
AN ABSTRACT OF THE DISSERTATION OF

J. Scott Blackwood for the degree of Doctor of Philosophy in Entomology presented on

October 31. 2003.

Title: Prey-stage preference in phytoseiid mites.

Abstract approved:

Brian A. Croft

Knowledge of how individual organisms behave in their environment can provide

a greater understanding of population dynamics. In a predator-prey system, the choices

made by predators when foraging for prey are important aspects of behavior. Particularly

in the case of a stage-structured prey population, how the predator selects prey stages

once a prey patch has been located can have implications for prey population growth,

predator development and fecundity, and predator-prey system dynamics.

Predaceous mites of the family Phytoseiidae are important biological control

agents of Tetranychus spider mites in agricultural settings worldwide. Phytoseiid species

range from specialists that require Tetranychus spider mite prey in order to develop and

reproduce to generalist omnivores. In studies with 13 phytoseiid species, specialized

species tended to prefer T. urticae eggs as prey or have no prey-stage preference while
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more generalist species tended to have no prey-stage preference or prey more often on

mobile immatures. Further testing with a subset of these species suggested variability

among species with regard to genetic and environmental influences on prey-stage

preference. The specialist Phytoseiuluspersimilis also preferred to forage and oviposit in

patches containing egg-biased stage distributions rather than in adjacent mobile

immature-biased patches. No benefits to offspring developing in either type of patch

were found in terms of developmental time or subsequent adult fecundity. However, the

results of both manipulative experiments and nonlinear population models indicated

potential benefits of egg-biased predation in terms of current adult female fecundity, a

less severe impact of predation on the prey population, and an increased number of

predator descendents during the predator-prey interaction. Considering both subjective

factors and discriminant analyses, prey-stage preference performed well as an indicator

for the ecological classification of phytoseiid species. The classifications of four

phytoseiid species occurring on apple in central and eastern Oregon, USA, were

evaluated accordingly.
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1. GENERAL INTRODUCTION

Knowledge of how individual predators make choices in their environment can

contribute to a greater understanding of broader population and predator-prey system

dynamics (Sutherland 1996). In the process of foraging, a predator is faced with a series

of choices with regard to how to search for stimuli associated with potential prey, how to

act upon the stimuli in order to locate one or more suitable prey types and finally which

individuals to attack of a given prey species once located. The latter consideration is

particularly relevant in the case of a stage-structured prey population, where individual

stages may be differentially susceptible to predation (Murdoch et al. 1987), may

differentially impact the growth rate of the prey population (de Kroon et al. 1986, Benton

and Grant 1999, Caswell 2001) or may provide different nutritional benefits to a predator

resulting in effects on developmental rates and reproductive potential (Zaher and Shehata

1971, Ohnesorge 1981, McMurtry and Rodriguez 1987).

Spider mites of the family Tetranychidae are significant agricultural pests in a

diverse range of crops worldwide. Due to the piercing and sucking of fluids from leaf

cells by spider mites, infestations can result in substantial declines in plant growth

intensity, flowering and yield (Tomczyk and Kropczynska 1985). Most tetranychids

produce some degree of silk webbing within their colonies. In Tetranychus spp., silk

webbing is produced profusely to create a complex, three-dimensional network,

providing a degree of protection from many predators that have difficulty navigating

through the network of silken strands (Gerson 1985, Saito 1985). However, some
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predaceous mites of the family Phytoseiidae have evolved an ability not only to cope with

the difficulties associated with spider mite webbing, but also to use it to their advantage:

they detect and respond to airborne volatiles emanating from spider mite silk and feces

(kairomones) as well as from infested leaves (synomones) to efficiently find colonies to

attack (Sabelis et al. 1984a, b, Dicke et al. 1990, Zhang and Sanderson 1992b, Sabelis

and van der Weel 1993, Sabelis and Afman 1994, Jung 2001).

Phytoseiid species can be placed along a continuum from polyphagous omnivores

to oligophagous predators. This continuum corresponds closely with the ability to utilize

Tetranychus spider mite prey: oligophagous species tend to be specialized for predation

on Tetranychus spider mites and actually require this prey in order to complete

development and reproduce as adults while highly polyphagous species tend to be averse

to these spider mites, feeding primarily on pollens, other mites and small insects

(McMurtry and Rodriguez 1987, McMurtry and Croft 1997). A number of ecological

and morphological traits have been found to correlate with this generalist-specialist

continuum (Sabelis and Bakker 1992, Walzer and Schausberger 1999, Schausberger and

Croft 2000, 2001, Luh and Croft 2001, Schausberger 2003). A greater understanding of

the biology of generalists and specialists, and how they compare, affords a greater ability

to understand their roles in biological control systems and how they should be managed

to provide effective pest control in various agroecosystems. Additionally, knowledge

about which traits tend to be characteristic of specialists and generalists may provide an

ability to quickly assess candidate species, whose biology may be little studied or

unknown, for introduction or conservation as biological control agents.



The main goals of this dissertation were (I) to characterize the prey-stage

preferences of generalist and specialist phytoseiid mites for feeding on eggs and mobile

immatures of two spotted spider mite, Tetranychus urticae Koch, (2) to investigate the

consequences and adaptive benefits potentially associated with prey-stage preference and

(3) to assess the value of prey-stage preference as an indicator trait for the ecological

classification of phytoseiid species. Our investigations involved a combination of

manipulative laboratory experiments, population and predator-prey system modeling and

quantitative methods for classification of species.

While prey-stage preference has been studied in some phytoseiid species

(Abou-Setta and Childers 1989, Clements and Harmsen 1990, 1993, Prasad 1967, Croft

and McMurtry 1972, Pickett and Gilstrap 1986), methodologies, including which prey

species and stages were offered, were variable among studies. As a result, it is difficult

to make comparisons among predator species based on these results. In chapter 2 of this

dissertation, we studied 13 generalist and specialist phytoseiid species with regard to their

preferences for eggs or mobile immatures of T urticae when both stages were offered to

predators simultaneously. Some species were then selected for further testing to

determine the plasticity of this trait both within individuals and within species. We

examined the effects of altering the ratio of prey stages offered, hunger state and past

experience on prey-stage preference and we studied multiple strains within species to

determine the intraspecific variability of prey-stage preference.

In Chapter 3, we used both laboratory experiments and population modeling

techniques to elaborate on how P. persimilis forages with respect to the stage distribution



of T. urlicae and to evaluate effects associated with these foraging tendencies.

Specifically, tests were performed to determine whether P. persim i/is prefers to forage

and oviposit in prey patches containing mostly eggs vs. those containing mostly mobile

immatures. We then determined the implications of local prey stage distribution on

juvenile development, subsequent fecundity as adults and current fecundity of adults.

Finally, we examined whether egg-biased predation affects predator-prey dynamics

differently than predation with no preference for either eggs or mobile immatures.

In Chapter 4, we evaluated the use of prey-stage preference as an indicator for

ecological classification of phytoseiid species using discnminant analysis models. To

check the performance of and to improve various single- and multiple-trait discriminant

analysis models in the ecological classification of phytoseiid species, extensive diet

breadth studies, in addition to prey-stage preference tests, were undertaken with four

phytoseiid species occurring on apple in eastern Oregon, USA.

