurs near the midrib of the apple leaf (MacRae and Croft 

1996). In the field, Z mali eats more of G. occidentalis' eggs than T. pyri's eggs 

(Croft and MacRae 1993, MacRae and Croft 1996), because T. pyri lays its eggs 

scattered about the leaf, but G. occidentalis lays its eggs primarily near the midrib, 

where Z. mali forages. Croft and MacRae (1993) showed that competition between 

these species was so intense that Z. mali was able to prevent establishment of G. 

occidentalis in an apple system. Z mali affected the populations of T. pyri and A. 

andersoni as well, but not as much as G. occidentalis. In light of this, the strong 

negative association between Z. mali-T. pyri, but not between Z. mali-G. 

occidentalis, might seem unexpected. An explanation may be that T. pyri can 

detect other phytoseiids whereas G. occidentalis is less discriminatory 

(Schausberger 1997, Schausberger 1999b), so perhaps in a similar way, T. pyri was 

detecting and avoiding Z mali. The ability of T. pyri to detect other predators 

results in the strong negative associations seen in previous studies and in this study 

(Schausberger and Croft 1999) (Figs. 4.1a, 4.1b). 

In recent studies (Schausberger 1997, Schausberger and Croft 1999), 

discrimination by adult females (and in many cases immatures) of the immature life 

stages of conspecifics versus heterospecifics has been observed. Understanding 

differences in discriminating ability of con- versus heterospecifics is important to 
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more complete understanding of interspecific competition among predaceous mites. 

For example, the specialist feeding phytoseiids like G. occidentalis and 

Phytoseiulus persimilis (A & H) apparently do not generally discriminate between 

their own and other phytoseiid species when preying on immatures whereas 

generalist feeding phytoseiids like T. pyri and A. andersoni do to a much greater 

extent. The latter only feed on their own immatures when prey levels become 

extremely low. Probably this factor was a key reason for the displacement of G. 

occidentalis as was seen in the plots used in this study (MacRae and Croft 1993). 

Being present at low densities also may make G. occidentalis (and A. andersoni) 

less likely to be disassociated with other phytoseiids (Southwood 1991). 

Predator-Prey Associations 

Interactions between predator and prey were expected to be mixed. 

Predators should be associated with their prey if they are to be efficient, but at the 

same time, eating the prey would cause the prey item to dessicate and to drop off of 

the leaf, removing it from the population and causing the populations to exhibit a 

more negative association. Overall, we saw mostly neutral associations. 

Predators were generally positively associated with their preferred prey, or 

the one that gives them the greatest reproductive benefit (such as Z. mali - A. 

schlechtendali; (Santos 1991), and were also generally negatively associated with 

other predators. A result of this interaction is that predators that were negatively 

associated with other predators were also negatively associated with the preferred 
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prey of those predators. This may be an indication that biological control with two 

predator species that associate negatively with each other would not be as effective 

as one would expect. Conversely, the negative association between the two 

predators may spread them throughout more of the tree, and thus contribute to 

greater biological control. 

Prey-Prey Associations 

Interactions between the prey species were generally neutral, except for 

some weak positive associations. This was most likely the result of habitat 

preference. The leaves at terminal parts of the apple trees, being new and tender 

and having high nitrogen content, were most likely more attractive to the 

phytophagous mites. Combined with a negative geotactic response as occurs in 

most phytophagous mite species (van der Geest 1985) it was not a surprise to see 

most of these phytophagous mites at the terminal growing regions of the trees. B. 

rubrioculus was not expected to have strong associations with any of the other prey 

species because it lives mostly on the twigs and bark of the apple tree. We found 

weak positive associations similar to the other phytophagous mites, which suggests 

that it was occupying the same preferred leaves as P. ulmi and A. schlechtendali. 

We thought T. urticae (and to a lesser extent, Eotetranychus sp.) would be more 

negatively associated with other prey mite species at high densities, because they 

tend to create complex webbing structures that possibly exclude other species. 
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However, they seldom got to densities high enough to show significant webbing, so 

they did not interfere appreciably with the other phytophagous mites. 

Generalization and Application to Biological Control 

We formed several hypotheses about predator-predator, predator-prey, and 

prey-prey associations, and found for the most part that they were supported by 

data. Overall, most of the significant associations, both positive and negative, were 

found in the mid season. We found that predators were most negatively associated 

with each other when they were interacting most often, in the middle of the season. 

We found that the specialist predator G. occidentalis was positively associated with 

A. schlechtendali in the mid season, but not with the spider mites. As expected, 

there were no strong interactions between prey mites because of the low population 

densities in the orchard; the weak positive associations seen were presumably due 

to habitat preference. 

Knowing the associative relationships among mites on apple trees can help 

one estimate the degree of biological control that can be expected by the degree of 

association of the relevant species on apple leaves. In early or late season, when the 

associations are neutral, predators will less often be where prey are, and that 

biological control effects will not be very strong. Because prey numbers are 

relatively low at these times, the practical significance of this is likely to be small. 

By mid season, concurrence between predator and prey is more likely and should 

result in more effective biological control. The relative strengths of associations 
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between prey-prey or predator-predator species probably reflects to some degree the 

amount of interspecific competition between the species, and may be an indicator of 

interference between two predators. Whether predator interference results in a 

lower biocontrol efficiency in the field remains to be seen, but if studies of predator 

diversity and phytophagous mite regulation are indicative, our field studies (Croft 

and Slone 1997) and other experiments (Eh ler 1992) have found that more predator 

diversity results in greater regulation of spider mite pests, even though predator-

predator competition may have increased. 
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ABSTRACT
 

We measured P(I), the proportion of habitat a species occupies at a given 

density, and estimated the standard error of P(I), at a standardized density of 1 mite

per-leaf for Amblyseius andersoni Chant, Galendromus occidentalis (Nesbitt), 

Typhlodromus pyri Scheuten (Acari: Phytoseiidae), and Zetzellia mali (Ewing) 

(Acari: Stigmaeidae), over four years. Densities of these mites were counted on 10 

leaves per tree, 10 times per year in an experimental apple orchard with 100, 2-m 

high 'Red Delicious' apple trees (Malus pumila Miller), with 20 groups of 5 trees 

each. Counts of all life stages of each species were combined for a general 

assessment of their aggregation. 

Aggregation of predators was segregated into data with each predator alone, 

and with other predators. We tested a hypothesis suggested by the aggregation 

model of coexistence, that the aggregation of predators should increase when they 

were competing with other predator species. The increase in aggregation should be 

related to the effect the competitor has on the subject predator. 

G. occidentalis showed the greatest increase in aggregation when other 

predators were present. Z. mali showed intermediate levels of aggregation increase 

when other predators were present. T. pyri was significantly affected only by Z. 

mali. A. andersoni showed no change in aggregation in the presence of other 

predators. 

We concluded that the results were mixed with regard to the aggregation 

model predictions in that the predator that showed the greatest change in 
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aggregation (G. occidentalis) was driven to extinction, but the 3 other predators 

maintained a stable coexistence for 6 years. 

INTRODUCTION 

Background 

The competitive exclusion principle states that two or more species can not 

coexist on a single resource. Apparent contradictions to this principle (Hutchinson 

1961, Lehman and Tilman 1997) have led researchers to develop several 

mechanisms to explain coexistence among competitors. One involves dispersal 

ability, where an otherwise inferior competitor exists primarily by exploiting new 

habitat quickly and completing its life cycle before being displaced by the superior 

competitors (Tilman 1994). Another involves the classic idea of niche partitioning, 

where the competing species are using subtly different resources, and thus do not 

directly compete for the same fundamental niche (MacArthur and Levins 1967). A 

third area broadly covers spatial heterogeneity of either the resources or the 

competitors themselves. These mechanisms show how several competing species 

can coexist through the reduction of competition pressures, though they all compete 

for the same limited resource. 

The reduction of interspecific competition relative to intraspecific 

competition can arise via spatial mechanisms, if conspecifics interact more than 

heterospecifics. Models of parasitoid spatial pattern developed by Hassell and May 
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(1973) show that intraspecific aggregation of parasitoids increases mutual 

interference, and contributes to density stabilization. The models clearly 

demonstrated that ever increasing aggregation was associated with greater stability, 

and that increasing parasitoid aggregation was sufficient to stabilize an otherwise 

inherently unstable system. These models are also applicable to searching predators 

(Hassell and May 1974) such as phytoseiid or stigmaeid mites. 

Concepts from a system with one species of predator can apply to multiple species 

systems of competing predators. For their model of competition and coexistence 

based on the Lotka-Volterra model, Gilpin and Ayala (1973) found that a sufficient 

condition for coexistence was that the inhibitory intraspecific effects of each 

species must be greater than their inhibitory interspecific effects. It is also the 

necessary and sufficient condition for coexistence in the Lotka-Volterra 

competition model (Gilpin and Ayala 1973). 

If aggregation of a single species increases intraspecific competition, then 

low levels of interspecific aggregation (=interspecific association) should result in 

low levels of interspecific competition, thus satisfying the conditions for 

coexistence. This idea has been formalized as the "aggregation model of 

coexistence" (Ives 1988, Ives 1991, Sevenster 1996, Shorrocks et al. 1979). Most 

of the literature on this subject deals with widely spaced, ephemeral patches (e.g. 

dung piles, carrion), but there is evidence that the theory holds for closely spaced 

patches, or even a homogeneous habitat (Levin 1974), provided that the 

competitors can aggregate with members of their own species. 
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Predaceous Mites Competing in Apple Trees 

An apple tree provides a patchy habitat for predaceous mites, in that the 

predators tend to stay on one leaf for extended periods of time before walking to 

another leaf on the same tree (Croft et al. 1995), though it must be considered less 

patchy than the systems generally described in the aggregation model literature. 

The patches are also not ephemeral, in that several generations of mites can occur 

on a leaf in a single growing season. We will explore evidence as to whether the 

aggregation model can describe the coexistence of several species of predaceous 

mites on apple. 

In our previous studies we found that predaceous mites in apple trees had 

aggregated spatial patterns on a within-tree scale (Chapter 3). We also found that 

predators when abundant were disassociated on leaves with other predator species 

(Chapter 4), though they occurred in the same trees. We speculated that these 

patterns were caused by interspecific interactions, such as competition for food and 

leaf area, intraguild predation, and contact avoidance, where a predator moves 

rapidly after contacting a larger individual from another species of predator 

(Chapter 4). 

Though the predators are not coexisting on ephemeral patches, they exhibit 

behaviors consistent with the aggregation model. Taking note of one conclusion of 

Hassell and May (1973), that an increase of intraspecific aggregation can stabilize 

an inherently unstable system, what can we predict for the aggregation of 
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competing predaceous mites? We assume that the populations of two or more 

competitors are less stable than that of a single predator, and that the aggregation 

model holds for the apple tree system. Given that several predator species can 

coexist in the apple trees, we hypothesize that the aggregation of predators will tend 

to be greater when competing than when alone to account for their observed 

coexistence. Furthermore, we hypothesize that the aggregation of predators that are 

affected more by competitors will increase more, again, because otherwise we 

would not observe their continued coexistence. 

MATERIALS AND METHODS 

Horticultural Methods 

The study described herein was performed in an experimental apple plot 

that has been used for other studies in biological control (see (Croft and Slone 

1997) for a summary), mite aggregation (Chapter 3), and association (Chapter 4). 

The plot was created in 1990 with 100, 7-yr-old 'Red Delicious' apple trees planted 

in 50 gallon pots. Trees were pruned to =2 m high, and placed 50 m apart in a large 

open field at the Oregon State University Entomology Farm in Corvallis, Oregon. 

In 1990, 20 treatments were applied as a 5 x 4 factorial (phytophagous mite + 

pesticide x predaceous mite), randomized design with 5 replicates. The 

phytophagous mite + pesticide treatments were as follows: azinphosmethyl (50% 

wettable powder (WP) at 0.09 kg active ingredient (AI)/ha), azinphosmethyl + 
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endosulfan (50% WP at 0.09 kg (AI)/ha) + 1000 Panonychus ulmi Koch per tree, 

azinphosmethyl + 1000 P. ulmi per tree, azinphosmethyl + phosmet (50% WP at 

0.09 kg (AI)/ha) + 1000 P. ulmi per tree + 1000 Tetranychus urticae (Koch) per 

tree, and azinphosmethyl + endosulfan + 1000 P. ulmi per tree + 1000 T. urticae 

per tree. The predaceous mite treatments were as follows: no predators added, 150 

Typhlodromus pyri Scheuten per tree, 150 Galendromus occidentalis (Nesbitt) per 

tree, and 75 T. pyri per tree + 75 G. occidentalis per tree. 

The spider mites Bryobia rubrioculus (Scheuten) and Eotetranychus sp.; the 

apple rust mite, Aculus schlechtendali (Nalepa); the stigmaeid predator Zetzellia 

mali (Ewing); and the phytoseiid predator Amblyseius andersoni Chant were 

already established or immigrated from surrounding vegetation (Croft and Slone 

1997). 