Finally, Chapter 5 serves to integrate the findings of this dissertation, to

summarize their ecological and practical implications and to identif' aspects that are in

need of further study.
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2. PREY-STAGE PREFERENCE IN GENERALIST AND SPECIALIST PHYTOSEIID

MITES (ACARI: PHYTOSEIIDAE) WHEN OFFERED TETRANYCHUS URTJCAE

(ACARI: TETRANYCHIDAE) EGGS AND LARVAE

J. S. Blackwood, P. Schausberger and B.A. Croft

Environmental Entomology

Entomological Society of America

Lanham, MD; USA

Volume 30: Pages 1103-1111



Abstract

We tested 13 species of phytoseiid mites for prey preferences between eggs and

larvae of twospotted spider mite, Tetranychus urticae Koch. th general, oligophagous,

specialized spider mite predators preferred eggs while more polyphagous, generalist

predators showed no prey-stage preference or preferred larvae: Phytoseiulus macropilis

(Banks), P. persim i/is Athias-Henriot, Neoseiulus ion gispinosus (Evans) and Neoseiulus

fallacis (Garman) preferred eggs; Kampimodromus aberrans (Oudemans), Galendromus

occidentaiis (Nesbitt), N. barkeri Hughes, N. californicus (McGregor), N. cucumeris

(Oudemans) and Typhiodromuspyri Scheuten showed no prey-stage preference; and

Amblyseius andersoni Chant, Euseiusfinlandicus (Oudemans) and E. hibisci (Chant)

preferred larvae. When the ratio of spider mite eggs to larvae provided was altered, adult

females of E. fin/andicus, G. occidenta/is, N. faiiacis, and P. persimilis maintained

relatively constant feeding ratios, resulting in slight negative prey-stage switching due

mostly to the changes in prey-stage ratios offered. However, when offered a prey-stage

ratio that was biased toward eggs, adult females of T. pyri exhibited positive switching,

feeding disproportionately more on eggs than would be expected given the change in the

ratio offered. There was no clear trend in the effect of starvation time on prey-stage

preference for N. fallacis adult females. The egg preference of N. failacis was also not

affected when individuals were reared solely on eggs or larvae of T. urticae and

subsequently tested as adult females. Individuals of field-collected strains of N. faliacis

and P. persimilis showed no differences in prey-stage preferences when compared to



individuals from long-term reared laboratory strains of the same species. However,

individuals of one field-collected strain of G. occidentalis showed a stronger preference

for eggs than individuals from three other strains (one laboratory and two field-collected)

of the same species.



Introduction

According to optimal foraging theory, natural selection should favor foraging

behaviors that maximize energetic gains while minimizing the costs involved in

searching for, handling, and processing particular food items (Krebs 1972, Begon et al.

1996). There are certainly tradeoffs involved in specializing on particular food types

versus retaining the ability to exploit numerous food types. Costs and benefits involved

in these tradeoffs would depend largely on the environmental and ecological conditions

in which a particular species evolves (Daan and Tinbergen 1997). Different species

evolving in different situations would, therefore, be expected to exhibit a range of

solutions for optimizing their foraging behaviors.

Phytoseiid mites are an ecologically diverse group of species, including

oligophagous specialist predators of Tetranychus spider mites to broadly polyphagous

generalists that feed on mites, insects, fungi, plant fluids and pollen (e.g. McMurtry and

Rodriguez 1987, McMurtry and Croft 1997, Pratt et al. 1999). Species have been

classified as either specialists or generalists according to diet breadth (McMurtry and

Rodriguez 1987, Schausberger and Croft, 2000a,b) and according to life-style types based

on diet breadth and other related biological and morphological features (McMurtry and

Croft 1997).

As evidenced by these classification systems, tendencies for feeding on particular

food types and prey species are well known for several phytoseiid species. In contrast,

preferences for preying on different life-stages within prey species have not been as



thoroughly investigated. Some studies have compared predation on different life-stages

within prey species (Prasad 1967, Smith and Newsom 1970, Croft 1972, Croft and

McMurtry 1972, Santos 1975, Abou-Setta and Childers 1989, Clements and Harmsen

1990, 1993), but only a fraction of these have offered two or more prey-stages

simultaneously to a predator in a defined ratio (Burnett 1971, Takafuji and Chant 1976,

Fernando and Hassell 1980, Ohnesorge 1981, Pickett and Gilstrap 1986). Studies that

offer prey-stages separately to a predator do not truly address preference, since the

predator is not provided with an option (Peterson and Renaud 1989, Roa 1992).

Furthermore, when offered alone, one prey type may be consumed more than another

only to compensate for a lower nutritional value, thus confounding any direct comparison

of consumption rates (Roa 1992). Studies that do not define the ratio of each prey type

offered are also difficult to interpret since by definition preference depends on the

proportion of available prey-types in the environment (Murdoch 1969, Begon et al.

1996).

With these considerations, we investigated prey-stage preferences among 13

species of phytoseiid mites. Eggs and larvae of twospotted spider mite, Tetranychus

urticae Koch, were offered simultaneously to single predators in controlled ratios.

Phytoseiid species tested were Amblyseius andersoni Chant, Euseiusfinlandicus

(Oudemans), E. hibisci (Chant), Galendromus occidentalis (Nesbitt), Kampimodromus

aberrans (Oudemans), Neoseiulus barkeri Hughes, N. calfornicus (McGregor), N.

cucumeris (Oudemans), N. fallacis (Garman), N. longispinosus (Evans), Phytoseiulus

persimilis Athias-Henriot, P. macropilis (Banks), and Typhiodromus pyri Scheuten.
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These species include representatives of each of the four life-style types (McMurtry and

Croft 1997) and of both diet generalists and specialists (McMurtry and Rodriguez 1987,

Schausberger and Croft, 2000a,b). We used the index U of Manly etal. (1972), to assess

feeding preferences. First, we tested individuals of all species for significant preferences.

Second, we manipulated the ratio of prey-stages to assess whether phytoseiid predators

adjusted their feeding preference depending on the relative abundances of each prey type,

a behavior known as "prey switching" (Murdoch 1969, Begon et al. 1996). Third,

starvation levels were manipulated in adult females of N. fallacis to test for any

correlative trend in prey preference. Fourth, to determine whether individual feeding

experience had an effect on preference, we tested N. fallacis individuals reared on either

eggs only or larvae only. Finally, we compared the preferences of field and laboratory

strains to determine whether variability may exist among strains of the same species and

to assess possible effects of long-term laboratory rearing.

Materials and Methods

Rearing and general experimental procedures. All phytoseiid mites were taken from

laboratory colonies maintained on mixed stages ofT. urticae and/or pollen of birch,

Betula pendula Roth, tulip, Tulipa gesnariana L., and Douglas fir, Pseudotsuga menziesii

(Mirb.) Franco. Colonies had been sustained in the laboratory for approximately 1-14

years, depending on the species, with field-collected individuals added periodically.

Tetranychus urticae was reared on Jima bean, Phaseolus lunatus L., grown at 26 ± 5CC,
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70± 10% RH, 16:8h L:D photoperiod.