By 1994, the species compositions and densities of mites in the 

experimental plots had converged into 5 types: the predaceous mite factors had 

become indistinguishable due to dispersal of predators and only the pesticide + prey 

treatments remained, because the sprays were repeated each year, but the mite 

releases were not. Trees were then arranged into 20 groups of 5 trees each (4 

replicates of 5 treatments, each replicate containing 5 trees arranged according to 

the pesticide + prey treatments), with the groups at least 17 m apart. 
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Sampling 

Approximately 10 times each growing season, 10 leaves were taken from 

each tree (50 per treatment replicate), and the mites on each leaf were counted 

under a 30x binocular microscope. Each mite, whether egg, immature, or adult 

stage was recorded for use in this study. 

Data was collected from 1990 until 1997, but not all of this was used herein. 

For A. andersoni, T. pyri, and Z. mali, we used data from 1993-1995. G. 

occidentalis, because it had disappeared from the research plots by 1993, was 

examined only during 1991. We did not use data from 1990 and 1992 because 

predators releases in those years may have affected the predators' distributions. 

Also, we only selected years in which the predators were experiencing high levels 

of intra- and interspecific interactions in conditions of limited prey. During 1990

1992, the prey levels were high enough that intra- and interspecific interactions 

were not intense. The exception was G. occidentalis which was disappearing from 

research plots even during 1991, probably because of its interaction with Z. mali 

and T. pyri (Croft and MacRae 1993). 

Some T pyri were released into one of the plots in 1993 (Croft 1994), but 

these data were included in the study because the release was minimal, and did not 

disrupt the existing populations. 
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Choosing Data Sets 

Data for each of four predators (A. andersoni, G. occidentalis, T. pyri, Z 

mali) were segregated into combinations, those being data from treatments where 

the predator occurred by itself, data from treatments where the predator occurred 

together with one other predator, and data from treatments where the predator 

occurred together with two other predators. 

G. occidentalis data (1991) were segregated by pesticide treatment and 

predator release. Endosulfan was the only pesticide used that affected Z. mali, so 

all endosulfan plots were classed low Z. mali, and all others high Z. mali. Plots in 

which T. pyri were released in 1990 were classed as high T. pyri, and all others low 

T. pyri. In this way, we segregated the G. occidentalis data into low Z. mali and 7'. 

pyri, low Z mali and high T. pyri, high Z. mali and low T. pyri, and high Z mali and 

T pyri. A. andersoni was not present in 1991, and so did not influence G. 

occidentalis 

All other data (1993-1995) were segregated by comparing the cumulative 

predator mite densities in each group of 5 trees for each year, and then separating 

the groups into the various predator combinations. The criteria for segregation was 

for the predators included in the combination to have a cumulative density at least 

one order of magnitude greater than any other predators that were not included. 

Data without clear species groupings were discarded. 
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Measurement of Aggregation 

Aggregation of each mite species was quantified using a procedure 

developed by Slone and Croft (Chapter 2) based on a binomial model by Wilson 

and Room (1983): 

1 

-m.log(amb-1).(amb-1-1)
fr (/)= 1-e (5.1) 

It relates the proportion of leaves infested, P(I), to m, the mean sample density, and 

the a and b coefficients from a least-squares fit to the variance-mean power law 

equation: 

log(S 2) = log(a) + b log(m) (5.2) 

(Taylor 1961). 

An increase in either a or b is associated with a lower P(I) at a given mean. 

This is interpreted as increasing aggregation, because it is assumed that a more 

clumped population will occupy less space and have a lower PM at a given mean 

(Wilson 1994, Wilson and Room 1983). All data sets were analyzed with multiple 

comparison techniques (Sidak inequality; Jones 1984, Chapter 2) and linear 

regression. 
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Following the procedures of Chapter 2, after discarding samples containing 

fewer than 2 mites (Taylor 1984), each data set was regressed on log(m) and log(S2) 

axes to estimate the power law coefficients. The values of these coefficients were 

applied to the binomial model, as modified by Slone and Croft (Chapter 2) to 

correct for a bias in the a coefficient, to obtain P(I) values and standard error bands. 

Statistical tests for P(I) comparisons to separate predator aggregation were 

performed only at those densities that were observed in the field, but P(I) values are 

reported herein at a mean density of 1 mite per leaf. This density was used because 

it provided a consistent measurement to best display aggregation trends among the 

levels of predator diversity. Aggregation of predators was compared among the 

different levels of predator diversity, but only for limited comparisons (e.g., the 

aggregation of a predator when it was alone compared to the other predator 

combinations). 

RESULTS AND DISCUSSION 

Predator Combinations 

Data were present in 1991 in sufficient quantities for testing G. occidentalis 

with all of the predator combinations (Table 5.1). For T. pyri also, we were able to 

test four predator combinations: the predator alone, with A. andersoni, with Z mali 

and with A. andersoni + Z mali (Table 5.1). Similarly, for Z mali we were able to 

test combinations with the predator alone, with A. andersoni, with T. pyri, and with 
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A. andersoni + T. pyri (Table 5.1). A. andersoni, because of its susceptibility to 

pesticides, was usually found in the no-spray plots with both T. pyri and Z. mali. It 

was never found alone. For this reason, it was divided only into A. andersoni with 

T. pyri, A. andersoni with Z. mali, and A. andersoni with T. pyri and Z. mali (Table 

5.1). 

The endosulfan sprays and T. pyri releases were randomized with 

replication, so the G. occidentalis predator combinations can also be considered 

randomized, and normal statistical inferences can be used. The other predator 

combinations were selected based on the density of each of the predators in each 

plot. Because of the lack of randomization, caution must be used when interpreting 

the results. One possible confounding variable was that of pesticide treatment, 

which influenced the predator combinations (though not so clearly with others as 

with G. occidentalis). The pesticide treatments were randomized, however. An 

important question is whether the pesticides affected the behavior or physiology of 

the resistant or tolerant species. Unlike resistant phytophagous mites that can 

undergo significant changes in fecundity or movement rates when exposed to 

certain pesticides (Berry et al. 1990), the resistant predators studied here had similar 

aggregation and density in plots with and without sprays, when predator diversity 

was held constant (unpublished data). Furthermore, with only one application of 

insecticide early in the season at less than field rate, it is unlikely that the sprays had 

any measurable effect in the middle of the season, when the clearest spatial patterns 

developed (Chapter 4). 