Bean leaves were placed ventral side up on water-saturated foam and divided into

3.75cm2 arenas with strips of moist tissue paper. Arenas were held at 20 to 25°C, 50 to

70% RH and 16:8h L:D photopenod for the duration of the experiment. In these

conditions, eggs and larvae of T. urticae last approximately 5d and 3d, respectively,

before molting to the next stage. Based on these developmental times, arenas were

prepared over a period of seven days. Tetranychus urticae adult females were placed in

arenas for 24h periods on days 1 and 6 to provide larvae and eggs for the start of the

experiment on day 7. This method allowed the prey-stages to be positioned without

damage and provided webbing, feces, and associated kairomones (Hislop and Prokopy

1981, Sonenshine 1985) in each arena. When needed, numbers of eggs and larvae were

adjusted to produce the desired ratios of eggs to larvae (+1- 10%). The exact numbers of

eggs and larvae provided in each replicate were recorded prior to introduction of

phytoseiid females.

The numbers of each prey-stage consumed during tests were recorded by

counting the number of shriveled larval corpses and by subtracting the number of eggs

remaining from the number of eggs provided. In cases where predators did not produce

at least one egg within 24h, additional feeding time was allowed and arenas were checked

again for predator eggs (presence or absence) after 48h. To exclude females that were

either unmated or of marginal health or old age, only replicates where the female

produced at least one egg within 48h were considered for analysis.
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Preference quantification and statistical analysis. Prey-stage preferences were

quantified with the index ,8 of Manly et al. (1972),

-I

1n(N'/N') 1

fl[ +11
ln(N/N) ]

where N and N' are the numbers of each prey type provided (here eggs and larvae,

respectively) and N and N' are the numbers of each prey type consumed. This index

assigns preference values from 0 to 1, where 0.5 represents no preference. Its use is

appropriate where both prey types are offered simultaneously and are not replenished

throughout the experiment (Manly et al. 1972, Cock 1978, Chesson 1978, 1983). The fi-

value was calculated for each replicate and averaged to determine the mean fl-value for

each treatment. Mean fl-values were considered significant when 95% confidence

intervals (based on the t-distnbution) did not overlap with fi = 0.5. Differences among

treatments were assessed using two sided t-tests (for comparison of two treatments) or

ANOVA, LSD (for comparison of three or more treatments) (Chesson 1983, Jones 1984,

Lockwood 1998). Prior to statistical comparisons, mean fl-values and mean proportions

of prey-stage consumption were standardized. In all tests, P < 0.05 was considered

significant.

Experiment 1. Preferences among species. Adult females of all 13 phytoseiid species

were held without food for 8h prior to tests. Females were then placed singly in arenas

with a 1:1 ratio of T. urticae eggs and larvae (60-100 total prey per arena). For as many
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replicates as possible, the first prey item (egg or larva) touched by a front leg and the first

item consumed were recorded. The numbers of each prey-stage consumed were recorded

after 1 2h and after 24h. The number of eggs produced by predators was recorded after

24h. For each species, 10-16 replicates were performed.

Experiment 2. Prey-stage switching. Adult females of P. persimilis, N. fallacis, G.

occidentalis, T pyri, and E. finlandicus were held without food for 8h prior to tests.

These females were then placed singly in arenas containing 2:1 or 1:2 ratios of T urticae

eggs and larvae (90-99 total prey per arena). The numbers of each prey-stage consumed

were recorded after 24h of feeding. For each treatment in each species, 10-15 replicates

were performed. These results were compared to the results from experiment I where

females of these species were provided a 1:1 ratio of prey-stages.

Experiment 3. Starvation effects. Adult females of N. fallacis were held without food

for Oh, 24h, or 48h prior to tests. These females were then introduced singly into arenas

containing 1:1 ratios of T urticae eggs and larvae (60-100 total prey per arena). The

numbers of each prey-stage consumed were recorded after 24h of feeding. For each

starvation treatment, 13-16 replicates were performed. The results of these three

treatments were then compared to the results from the 8h-starved treatment with the same

species from experiment 1.
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Experiment 4. Rearing experience. Individuals of N. fallacis were reared from the

larval to the adult stage either on exclusively eggs or on exclusively mobile immature

stages. Prior to tests, adult females reared according to each of these regimens were held

without food for 8h. These females were then placed singly into arenas with 1:1 ratios of

T. urticae eggs and larvae (60-100 total prey per arena). The number of each prey-stage

consumed and the number of predator eggs produced were counted after 24h. For each

rearing treatment, 10-12 replicates were performed. The results were then compared to

the individuals tested in experiment 1 that had been reared on a mix of prey-stages.

Experiment 5. Comparisons among strains. One field strain each ofF. persim ills and

N. fallacis, and three field strains of G. occidentalis, were tested for prey-stage

preference. Phytoseiulus persimilis was collected from Gorse, Ulex europaeus L., near

Bandon, OR (Coastal Oregon). Neoseiulusfallacis was collected from peppermint,

Menthapiperita L., near Madras, OR (Central Oregon). One strain of G. occidentalis

was collected from apple, Malus pumila P. Mill, near Ontario, OR (Eastern Oregon), a

second strain of this species was collected from apple near Plush, OR (Central Oregon)

and a third strain was collected from apple near The Dalles, OR (Central Oregon). Field-

collected individuals were placed on bean leaf rearing units and were allowed to

reproduce in the laboratory. Adult female individuals of subsequent generations were

tested within 2-12 weeks of collection. Prior to tests, these individuals were held without

food for 8h. Females were then placed singly in arenas with 1:1 ratios of T urticae eggs

and larvae (60-100 total prey per arena). The numbers of each prey-stage consumed were
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counted after 24h of feeding with 10-16 replicates performed for each strain. The results

were compared to the laboratory strains of the same species tested in experiment 1

(laboratory strains of P. persimilis, N. fallacis and G. occidentalis were reared in the

laboratory for approximately 2, 8 and 14 years, respectively).

Results

Experiment 1. Preferences among species. Three species, E. hibisci, E. finlandicus,

and A. andersoni, had significant preferences for larvae (95% confidence intervals did not

include /1= 0.5) and four species, P. macropilis, P. persimilis, N. longispinosus, and N.

fallacis, had significant preferences for eggs. The remaining six species had no

preference for either prey-stage (95% confidence intervals overlapped with ,8 = 0.5) (Fig.

2.1). In all species except N. fallacis and N. ion gispinosus, eggs and/or larvae were

sometimes only partially consumed. In P. persimilis, P. macropilis, N. calfornicus, and

G. occidentaiis, partial consumption of prey occurred in no more than two instances per

species. However, partial consumption of prey, mostly eggs, was observed frequently in

tests with the remaining seven species. Feeding preferences surveyed after I 2h were

similar to preferences observed after 24h for all species (Table 2.1).

Consistently among species, larvae were more frequently touched first by

phytoseiid females despite a 1:1 ratio of eggs to larvae in these arenas (Table 2.1). In

general, individuals of species that preferred eggs through the 24h period were also more
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Fig. 2.1. Preferences for eggs or larvae of T. urticae (with 95% confidence intervals) and life-style types (I-IV, McMurtry
and Croft, 1997) among 13 species of phytoseiid mites. Pp Phytoseiulus persimilis, Pm Phytoseiulus macropilis,
NI Neoseiulus longispinosus, Nf Neoseiulusfallacis, Go-D Galendromus occidentalis ('The Dalles' strain, experiment 5),
Nca Neoseiulus californicus, Tp Typhiodromus pyri, Nb Neoseiulus barkeri, Go-L Galendromus occidentalis (laboratory
strain), Ncu Neoseiulus cucumeris, Ka Kampimodromus aberrans, Ef Euseiusfinlandicus, Aa Amblyseius andersoni,
Eh Euseius hibisci.



Table 2.1. Prey-stage preferences of 13 species of phytoseiid mites when offered a 1:1 ratio of T. urticae eggs and larvae.

Larva touched Larva consumed Larval Consumption (%)3

Species first (%)' first (%)2 12h 24h N Description4

P. persimilis 54.5 22.2 16.1 17.5 13 strong egg preference
P. macropilis 66.7 25.0 6.0 8.1 16 strong egg preference
N. ion gispinosus 60.0 14.3 3.7 2.4 11 strong egg preference
N. fallacis 53.3 38.5 36.6 31.4 15 moderate egg preference
N. californicus 66.7 57.1 55.8 47.4 10 no preference
T. pyri 70.0 100.0 50.0 47.6 11 no preference
N. barkeri 60.0 100.0 47.1 51.2 11 no preference
G. occidentalis 55.6 44.4 43.8 51.2 16 no preference
N. cucumeris 72.7 100.0 45.8 52.3 13 no preference
K. abe rrans 77.8 100.0 59.7 53.0 12 no preference
E. finiandicus 70.0 100.0 70.6 71.7 11 moderate larva preference
A. andersoni 60.0 100.0 58.8 63.9 11 moderate larva preference
E. hibisci 75.0 100.0 61.2 68.6 13 moderate larva preference

The proportion of predators that touched a spider mite larva first with a front leg (as opposed to touching an egg first) over the
total number of ambulating predators observed.

2 The proportion of predators that successfully pierced a spider mite larva first (as opposed to piercing a egg first) over the total
number of foraging predators observed.
The proportion of the total consumption (eggs and larvae) accounted for by larval consumption, recorded 12h and 24h after
predator introduction.' An assessment of the relative degree of prey-stage preferences.
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likely to consume eggs first (Table 2.1). Similarly, individuals of species that preferred

larvae through the 24h period consumed only larvae first. Following the same pattern,

individuals of G. occidentalis and N. cal(fornicus, that showed no preference through the

24h period, consumed close to 50% eggs and larvae first. However, individuals of K.

aberrans, N. barkeri, T. pyri, and N. cucumeris, that also showed no preference through

the 24h period, consumed only larvae first. In species where only larval predation

occurred first, females often attempted and failed to pierce an egg before successfully

attacking a nearby larva.

Experiment 2. Prey-stage switching. Switching behaviors, indicated by a significant

change in /3, occurred in three out of five species tested (Fig. 2.2). Individuals of both P.

persimilis and E. finlandicus exhibited negative switching, with a significantly increased

preference for larvae in response to an increased relative abundance of eggs (E.

finlandicus: F= 10.39; df= 2, 29; P < 0.001; P. persimilis: F= 6.70; df= 2, 37; P =

0.003; ANOVA, LSD). Typhiodromuspyri individuals exhibited both positive and

negative switching, with a significantly increased preference for eggs in response to

increased relative abundance of larvae (negative switching), and with a significantly

increased preference for eggs in response to an increase of the relative abundance of eggs

(positive switching) (F= 4.80; df= 2,28; P< 0.001; ANOVA, LSD).

However, in terms of the proportion of the total diet accounted for by each prey-

stage, E. finlandicus and P. persimilis females consumed similar ratios of eggs and larvae

in all prey-stage ratio treatments (Fig. 2.3; E.finlandicus: F= 0.53; df= 2, 29; P = 0.593;
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Figure 2.2. Prey-stage preferences (with 95% confidence intervals) relative to the ratio
of T. urticae prey-stages offered for five phytoseiid mite species.
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Figure 2.3. Proportion of total consumption accounted for by larval consumption
(with 95% confidence intervals) relative to the ratio of T urticae prey-stages offered for
five phytoseiid mite species.
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P. persimilis: F= 0.17; df 2,37; P 0.847; ANOVA). These fixed preferences for

particular ratios of prey-stages may have alone resulted in the significant switching

results, since individuals did not adjust their consumption in proportion to the changes in

prey-stage ratios offered. Similarly, the negative switching phenomenon found with T

pyri females may have been due to the lack of a change in relative consumption of each

prey-stage. The positive switching behavior of T. pyri individuals was unique in that

both /3 and the proportion of prey-stages consumed changed significantly (T. pyri,

proportion of prey-stage consumption: F= 4.80; df= 2,28; P< 0.001; ANOVA, LSD).

Experiment 3. Starvation effects. There was no clear trend in the effect of starvation

on preference for N. fallacis females (Fig. 2.4). Females tested after 24h of starvation

had a slightly stronger preference for eggs than females tested after Oh, 8h, and 48h (F =

6.261; df= 3,56; P= 0.001; ANOVA, LSD).

Experiment 4. Rearing Experience. Individuals of N. fallacis did not change their

prey-stage preference when reared on only eggs, on only mobile immatures, or on a mix

of prey-stages (experiment l)(F 1.95; df 2,34; P= 0.158; ANOVA). Individuals

that were reared on only eggs were, however, significantly more fecund than individuals

that were reared either on only mobile immatures or on a mix of prey-stages (experiment

1), producing an average of 2.8, 1.4, and 1.5 eggs per female over 24h, respectively (F

16.48; df=2, 34;P<0.001; ANOVA, LSD).
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Experiment 5. Comparisons among strains. There were no statistically significant

differences in prey-stage preferences between individuals from field strains of P.

persimilis and N. fallacis and individuals of the same species taken from laboratory

colonies (Table 2.2). However, individuals of the 'The Dalles' strain of G. occidentalis

preferred eggs to a slightly greater extent than individuals from the other three strains of

the same species (F= 4.448; df= 3, 53; P = 0.007; ANOVA, LSD).

1.0

.
S.

0.6

0.4

0 8 24 48

Time Starved (h)

Figure 2.4. Prey-stage preferences (with 95% confidence intervals) of N. fallacis adult
females when deprived of food for variable lengths of time prior to testing.
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Table 2.2. Prey-stage preferences of laboratory-reared and field-collected strains of
three phytoseiid mite species.