Table 5.1. Predator combinations tested for differences in aggregation, as determined in the text. Lower P(I) 
values indicate greater intraspecific aggregation 

Predator Grouping Year n Mean density Range P(I) at 1 MPLI P value2 

G. occidentalis (low Z mali, low T. pyri) 1991 23 1.077 0.04-7.42 0.444 
G. occidentalis with T. pyri (low Z mali) 1991 27 0.198 0.04-0.82 0.317 0.0042 
G. occidentalis with Z mali (low 7°. pyri) 1991 24 0.404 0.04-2.20 0.338 0.0064 
G. occidentalis with Z mali + T. pyri 1991 22 0.103 0.04-0.28 0.242 0.0004 
A. andersoni with T. pyri 1993-95 27 0.571 0.04-1.68 0.437 0.6109 
A. andersoni with Z mali 1993-95 76 0.638 0.04-2.30 0.425 0.2727 
A. andersoni with T. pyri and Z. mali 1993-95 56 0.259 0.04-1.54 0.458 
T. pyri alone 1993-95 35 1.106 0.14-2.88 0.487 
T. pyri with A. andersoni 1993-95 30 0.692 0.06-2.88 0.449 0.1555 
T. pyri with Z. mali 1993-95 180 0.769 0.04-4.80 0.428 0.0050 
T. pyri with Z mali + A. andersoni 1993-95 93 0.627 0.04-3.80 0.431 0.0184 
1 mali alone 1993-95 47 3.490 0.04-16.44 0.367
 
Z mali with A. andersoni 1993-95 82 0.706
 0.04-3.90 0.324 0.0525 
1 mall with T. pyri 1993-95 180 1.133 0.04-12.32 0.312 0.0116 
Z mali with T. pyri and A. andersoni 1993-95 93 0.560 0.04-5.06 0.292 0.0008 

1MPL = mites per leaf 
2P value is for comparison of P(I) value at 1 MPL with: A. andersoni, when with T. pyri + Z mali; G. occidentalis, when with low Z. 

mali and low T. pyri; others, when alone. 
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Changes in Predator Aggregation 

G. occidentalis showed a significant increase in aggregation when either T. 

pyri or Z. mali were present (Fig. 5.1, Table 5.1). It showed an even greater increase 

in aggregation when T. pyri and Z. mali were both present. G. occidentalis was 

being competed to extinction even as early as 1991, and we believe this is reflected 

in the spatial distribution of the mite. The greater change in aggregation supports 

the predictions of the aggregation model, but the extinction of the species appears 
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Figure 5.1. Aggregation of G. occidentalis (± 95% C.I.) when it occurred alone, 
with T. pyri or Z. mali, and with T. pyri + Z mali. Lower values of P(I) indicate 
greater levels of intraspecific aggregation. 
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to contradict those predictions. It may have been that G. occidentalis, a dry adapted 

species (Croft et al. 1993) was affected by the generally high humidity of the area. 

This factor, along with egg predation by Z. mali and competition by both Z. mali 

and T. pyri were likely enough to cause it's extinction, regardless of the stabilizing 

effect of greater intraspecific aggregation. 

T. pyri showed increased aggregation when Z. mali was present, compared 

to when it was alone (Fig. 5.2, Table 5.1). Z. mali preys primarily on eggs and 
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Figure 5.2. Aggregation of T. pyri (± 95% CI.) when it occurred alone, with A. 
andersoni or Z mali, and with A. andersoni + Z mali. Lower values of P(I) 
indicate greater levels of intraspecific aggregation. 
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quiescent stages (Clements and Harmsen 1993), and readily consumes those stages 

of phytoseiid predators. There was a smaller increase when A. andersoni was 

present and a significant increase when both predators were present, comparable to 

where Z. mali was the sole competitor. The aggregation pattern of T. pyri was 

similar to that of G. occidentalis, though the former is a generalist predator, and the 

latter, a specialist predator of spider mites (McMurtry and Croft 1997). 

The aggregation of Z. mali was greater when either A. andersoni or T. pyri 

was present than when alone (Fig. 5.3, Table 5.1). It's aggregation was greater 
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Figure 5.3. Aggregation of Z. mali (t 95% C.I.) when it occurred alone, with A. 
andersoni or T. pyri, and with A. andersoni + T. pyri. Lower values of P(I) indicate 
greater levels of intraspecific aggregation. 
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when in the presence of both predators combined. Though the stigmaeid predator is 

not affected by intraguild predation, as it is apparently unpalatable to phytoseiids 

(Clements and Harmsen 1990), it is affected by other predators through interference 

and exploitative comptition, and by cannibalism. 

A. andersoni was a natural immigrant into the system. We did not have any 

data with it alone, since it is more susceptible to pesticides than the other predators 

tested, and tended to be eliminated quickly in sprayed plots. We compared its 

aggregation when it was with both T. pyri and Z mali to its aggregation when with 

each of the other predators separately. This phytoseiid did not show any significant 

change in aggregation among the different predator groupings (Fig. 5.4, Table 5.1). 

A. andersoni is a large, robust phytoseiid that feeds on many other mites and insects 

(Croft and Croft 1996). With the exception of Z. mali possibly feeding on its eggs, 

it seems unaffected by any other species of mite studied herein, so it is not 

surprising that it shows no apparent aggregation change with competition. 

It can be seen from the data (Table 5.1) that the densities of the predators 

universally decreased in the presence of competitors. Thus, the predators in this 

study displayed all of the characteristics of a group of competitors following the 

aggregation model of coexistence, namely: no traditional resource partitioning, high 

intraspecific aggregation, no or low interspecific aggregation, and population 

densities that varied with the numbers of competitors that were present (Shorrocks 

et al. 1984). 
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An objection may be raised that the aggregation effects seen are merely the 

result of lowered densities in the plots with competitors. This is not the case, 

because we standardized the density at which we displayed the data (1 mite per 

leaf), and only did comparisons at identical densities where the data sets 

overlapped. Furthermore, to check for any inherent bias in the model when higher 

densities are present, we checked several comparisons by truncating the data so the 

data sets being tested had the same maximum densities. We saw no appreciable 
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Figure 5.4. Aggregation of A. andersoni (± 95% C.I.) when it occurred with 7'. pyri 
or Z. mali, and with T. pyri + Z. mali. Lower values of P(I) indicate greater levels 
of intraspecific aggregation. 
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changes in the results (unpublished data). Finally, Slone and Croft (Chapter 3) 

found that these predators did not significantly change their aggregation with 

different overall densities, when the predator combinations were not separated. 