Species Strain ill variance N P
G. occidentalis1 lab 0.518 a 0.010 16 0.007

field (Ontario) 0.47 1 a 0.005 11

field (Plush) 0.536 a 0.008 16
field (The Dalles) 0.425 b 0.010 14

N. fallacis2 lab 0.423 0.004 15 0.066
field 0.350 0.011 10

P. persimilis2 lab 0.2 15 0.038 13 0.400
field 0.166 0.006 16

Tested for differences between all means with ANOVA, LSD (F = 0.951; df = 2, 40).
Values of /3 with the same letter are not significantly different at the P <0.05 level.
2 Tested for the difference between means with a t-test assuming unequal variance
(N. fallacis: t 2.001, df= 13.4; P. persimilis: t = 0.867, df= 15.0).
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Discussion

Prey-stage preference and predator specialization. Most previous prey-stage

preference studies with phytoseiid andlor tetranychid mites were done with different

species of predator (Abou-Setta and Childers 1989, Clements and Harmsen 1990, 1993,

Opit et al. 1997) or prey (Prasad 1967, Croft and McMurtry 1972, Pickett and Gilstrap

1986) than those included in this paper. However, when compared to studies that

investigated preferences of the same phytoseiid species for feeding on eggs and mobile

immatures of T. urticae, our results concur. Specifically, our results confirm that adult

females of both P. persimilis (Takafuji and Chant 1976, Fernando and Hassell 1980,

Ohnesorge 1981) and N. fallacis (Burnett 1971) prefer eggs to larvae of T. urticae.

Based on the results found with the 13 species tested here, prey-stage preference

appears to correlate well with the degree of overall specialization for feeding on spider

mites. With respect to life-styles (McMurtry and Croft 1997), specialist type-I species

(two species from one genus) preferred eggs of T. urticae, specialist type-Il species

preferred eggs or had no prey-stage preference, generalist type-Ill species had no

preference or preferred larvae, and generalist type-IV species (two species from one

genus) preferred larvae. With respect to the classification based solely on diet breadth

(McMurtry and Rodriguez 1987, Schausberger and Croft, 2000a,b), three specialists, N:

ion gispinosus, P. macropilis and P. persimilis, and one generalist, N. failacis, preferred

eggs; five generalists, K. aberrans, N. barkeri, N. caifornicus, N. cucumeris and T. pyri,

and one specialist, G. occidentalis (except the 'The Dalles' strain) had no preference; and
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three generalists, A. andersoni, E. finlandicus, and E. hibisci preferred larvae. In an

agroecosystem containing phytoseiid predators and spider mite prey, the specialization of

the predator species affects how the predator and prey populations interact (McMurtry

1992). Prey-stage preference may represent one component of specialization that affects

this interaction, particularly since different life-stages may contribute differently to the

overall growth rate of a prey population (e.g. Caswell, 2001).

The first prey-stage killed indicated to some extent the preference that occurred

over the following 24h period. However, this conclusion is tentative since data were

recorded only for individuals that fed within approximately 20-30 mm. This resulted in

low replication and possibly biased sampling. That larvae were more often the prey-stage

touched first by predators of all species was probably due to two reasons. First, larvae

are slightly larger than eggs, particularly after feeding has taken place in this prey-stage.

Second, larvae are active. This means that larvae can initiate contact with adult females,

possibly enticing them to investigate with their front legs. Also, there is an increased

probability of encounter of larvae by adult females simply because these prey individuals

are moving (Sabelis 1990). A potential consequence of these factors is that, based on the

ratio of prey-stages experienced by individuals, preferences for eggs may be slightly

underestimated in these phytoseiids. However, prey preference (in the strict sense)

depends on the relative densities of available prey items in the environment, not on the

ratio experienced (Murdoch 1969, Begon et al. 1996).
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Prey-stage preference and optimal foraging. It has been stated that eggs and larvae of

T urticae provide similar nutritional benefits to predators (Ohnesorge 1981, Sabelis

1985). However, our results of comparing the fecundities of N. fallacis adult females

reared on only eggs or larvae (experiment 4), as well as the work of Burnett (1971),

suggest that eggs may be a more profitable prey item at least for this predator species.

Similarly, G. occidentalis females feeding on single prey-stages of a related species,

Tetranychuspacflcus McGregor, killed approximately twice as many larvae as eggs, but

achieved similar fecundities in each case (Croft and McMurtry 1972). McMurtry and

Rodriguez (1987) estimated that the nutritional benefits of prey eggs to larvae is

approximately 3:2 in terms of predator egg production, but that only a minimal

consumption of eggs in a diet of mixed prey-stages may be required to achieve maximal

fecundity. On the contrary, our results for N. fallacis suggest that a diet of only eggs may

result in a significantly higher fecundity than a diet of mixed prey-stages.

Previous studies found that the handling time required for preying on spider mite

eggs was somewhat less than that for larvae in the specialists G. occidentalis, P.

persimilis (Sabelis 1990) and P. macropilis (Prasad 1967). This is consistent with the

egg preferences of the latter two species and of the 'The Dalles' strain of G. occidentalis

found in the present study.

For generalist phytoseiid mite species, there is some evidence that suggests spider

mite larvae may be more profitable than eggs with regard to both nutritional benefit and

handling time. Zaher and Shehata (1971) found that T. pyri adult females were more

fecund when feeding on only mobile immatures of Tetranychus cinnabarinus Boisduval
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than when feeding on only eggs of the same species. In the present study, females of

several generalist species often unsuccessfully attempted to pierce an egg before

attacking a larva. This suggests a possibly higher handling time for eggs of T urticae as

prey for these phytoseiid species. One possible explanation for this is that generalist

species may have mouthparts that are not as effective at piercing the T urticae egg

chorion as mouthparts of more specialized species. Flechtmann and McMurtry (1992)

found common cheliceral characteristics among species that feed primarily on spider

mites that differed from the cheliceral characteristics found among species that feed

primarily on pollen.

Although evidence may support a predator's foraging as being "optimal",

nutritional benefits and handling costs of individual prey-stages do not necessarily

elucidate all the factors that may have been involved in the evolution of foraging

behaviors. Some species may benefit from having a more diverse, nutritionally balanced

diet (Ahlstrom and Rock 1973, Dicke etal. 1989, Begon etal. 1996). Whether or not

spider mite eggs and larvae differ greatly in composition of nutrients or in the ability of a

predator to acquire them, individual predators may not have the ability to assess these

factors in situ. When offered more than one prey type, individuals of some species may

instinctually attack a variety of available prey types, which in natural situations may

promote a more nutritionally balanced diet. Also, in the environment in which a

particular species evolved, other aspects may have been more important in enhancing

fitness than dietary preferences (Begon et al. 1996). For instance, the risk of being

preyed upon or of being desiccated may have been more important factors influencing
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reproductive success. h such a situation, utilizing any palatable food encountered might

then reduce foraging time, and thus may reduce exposure to these mortality risks.

Prey-stage switching. Among the five species tested at different ratios of prey-stages in

experiment 2, the general trend is toward negative switching, with larval preference

slightly increasing as the relative abundance of eggs increases. This seems to be due to

most species maintaining relatively constant feeding proportions over the three prey-stage

ratios offered. This supports the contention that prey selection behavior is not affected by

the composition of prey-stages offered to a predator (Sabelis 1985, Berry etal. 1988).

Fixed feeding ratios may exist for any number of reasons, such as nutritional balance or

morphological constraints, as discussed above. Alternatively, the ratios offered may not

have been skewed enough to observe a change in behavior.

The only exception to the negative switching trend was the case of T. pyri. This

positive switching phenomenon could occur as a result of two possible mechanisms.

Typhiodromus pyri females may form a "search image" for eggs as they become more

abundant, allowing them to more efficiently exploit this abundant food type. A second

possibility is that as encounters with eggs increase, handling efficiency may also increase

as females learn to efficiently pierce the egg chorion (Begon et al. 1996). The latter

mechanism is supported by the result that females of this species preyed upon only larvae

first, despite consuming eggs and larvae in equal quantities over the 24h test period

(experiment 1)



In our tests, total prey density was not necessarily the same between 1:1 and

biased (1:2 and 2:1) prey-stage ratios. Due to the predator functional response, total

predation could have been affected by differences in prey density. However, we were

interested in relative consumption of prey-stages, which we assume was not affected by a

difference in total prey density. In support of this, relative prey-stage consumption of all

species remained fairly constant from the first 1 2h through the remainder of tests despite

decreasing prey densities (experiment 1).

The effect of hunger on prey-stage preference. Zhang and Sanderson (1 992a) found

that starvation level significantly influenced the foraging behavior of P. persimilis.

Although we found that 24h-starved females of N. fallacis preferred eggs to a slightly

greater extent than females receiving the other three starvation state treatments, the length

of food deprivation did not affect prey-stage preference in a consistent way. Since eggs

appear to be the more nutritionally profitable prey-stage for this phytoseiid species,

perhaps egg preference increased with starvation to a certain point (24h). Beyond this

point, females may have become less selective, consuming any palatable prey item they

encountered. Although the threat of starvation-induced death is not likely to be great

after only 48h of food deprivation (Pratt et al. 1999), the ability to produce eggs may be

significantly affected by this point (Ohnesorge 1981).

Prey-stage preferences: genetically fixed or learned? Eveleigh and Chant (1981)

found that the past feeding experience of P. persimilis and Iphiseius degenerans Berlese
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adult females affected subsequent feeding behavior. However, Fernando and Hassell

(1980) found no difference in prey-stage preference ofF. persimilis when individuals

were exposed to a mix of prey-stages or to only eggs or larvae ofT urticae for several

days prior to testing. Similarly, when reared from the larval through the adult stage with

only eggs or larvae as prey, we found that N. fallacis adult females showed no differences

in prey-stage preference. This indicates an instinctual, genetic basis for prey-stage

preference in this species as opposed to a behavioral basis. In the latter case, individuals

would learn to exploit particular prey-stages as a result of prior exposure.

Differences in developmental rate (Hardman and Rogers 1991), morphology, sex

ratio and frequency of cannibalism (Croft and McMurtry 1972) have been found among

strains of phytoseiid species collected from different regions. It has also been noted that

populations reared in the laboratory may undergo physiological and/or genetic changes

that may confound how representative the individuals are of a species (Diçke el al. 1988).

In the current study, any effect of physiological changes cannot be accurately assessed

since field-collected strains were maintained in the laboratory for at least one generation

prior to testing. Considering the results from all strains of G. occidentalis, N fallacis and

P. persimilis tested, genetic changes due to laboratory rearing (if they have occurred at

all) do not appear to have caused a shift in prey-stage preference. The difference found

in the 'The Dalles' strain of G. occidentalis does, however, indicate the potential for

variability in prey-stage preference among strains.
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Abstract

Consequences and potential adaptive benefits of egg-biased predation were

investigated in a specialist predatory mite, Phytoseiulus persimilis Athias-Hennot, and its

prey, two spotted spider mite, Tetranychus urticae Koch, using a combination of

laboratory experiments and population models. Consistent with the previous finding that

P. persimilis adult females feeding on T urticae strongly preferred eggs over mobile

immatures, P. persimilis females preferentially foraged and oviposited in egg-biased T.

urticae patches. Individuals that went first to egg-biased patches also remained in the

patch longer before dispersing than did individuals that went first to mobile immature-

biased patches. With regard to both developmental time and later fecundity as adults,

there was no advantage found for offspring developing in patches containing only eggs

when compared to those developing in patches containing only mobile immatures.

However, adult females of P. persimilis were significantly more fecund when foraging in

patches containing only eggs than when foraging in patches containing only mobile

immatures, suggesting an immediate benefit to the predator. Elasticity analysis of an

age-structured projection matrix for T. urticae indicated the same proportional change in

the projected population growth rate X resulting from a proportional change in any of the

survival rates associated with the pre-reproductive age classes. However, a comparison

of coupled differential equation predator-prey models incorporating different stage-

specific predation strategies showed potential differences in terms of population

trajectories over time. Differences between the effects of predation with preference for

eggs and the effects of predation with no preference for either egg or mobile immature
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prey were indicated in terms of both T urticae densities and the total number of P.

persimilis descendents produced during the predator-prey interaction, where the degree

and direction of differences depended on the strength of density dependence assumed to

be acting on the T. urticae population. No advantage of foraging with preference for

eggs was found in the extremes of density dependence - either with strong and immediate

density dependent effects or with no density dependent effects - but with moderate

density dependence more P. persimilis descendents were produced during the predator-

prey interaction when predators foraged with preference for eggs than when foraging

without prey-stage preference.
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Introduction

Differential predation on particular stages of an age-structured prey population

can have considerable impacts on the predator-prey system. For the predator, stage-

specific predation may affect fecundity, developmental time and survival and may

influence its distribution in both time and space. These effects may arise not only in the

immediate sense, but also subsequently as delayed life history effects, which involve

impacts on later fitness that occur as a result of the previous environment experienced by

an individual or by an individual's parent(s) (Beckerman et al. 2002). For the prey,

stage-specific predation pressures can have effects on population growth and stability

either as a result of different contributions of the vital rates of particular stages on the

growth rate (de Kroon et al. 1986, Benton and Grant 1999, Caswell 2001) or as a result of

an invulnerable stage serving as a population refuge (Murdoch et al. 1987). Given the

potential impacts of stage-specific predation, a specialist predator would be expected to

have evolved a prey stage selection strategy that benefits its long-term fitness.

Owing both to their ease of use as subjects in manipulative experiments and to

their importance as biological control agents, phytoseiid mites and their prey have been

often used as a model system in investigations on aspects of predator-prey dynamics

(Huffaker 1958, Takafuji 1977, Shaw 1984, 1985, Sabelis 1986, 1990, Kaiser 1983,

Zhang et al. 1992, Van Baalen and Sabelis 1995, Nachman 2001). These plant-inhabiting

mites comprise an ecologically diverse group of species that range from specialist

predators of Tetranychus spider mites to generalist omnivores that feed on fungi, pollens,
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and plant fluids in addition to preying on various mites and small insects (McMurtry and

Rodriguez 1987, McMurtry and Croft 1997). In studies of 17 phytoseiid species with

twospotted spider mite, T. urticae, prey, only individuals of more specialized species

preyed with a preference for spider mite eggs when offered together with mobile

immature prey stages (Blackwood et al. 2001, 2003). Phyioseiuluspersimilis, a highly

specialized phytoseiid having well developed dispersal (Charles and White 1988, Jung

2001), prey location (Sabelis et al. 1984a, Zhang and Sanderson 1992b, Sabelis and van

der Weel 1993), predation and reproductive abilities (Nachman 1981, Sabelis 1986,

Zhang et al. 1992) on Tetranychus prey, was one predator that exhibited a strong bias

toward predation on eggs (Blackwood et al. 2001).