Conclusions 

Does competition drive community structure? Shorrocks et al. (1984) 

argued that competition is not a major force in the organization of insect 

communities. The mechanisms that through evolutionary time have led competing 

species to coexist by reducing direct competition (through mechanisms of niche 

partitioning, and physical separation), though, must have come about through those 

very mechanisms. Only by the preferential reproduction of those individuals that 

minimize interspecific competition (and the elimination of those individuals that 

tended to strongly compete) would the emergence of the extant communities be 

possible. We may be seeing this "ghost of competition past" (Connell 1980), or 

another factor that reduces the competition among these predators, and allows them 

to coexist in a stable system that lasted for 6 years with the same species 

complement before the study was discontinued (Croft and Slone 1997 and 

unpublished data). It can be seen from the above discussions that predator mites in 

the apple tree system do not occupy the same fundamental niche. Important 

differences are specialists vs. generalists, area of the leaf searched, life stage of 

spider mite attacked, etc., so possibly they coexist through this niche partitioning. 
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Nevertheless, they are competitors for spider mite prey, and to a lesser extent, space 

on the leaf. In most cases, they are also predators of each other. 

How does cannibalism and interspecific (intraguild) predation relate to the 

aggregation model? Does it promote or confound stability and coexistence? G. 

occidentalis went extinct twice, after two introductions. Was it eaten, 

outcompeted, or simply not suited to the environment? In previous work (Chapter 

4), we suggested that intraguild predation and other interference competition 

behaviors, or avoidance of other predators, either by contact avoidance, or the 

detection and avoidance of leaves occupied by heterospecifics were the underlying 

mechanisms involved in producing patterns of negative interspecific association. 

The long-term stability of three predators later in the system (1993-98; Croft 

and Slone 1997 and unpublished data) supports the idea that this system is capable 

of supporting three predaceous mites indefinitely. Coexistence may not be possible 

on the scale of the leaf, as results from our previous studies on association support 

(Chapter 4), but the individual patches support different species depending on 

initial conditions, with the overall system supporting all species (Levin 1974). 

Given the right balance of intra- and interspecific aggregation, it should be possible 

for competing species to coexist indefinitely in the apple tree system (Shorrocks et 

al. 1984). The extinction of G. occidentalis, however, a predator that exhibited the 

"necessary and sufficient" conditions for stability, reminds us that real populations 

are affected by complex forces and the physiological constraints of their members, 

and blind reliance on the predictions of any one model is precarious. 



111 

REFERENCES
 

Berry, J. S., T. 0. Holtzer, and H. .1. Ball. 1990. Ambulatory dispersal of spider 
mites (Acari: Tetranychidae) on whole, untreated maize plants after 
exposure to fenvalerate and permethrin. Journal of Economic Entomology 
83: 217-220. 

Clements, D. R. and R. Harmsen. 1990. Predatory behavior and prey-stage 
preference of stigmaeid and phytoseiid mites and their potential 
compatibility in biological control. The Canadian Entomologist 122: 321
328. 

Clements, D. R. and R. Harmsen. 1993. Prey preferences of adult and immature 
Zetzellia mali Ewing (Acari: Stigmaeidae) and Typhlodromus caudiglans 
Schuster (Acari: Phytoseiidae). The Canadian Entomologist 125: 967-969. 

Connell, J. H. 1980. Diversity and the coevolution of competitors or the ghost of 
competition past. Oikos 35: 131-138. 

Croft, B. A. 1994. Biological control of apple mites by a phytoseiid mite complex 
and Zetzellia mali (Acari: Stigmaeidae): Long-term effects and impact of 
azinphosmethyl on colonization by Amblyseius andersoni (Acari: 
Phytoseiidae). Environmental Entomology 23: 1317-1325. 

Croft, B. A. and M. B. Croft. 1996. Intra- and interspecific predation among adult 
female phytoseiid mites (Acari: Phytoseiidae): effects on survival and 
reproduction. Environmental Entomology 25: 855-858. 

Croft, B. A., S. S. Kim, and D. I. Kim. 1995. Leaf residency and interleaf 
movement of four phytoseiid mites (Acari: Phytoseiidae) on apple. 
Environmental Entomology 24: 1344-1351. 

Croft, B. A. and I. V. MacRae. 1993. Biological control of apple mites: impact of 
Zetzellia mali (Acari: Stigmaeidae) on Typhlodromus pyri and Metaseiulus 
occidentalis (Acari: Phytoseiidae). Environmental entomology 22: 865-873. 

Croft, B. A., R. H. Messing, J. E. Dun ley, and W. B. Strong. 1993. Effects of 
humidity on eggs and immatures of Neoseiulus fallacis, Metaseiulus 
occidentalis, and Typhlodromus pyri (Phytoseiidae): implications for 
biological control on apple, caneberry, strawberry and hop. Experimental 
and Applied Acarology 17: 451-459. 



112 

Croft, B. A. and D. H. Slone. 1997. Equilibrium densities of European red mite
 
(Acari: Tetranychidae) after exposure to three levels of predaceous mite
 
diversity on apple. Environmental Entomology 26: 391-399.
 

Gilpin, M. E. and F. J. Ayala. 1973. Global models of growth and competition. 
Proceedings of the National Acadamy of Science, USA 70: 3590-3593. 

Hassell, M. P. and R. M. May. 1973. Stability in insect host-parasite models. 
Journal of Animal Ecology 42: 693-726. 

Hassell, M. P. and R. M. May. 1974. Aggregation of predators and insect parasites 
and its effect on stability. Journal of Animal Ecology 43: 567-594. 

Hutchinson, G. E. 1961. The paradox of the plankton. The American Naturalist 
95: 137-147. 

Ives, A. R. 1988. Aggregation and the coexistence of competitors. Ann. Zool. 
Fennici 25: 75-88. 

Ives, A. R. 1991. Aggregation and coexistence in a carrion fly community. 
Ecological Monographs 61: 75-99. 

Jones, D. 1984. Use, misuse, and role of multiple-comparison procedures in 
ecological and agricultural entomology. Environmental Entomology 13: 
635-649. 

Lehman, C. L. and D. Tilman. 1997. Competition in spatial habitats, pp. 185-203. 
In D. Tilman and P. Kareiva [eds.], Spatial Ecology: The role of space in 
population dynamics and interspecific interactions. Princeton University 
Press, Princeton. 

Levin, S. A. 1974. Dispersion and population interactions. The American 
Naturalist 108: 207-228. 

MacArthur, R. H. and R. Levins. 1967. The limiting similarity, convergence and 
divergence of coexisting species. The American Naturalist 101: 377-385. 

McMurtry, J. A. and B. A. Croft. 1997. Life-styles of phytoseiid mites and their 
roles in biological control. Annual Review of Entomology 42: 291-321. 

Sevenster, J. G. 1996. Aggregation and coexistence. I. Theory and analysis. 
Journal of Animal Ecology 65: 297-307. 