The stage distribution of a Tetranychus spider mite colony progresses through

time (Carey 1982). Young colonies are founded on plant leaves by ovipositing adult

females and thus initially contain mostly eggs. The relative proportion of mobile

immature stages gradually increases through time and eventually the host leaf is

overexploited. In response to the decline in host leaf condition, mobile stages, especially

adult females, emigrate from the colony to found new colonies (Brandenburg and

Kennedy 1982, Nachman and Zemek 2002). This results in the presence of relatively

fewer eggs and a predomination of mobile immature stages in older colonies. Thus, if

Tetranychus colonies in a given space were founded at different points in time, their stage

compositions are bound to vary accordingly.

A predator invading a space with prey colonies that are heterogeneous in stage

composition must choose where to forage and where to deposit its offspring. Because



these choices determine the prey stages available for attack by the predator and her

offspring, both immediate and delayed effects on predator fecundity and development

may result. A complex interplay between these factors, their effects on the prey

population, and vice versa, may then continue through generations until eventually the

prey population is driven to local extinction. Ultimately, these choices may dictate the

cumulative reproductive output that can be gleaned by an initial, foundress predator.

Both linear and nonlinear population models can be used to explore the potential

consequences of stage-specific predation on populations or on predator-prey dynamics.

Elasticity analysis of life-table models (de Kroon et al. 1986, Caswell 2001), which

assumes linearity in the relationships between the vital rates and growth rate of a

population, has provided key insights into population responses to perturbations in both

conservation biology (Crowder et al. 1994, Doak et al. 1994, Heppell et al. 1996, Vonesh

and De Ia Cruz 2002) and biological control (Shea and Kelly 1998, McEvoy and Coombs

1999) applications. However, in cases where vital rates are dependent on density

(Benton and Grant 1999, Grant and Benton 2000, 2003) or where other interactions, such

as competition or a predator-prey relationship, are substantially influential (Val et al.

1997, Benton and Grant 1999, Grant and Benton 2000, 2003), a nonlinear model that

incorporates such factors may be required to describe population dynamics. For example,

coupled differential equations that incorporate nonlinear interactions can be used to

model either a single population (Gurney et al. 1983) or multiple populations, such as

when modeling predator-prey or parasitoid-host systems (Nunney 1985, Murdoch et al.

1987)
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We use a combination of laboratory experiments and population models to

elaborate on how P. persim i/is forages and oviposits in relation to the stage distribution

of T urticae prey and to investigate the consequences and potential adaptive benefits

resulting from its foraging strategy. First, we establish experimentally whether P.

persimilis females prefer to forage and oviposit in prey patches with egg-biased stage

distributions (young colonies) rather than in patches with mobile immature-biased stage

distributions (old colonies) when given the choice. Second, if offspring are more likely

to develop in egg-biased patches, we determine whether these mites have an advantage in

terms of developmental rate when compared with offspring developing in mobile

immature-biased patches. Third, we investigate whether there is a delayed life-history

effect for these offspring in terms of later reproductive potential as adults, and

additionally, whether there is an advantage in terms of immediate reproductive potential

for adult females preying on eggs vs. mobile immature stages. Finally, both linear and

nonlinear deterministic population models are used to investigate the potential impacts of

foraging with preference for eggs on the population growth rate of the T. urticae

population and on the dynamics of the P. persimilis T urticae predator-prey system.

Materials and Methods

Laboratory experiments. Phytoseiuluspersimilis was reared and tested in

environmental chambers held at 24 +1- 1°C, 70 +1- 10% RH and 16:8h (L:D) daily



photoperiod. To rear P. persimilis, we stacked detached lima bean leaves, Phaseolus

lunatus L., infested with mixed stages of two spotted spider mite, Tetranychus urticae

Koch, on top of a plastic substrate bordered by moistened tissue paper and surrounded by

a water moat. New infested leaves were added 2-3 times weekly and old leaves were

removed from the bottom of the stack and discarded as needed.

Experiment la. Patch selection: young vs. old spider mite patches. A piece of water-

saturated foam was placed in a plastic container, covered with wet paper towel and

surrounded by a water moat. On top of the wet paper surface, two bean leaves (tnfoliate)

were placed upside down and 3cm apart and bordered each leaf with wet tissue paper.

We exposed each of the two leaves to ovipositing female spider mites for a 48h period

either on days 1-2 or on days 7-8, resulting in one leaf with only mobile immatures (old

patch) and one leaf with only eggs (young patch). Numbers of spider mites were adjusted

to leave 80-90 prey on each leaf. We then dripped melted, unscented candle wax in a

strip from one leaf to the other to create a bridge between the two patches.

Gravid adult female P. persimilis were given excessive amounts of prey for 24h

prior to introduction into experimental arenas on day 8. Once the wax cooled and

hardened, we placed a single predator on the center of each 3cm bridge. We then

recorded position, activity and oviposition at Oh, 4h, 1 2h, I 6h, 20h, 24h and 40h from the

time of predator introduction, with 15 replicates performed. The difference in total

oviposition in each type of patch was tested for statistical significance with a Wilcoxon

signed-rank test for related samples. The difference in the time of first dispersal for
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females that went first to each type of patch was tested with a t-test for two independent

samples.

Experiment lb. Patch selection: egg- vs. mobile immature-biased patches. We

performed this second test to determine whether predators in experiment I a responded

either to the prey age distribution itself or only to infochemicals (Dicke et al. 1990)

possibly associated with spider mite infestations of different lengths of time. The design

was exactly as in experiment 1 a except that we exposed both leaves to ovipositing female

spider mites for 48h periods on days 1-2 and on days 7-8. The numbers of spider mites

were then adjusted to leave a 72:8 ratio of prey-stages (80 total prey) on each side, an

egg-biased patch on one side and a mobile immature-biased patch on the other. This

experiment was replicated 18 times.

Experiment 2. Developmental time. Wet paper towel and foam were arranged in a

plastic container with water, as above. A single bean leaf (cotyledon) was placed upside

down on top of the wet paper surface and bordered the leaf with wet tissue paper. We

then exposed each leaf to ovipositing spider mites for a 48h period to produce only eggs

or only mobile immatures (in excessive numbers) on the leaf for the subsequent test.

Onto each single-leaf arena we placed two P. persimilis eggs and made

observations every 12h to determine the protonymph-to-adult (larvae ofF. persimilis do

not feed) developmental time. Every 2d, we transferred predators to a new leaf of the

same treatment (only eggs or only mobile immatures) to maintain consistent prey-stage
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distributions. This experiment was replicated 14-16 times for each treatment. The

difference in developmental time was tested for significance with a t-test for two

independent samples.