113 

Shorrocks, B., W. Atkinson, and P. Charlesworth. 1979. Competition on a divided 
and ephemeral resource. Journal of Animal Ecology 48: 899-908. 

Shorrocks, B., J. Rosewell, K. Edwards, and W. Atkinson. 1984. Interspecific 
competition is not a major organizing force in many insect communities. 
Nature (London) 310: 310-312. 

Taylor, L. R. 1961. Aggregation, variance and the mean. Nature (London) 89: 
732-735. 

Taylor, L. R. 1984. Assessing and interpreting the spatial distributions of insect 
populations. Annual Review of Entomology 29: 321-357. 

Tilman, D. 1994. Competition and biodiversity in spatially structured habitats. 
Ecology 75: 2-16. 

Wilson, L. T. 1994. Estimating abundance, impact, and interactions among 
arthropods in cotton ecosystems, In L. P. Pedigo and G. D. Buntin [eds.], 
Handbook of Sampling Methods for Arthropods in Agriculture. CRC Press, 
Boca Raton. 

Wilson, L. T. and P. M. Room. 1983. Clumping patterns of fruit and arthropods in 
cotton with implications for binomial sampling. Environmental Entomology 
12: 50-54. 



114 

CHAPTER 6 

INTEGRATION AND CONCLUSIONS 

Throughout this work we have looked at spatial statistics of apple mites 

with the goal of gaining a greater understanding of how behavior, physiology, and 

intra- and interspecific interactions affect their distributions. We have looked at the 

aggregation of mite species and how this is affected by fecundity, dispersal, and 

food searching habits. We have looked at the aggregation of life stage, from 

females choosing aggregated oviposition sites to adult male mites moving across 

their habitat in search of mites. We showed how the interspecific associations 

among the mites were seasonally dependent, and influenced by interspecific 

interactions. Finally, we explored the aggregation theory of coexistence, and 

discussed the implications related to the changing aggregation of predaceous mites 

when they were competing with other predators. 

In Chapter 2, we developed a model that was an easy to interpret method of 

measuring the clumping of mites. Though the model was based only on data sets of 

phytophagous and predaceous apple mites, the eight species studied spanned a wide 

range of power law values: 1.93-45.64 for the a coefficient, and 1.10-2.08 for the b 

coefficient. This would suggest the model may fit other species' distributions. 

We developed the model after noticing in the literature a continuing 

misapplication and misinterpretation of the mean-variance power law (so called 

"Taylor's Power Law"). Taylor's original interpretation (Taylor 1961) of the power 
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law coefficients was that the a (intercept) was related to sample size and methods, 

and the b (slope) was a measure of aggregation "with a continuous graduation from 

near regular (b 0) through random (b = 1) to highly aggregated (b = 2)" 

(Taylor 1961). Since then, this interpretation has been updated by the author 

(Taylor et al. 1988) and others (Perry 1997, Wilson 1994), though it is still common 

to see the original form used in the literature. The a and b coefficients in 

combination are useful to describe the aggregation of a species. Furthermore, they 

both are affected by sampling methods, the size of the replicates and the data set, 

environmental conditions, and inter- and intraspecific interactions (Chapters 2, 3, 5; 

(Taylor et al. 1988). 

Our model, based on Wilson and Room's (1983) binomial model, 

overcomes the confusion inherent in the application of Taylor's power law. We did 

this by reducing the two coefficients to an easy to interpret P(I). We also wanted to 

show the biological relationship among the mean, variance, and P(I) of a species. 

There is no strict mathematical connection among these variables: we were able to 

create many simulated data sets with computerized randomization routines that had 

well-fit power law lines (i.e. were linear in the log(mean) and log(variance) axes), 

yet our binomial model was quite biased when applied to these simulated sets with 

the measured power law coefficients. Several simulated data sets had a binomial 

model curve that fell completely outside all of the data points. It is impressive that 

the binomial model consistently fits as well as it does with biological data, 

indicating some common biological traits shared among dispersing organisms. 
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More testing is needed to determine if the relationship among the three variables 

holds with other organisms than mites. If so, an interesting possible use for the 

binomial model would be as a check for simulated dispersion data sets, to see if 

they shared the same variable relationship as biological data. 

We also developed a method to compare measurements between data sets, 

with a change in species, life stage, or any environmental condition or interaction so 

researchers can determine what factors are affecting aggregation. This method was 

used to measure the aggregation of each species of mite sampled in the apple plot, 

and their life stages (Chapter 3). Our results agreed with our expectations, with 

very few exceptions. These results show the discriminating power that is available 

with the binomial model and large data sets. 

In Chapter 3, we also looked at aggregation data in an unusual way. We 

regressed the mean of each year's data for each species against their P(I) 

measurements. In this way, we saw whether there was any change in aggregation 

with the mean density of the data, but measuring always at the same density within 

the data sets. By looking at year to year data we may have had some time effects 

that were not accounted for, but the results from T. urticae and P. ulmi suggest that 

for those species, there may be a density-dependent effect where the spider mites 

became more aggregated with lower densities. Taken with the other results in the 

thesis, we may speculate that this was the result of predation pressure, though we 

did not look specifically at spider mite aggregation with and without the presence of 

one or more predators. That would make a useful future study. 
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We also found a significant response between the aggregations of T. pyri 

and Z. mali. In other words, when the aggregation of one predator was higher, so 

was the other's. We speculated that this was because of interspecific competition, 

which occurred primarily when the density of P. ulmi, a significant factor in the 

relationship, was low. Effects of competition among predators, especially T. pyri 

and Z. mali, recur prominently in the final two chapters as well (Chapters 4, 5). 

Chapter 4 describes the use of Yule's V association index to show how the apple 

mites were distributed in relation to the other species present, on a leaf-by-leaf 

basis. In this chapter, again the clearest results were that the predators were all 

negatively associated in the mid season when the predator mite populations were 

high and presumably contacting each other more frequently. Chapter 5 returns to 

the binomial aggregation model to explore the effects predators had on each others 

aggregation. There was a clear trend with all the species except A. andersoni to 

have increased aggregation when occurring together with one or more predator. 

Based on the results from Chapters 3, 4, and 5, it is clear that the predators 

in the apple plot were having significant effects on each other's distributions. 

Information from laboratory or field studies can help to explain the causes by which 

these effects occur. Indeed, this is necessary because the relatively crude, spatially 

implicit tools used herein can only show trends and generalizations in spatial 

patterns, but not mechanisms by which they occur. For example, it is known that Z. 

mali will eat phytoseiid eggs (Clements and Harmsen 1990, Clements and Harmsen 

1992). We infer from this that it can affect the distribution of phytoseiids in the 
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field by egg predation. New research has indicated that T. pyri can detect other 

phytoseiids by their infochemicals (Schausberger and Croft 1999). It may be using 

this ability to avoid other predators in the field, thus changing its aggregation. 

While it is necessary to use the information from mechanistic studies to 

interpret the results of spatial tools such as the ones used herein, information from 

the spatial tools can suggest new studies to explain patterns that may be found. For 

example, in Chapter 5, we found that populations of G. occidentalis appeared to 

meet the requirements for a stable population according to the aggregation model of 

coexistence, yet it was eliminated from the plots twice after two separate 

introductions. With information from studies about the habits of Z mali and T 

pyri, the extinction was thought to be due to competition and intraguild predation 

from these two species. There was evidence to support this (Croft and MacRae 

1993), in that G. occidentalis disappeared more quickly in plots that had higher 

levels of Z. mali or T. pyri. In the same plots, in trees that had not received 

pesticide sprays or predator or prey mite releases, there was a stable coexistence of 

three predaceous mite species (A. andersoni, T. pyri, Z mali) for at least 6 years 

(1993-1998). 

What were the reasons for the extinction of G. occidentalis and the 

coexistence of the other three species? It most likely is a combination of factors: Z. 

mali is unpalatable to phytoseiid mites (Clements and Harmsen 1990, Clements and 

Harmsen 1992, MacRae and Croft 1996), A. andersoni is a large, robust mite that 

escapes predation from other mites in laboratory experiments (Croft and Croft 
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1996), and T. pyri can detect other species of phytoseiid, possibly avoiding conflicts 

(Schausberger and Croft 1999). By contrast, G. occidentalis tends to lay its eggs 

along the midrib of a leaf, where Z malt concentrates its searching for prey 

(MacRae and Croft 1996), and also may not be well suited to the climate of western 

Oregon (Croft et al. 1993). These are speculative mechanisms, based on previous 

work. Future laboratory and field studies should be performed to unravel the 

complex interactions among these species, to gain an understanding of the relative 

importance of these and other factors of competition, predation, movement, and 

physiology. The large scale results obtained by methods such as those employed 

herein will be useful to choose the strongest interactions to study, and to guide 

future research. 
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APPENDIX A
 

EMPIRICAL CORRECTION OF THE A COEFFICIENT IN THE BINOMIAL
 
MODEL
 

The a and b coefficients of the binomial model are taken directly from the 

linear regression of the power law. To test if these values also provided the best fit 

to the binomial model, 24 data sets (Table 2.1) were fitted using the Newton-

Raphson (N.R.) root finding method (programmed into Maple V from the 

University of Waterloo, Ontario, Canada). A systematic divergence was found 

between the fitted a and the a coefficient taken from the power law (Fig. A.1, 

Analysis of Variance [ANOVA] P<0.0001). It is possible that the constraints of the 

power law regression, by limiting the maximum a value, were causing a systematic 

underestimation of the a coefficient (see Taylor 1984). 

The relationship was estimated to be: 

\12ln(N.R. a) = 0.08[1n(power law a).1 +ln(power law a) . (A.1) 

This adjustment was checked with the 13 independent data sets (Table 2.2) and was 

found to fit these new data well (Fig. A.2). We used the adjustment in all of the 

tests described here. As an example of its use, in the equation for the upper 
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(1n(a)-S.-;.)
standard error band (Eq. 2.9), the a coefficient was replaced with e 

which with the correction becomes: 

[0.08.1n(e(in(a)-s1). +ln e(ln(a)S 

e (A.2) 

which reduces to: 

[0.08(ln(a)-5,-,. )2 +(ln(a)-S,-,.)1 
(A.3) 
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Figure A.1. Plot of the power law (Eq. 2.2) a coefficient vs. the a coefficient fitted 
to Wilson & Room's binomial model (Eq. 2.6) with the Newton-Raphson method. 
The 24 data sets used were taken from mites per leaf counts of phytophagous and 
predaceous mites on apple and hop (Table 2.1). Also shown are the correction to a 
(y=0.08x2+x) used for the binomial model presented in the text, and the expected 
response if there were no bias between the two estimates of a (y=x). 
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Figure A.2. Plot of the power law (Eq. 2.2) a coefficient vs. the a coefficient fitted 
to Wilson & Room's binomial model (Eq. 2.6) with the Newton-Raphson method. 
This figure shows the 13 validation data sets (Table 2.2) of phytophagous and 
predaceous mites on apple and hop. Also shown are the correction to a 
(y=0.08x2+x), and the expected response if there were no bias between the two 
estimates of a (y=x). 
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APPENDIX B
 

SIMULATION STUDIES OF ASSOCIATION INDICES 

The mites studied herein all have aggregated distributions (Chapter 3). 

Because of this, and the design of the sampling program, we expected our samples 

to show a high degree of spatial autocorrelation, displayed as non-random strings of 

presence-absence data (serial correlation). We performed simulation studies to 

determine which index would be more robust under these conditions, and to 

estimate corrections for the significance levels. 

Simulation Methods 

We tested our field data sets with the Runs test, which measures the 

deviation from randomness of a string of binary data. We used the presence or 

absence of each species in the 1000 leaves collected on each sample date for our 

strings. Our samples were arranged by tree, and by treatment, so any difference in 

mite population structure between trees or treatments might be expressed as spatial 

autocorrelation. We could not randomize to eliminate this effect, because then the 

associations would be lost as well. The proportion of data sets from each species 

that had significant deviations from randomness was used as a measure of how 

much spatial autocorrelation the samples displayed. 
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Because it was not feasible to eliminate the autocorrelations in our data, the 

association index that we chose needed to be robust with respect to spatial 

autocorrelation. We checked the performance of the Runs test, Yule's V and 

Schluter's indices with spatially autocorrelated data by applying them to data sets 

from a simple algorithm that created 2 independently serially correlated data sets: 

If previous cell = 1, then the probability of this cell being 1 = Pr, 

and 

If previous cell = 0, then the probability of this cell being 1 = (1- Pr). 

This algorithm could be adjusted to provide more or less spatial autocorrelation, by 

adjusting the value of Pr, while keeping the overall probability of an occupied cell 

at 0.5. 

These simulated data sets, with each "species" being independent of the 

other, should have shown a Yule's V distribution centered at 0, with V2N having a 

chi-square distribution with 1 degree of freedom, and a Schluter's V distribution 

centered at 1, with VN having a chi-square distribution with N degrees of freedom. 

We ran simulations with data having no autocorrelations (Pr = 0.5), and data 

having various degrees of autocorrelation, from mild to very severe (Pr = 0.9). 

Also, prior to the final testing, preliminary simulations with the Runs testwere 

performed to estimate a value of Pr that would closely match the autocorrelation 

found in the most autocorrelated species. Each simulation test was repeated 5 times 

for each index, with each repetition having 200 simulated data sets, at sample sizes 

of 50, 200, and 1000 cells. These sample sizes were chosen because they represent 
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the number of leaves from one replicate, one treatment, and one complete sample 

date respectively from the experimental apple orchard. The numbers of significant 

associations from each repetition were counted, to see if the indices changed with 

the differing degrees of autocorrelation. Schluter's Index was also run with varying 

numbers of interacting species, from 2 to 20. 

Table B.1. Results from the Runs test for the 8 species sampled. Species are: A.a. = A. 
andersoni, G.o. = G. occidentalis, T.p. = T. pyri, Z.m. = Z. mali, A.s. = A. schlechtendali, 
B.r. = B. rubrioculus, P.u. = P. ulmi, and T.u. = T. urticae. N.S. = No. of non-significant 
Runs results (P > 0.05); Significant = No. of significant Runs results (P 0.05); 
Proportion = Proportion of significant to non-significant results per species. 

Species 
A.a. G.o. T.p. Z.m. A.s. B.r. P.u. T.u. 

N.S. 218 298 752 647 562 85 419 293 

Significant 25 46 170 226 335 17 147 69 
Proportion 0.103 0.134 0.184 0.259 0.373 0.167 0.260 0.191 

Table B.2. Results from simulated data sets. Pr = Degree of serial correlation (see text); 
N.S. = No. of non-significant Runs results (P > 0.05); Significant = No. of significant 
Runs results (P 0.05); Proportion = Proportion of significant to non-significant results 
per simulation run. 

Simulation series 
Pr= 0.5 Pr= 0.62 Pr= 0.7 Pr= 0.8 Pr= 0.9 

N.S. 101721 69877 24230 1601 757 
Significant 6279 38123 83770 106399 106639 
Proportion 0.058 0.353 0.776 0.985 0.993 
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Simulation results 

As expected, the Runs test showed that the mite data sets had large 

deviations from randomness The percentage of data sets deviating from 

randomness (oc=0.05) within each species ranged from 10.3% for A. andersoni to 

37.3% for A. schlechtendali, (Table B.1) while simulated data sets with a Pr of 0.5 

(no autocorrelation) returned 5.8% significant deviations (Table B.2). This would 

appear to be strong evidence of spatial autocorrelation. After preliminary 

examination, we chose a Pr of 0.62 to represent a strongly autocorrelated data set. 

Simulated data sets with this Pr returned 35.3% significances from the Runs test 

(Table B.2). The simulated data sets with Pr values of 0.7, 0.8, and 0.9 were 

clearly more autocorrelated than any of the real data sets presented here (Tables 

B.1, B.2), and are presented only to show the overall behavior of the autocorrelation 

effects. 

The simulation results showed that in both Yule's V and Schluter's indices, 

the number of significant associations was conservative when the non

autocorrelated (Pr = 0.5) simulations were run, with simulation runs having 50, 

200, and 1000 cells all showing similar results (Table B.3). At oc,-,0.05, Yule's V 

returned 4.5% significant associations, and Schluter's index returned 0.7% 

significant associations. Both indices had increased numbers of significant 

responses with simulated data sets having increased levels of autocorrelation. 

Schluter's index also had increasing numbers of significances 

http:oc,-,0.05


Table B.3. Simulation results for Yule's V and Schluter's association indices with unassociated data sets having varying levels 
of serial autocorrelation. Ave. sig. = The average proportion of significant results returned; N = number of repetitions, each 
repetition with 200 data sets of 50, 200, or 1000 cells each; Var. ratio = the ratio of the variances as compared to the Pr=0.5 
variance. 

Yule's V simulation series Schluter's simulation series 
Pr 0.5 0.62 0.7 0.8 0.9 0.5 0.62 0.7 0.8 0.9 
Ave. sig. 0.045 0.071 0.097 0.180 0.347 0.007 0.008 0.013 0.055 0.182 
Variance 2.05x10-4 3.65x104 5.46x104 7.21x10-4 1.03x103 1.06x104 3.14x10-5 3.45x10 -5 1.18x105 9.35x104 
N 15 15 15 15 15 15 15 15 15 15 
Var. ratio 1.778 2.660 3.515 5.009 0.297 0.326 1.112 8.820 
F-test P 0.293 0.078 0.025 0.005 0.030 0.044 0.845 <0.001 
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(F(1,19)=60.9, P<0.0001) and increasing variance (F(1,3)=103.5, P=0.009) with 

data sets having increased numbers of species (Table B.4). 

The increase in the number of significances returned by Yule's V index was 

highly linear with increasing autocorrelation (F(1,59)=1694, P<0.0001) with a 1/(1

Pr) transformation of Pr. The variance of the number of significances also 

increased linearly from no autocorrelation (Pr = 0.5) to the highest level of 

autocorrelation (Pr = 0.9) (F(1,4)=128.2, P=0.001). 

Schluter's index was affected more than Yule's V by varying levels of 

autocorrelation. From Pr=0.5 to Pr=0.9,the number of significances returned by 

Schluter's index increased 26 times, compared to 7.7 times for Yule's V over the 

same span. The variance of Schluter's test changed more that that of Yule's V, and 

unpredictably: data sets having Pr values of 0.62 and 0.7 had variances lower than 

Pt,---0.5, and the data sets having Pr values of 0.9 had a variance much higher than 

Pr=0.5. From Pr=0.5 to Pr=0.62, the variance ratio for Schluter's was 3.37, 

Table BA. Simulation results for Schluter's association index with unassociated 
data sets having a Pr of 0.62, among varying numbers of species. Ave. sig. = The 
average proportion of significant results returned; N = number of repetitions, each 
repetition with 200 data sets of 1000 cells each. 

Simulation series 

2 spp. 5 spp. 9 spp. 20 spp. 
Ave. sig. 0.007 0.035 0.05 0.064 

Variance 3.25x105 1.88x1e 2.50x10-4 5.55x104 
N 5 5 5 5 
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compared to 1.78 times for Yule's V over the same span (Table B.3). Given these 

results, we felt that Yule's V index was more robust, and had a more predictable 

behavior under the influence of spatially autocorrelated data, and was used to test 

for association among the species. We tested associations with 200-leaf and 1000 

leaf samples, with the 200-leaf samples differing in pesticide treatments, and the 

1000-leaf samples combining the pesticide treatments. Schluter's index, despite its 

novel ability to compare more than two species at one time, was not used. 