Experiment 3. Delayed life-history efftct on fecundity. Experimental arenas were

constructed as in experiment 2 except that leaves were exposed to ovipositing spider

mites during two 48h periods to leave a mixture of both eggs and larvae (in excessive

numbers) on each leaf Adult female predators resulting from each treatment of

experiment 2 were transferred singly along with one adult male (taken from a rearing

colony) into these arenas. We then counted oviposition daily over a period of 4d and

removed males after the first oviposition event. Halfway through the test (after 2d), we

transferred each female to a new mixed-stage leaf to maintain a consistent stage

distribution. This test was replicated 10-11 times for each treatment and fecundities were

compared using a t-test for two independent samples.

Experiment 4. Immediate effect on fecundity. Several larvae of P. persimilis were

allowed to develop together on a mixed-stage arena as constructed in experiment 3. We

then transferred the resulting gravid adult females singly onto leaves containing either

only eggs or only mobile immatures and monitored oviposition daily over a period of 4d.

Halfway through the test (after 2d), individuals were transferred to new leaves of the

same treatment (only eggs or only mobile immatures) to maintain consistent stage
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distributions. This experiment was replicated 14 times for each treatment and fecundities

were compared using a t-test for two independent samples.

Population dynamics modeling. We used two methods to investigate the potential

impacts of prey-stage preference on predator-prey system dynamics. First, elasticity

analysis was performed to determine whether the survival rates of eggs and mobile

immatures differed with respect to their contribution to the overall growth rate of the T.

urticae population. Second, to incorporate nonlinearity arising from density dependence

and predation, coupled differential equations were used to compare two predation

strategies with regard to their impacts on prey density and on the potential number of

predator descendents produced during the predator-prey interaction.

Effects ofproportional changes in the survival rates of1'. urticae eggs and mobile

immatures on the population growth rate: elasticity analysis. Daily mortality and

fecundity rates of T. urticae used below were derived from Carey and Bradley (1982).

Based on visual inspection of the graphs plotting these rates, we divided the ovipositional

period of the adult stage into three segments corresponding to the sharp increase in

fecundity (first seven days), the peak fecundity (next seven days) and the decline in

fecundity (final six days). Daily fecundities were averaged within these segments, and

this average was then used as the daily fecundity for all days within the segment.

Instantaneous mortality rates were calculated by log-transformation of the number of

surviving mites within each segment and then fitting a line with linear regression. We
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then back-transformed the slopes of the regression lines to give a discrete survival rate for

each segment. Survival of prereproductive T. urticae was assumed to be 100%.

These data were used to construct an age-structured population projection matrix

A, where elements A1,1 represent the daily vital rates of the T. urticae population. With a

lifespan of3ld for T urticae females and assuming a 1-d time step, the projection matrix

thus consisted of 31 rows x 31 columns. The model we constructed had a pre-breeding

census, so the first column in the matrix represented 1 day old eggs (Caswell 2001). In

an age-structured projection matrix, the elements on the diagonal A,, V=') are all zeros

because surviving individuals always progress to the next age class. Elements on the

subdiagonal A,, iJ) represent the probability of surviving and progressing to the next age

class (1 mortality) and elements in the first row represent the production of female

offspring by individuals of each age class. Values assumed for all non-zero A, are

provided in Table 3.1.

The dominant eigenvalue of A is equivalent to the projected population growth

rate 2 and the right and left eigenvectors w and v provide the stable age distribution and

reproductive values, respectively. The sensitivity, or the absolute change in 2 occurring

as a result of an absolute change in a given vital rate, of each element A,,1is then

calculated as:

ô2 v.w.
s.j = = (Caswell 2001)wv
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Table 3.1. Vital rates of the T urticae population (non-zero elements of a
31 x 31 age-structured projection matrix A) used in elasticity analysis.

I Vital rate2 Elements Value
Eggs Survival A2.5,0 = i-I) 1.00

Larvae &
protonymphs Survival A69,0 = 11) 1.00

Deutonymphs &
prereproductive adults Survival A10.12,0 = i-I) 1.00

Adults (I) Survival AJ3..J9,'J=I) 0.96

Fecundity A1,0- = 12.18) 5.20

Adults (II) Survival A20260 = i-I) 0.97

Fecundity A1,0= 19.25) 5.80

Adults (III) Survival A27310 = i-I) 0.62

Fecundity A1,0 = 26.31) 3.30

assignments to groups of 1 -d age classes are approximated from the
developmental time data of Carey and Bradley (1982).
2Survival (1 - mortality): the probability of an individual of a given age class
progressing to the next age class in a single 1-d time step. Fecundity: the number of
female offspring (eggs) produced by an individual of a given age class in a single I -d
time step.



Finally, the elasticity, or the proportional change in A occurring as a result of a

proportional change in a given vital rate, is calculated as:

alog2
(Caswell 2001)öloga A

Elasticities among all age classes were compared with focus on eggs (ages 1-4) and

mobile immatures (larvae and protonymphs: ages 5-8).
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Effects ofpredation strategies on predator-prey dynamics: coupled differential

equation models. Using additional data from the experiments and calculations herein, we

constructed two sets of 12 differential equations to model the predator-prey interaction;

one wherein adult predators forage with a preference for eggs (egg preference model) and

one wherein adult predators forage with no preference for either eggs or mobile

immatures (no preference model). For both models, the changes in density of individuals

each age class i are defined in continuous time,

cfr(t)(i=1) =F(t)çb1(t)M1(t)
dt

dx1(t)(i = 2..8) = M,_1 (t) q$, (t) M. (1)
di

dy(t)(i = 9) = M11 (t) E. (t) M, (I)
di

dz(t)(i = 10) =tvI,_1(t)D1(t)
di

dj(t)(i=11) =F(t)M1(t)
di

dp(t)(i=12) =M1(t)D1(i)
di

where x (t) represents the preyed upon immature stages (x..4 eggs, x58 mobile

immatures), y(i) represents deutonymphs and prereproductive adults and z(t) represents

ovipositing adults ofT. urticae, and wherej(t) andp(t) represent juveniles (eggs, larvae

and nymphs) and adults of P. persimilis, respectively (Fig. 3.1).
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Fig. 3.1. Representation of the P. persimilis - T. urticae predator-prey system used to construct sets of coupled
differential equations modeling the effects of different predator foraging strategies. Tetraychus urticae: x immature
age classes preyed upon (x14 eggs, x58 larvae and protonymphs ('mobile immatures')), y deutonymphs and
prereproductive adults, z adults. Phytoseiuluspersimilis:jjuveniles (eggs, larvae and nymphs), p adult predators.
Transition functions (representing proportions of individuals during a 1-d time step): E emigration, F fecundity, M
molting or growing to the next stage or age, S survival without progressing to the next age class, ci predation.



With the exception of the predation rate 0 1(t), the rates on the right-hand side of

the equations are defined in exactly the same way for both the egg preference and no

preference models. Values for parameters discussed below are provided in Table 3.2.

We assume no mortality (except from predation) for the non-adult stages of both species.

Thus, the death rate,

1D10(t)=.z(t)
L10

1

D12 (t) = p(t)
L12

applies only to adults of T. urticae (i10) and P. persimilis (i=12), where the parameter

L is the length of the age class (here, longevity of adults). Density dependent effects

occur in the models via T urticae emigration and fecundity responses. Adult females

have been found to be the primary dispersers in T. urticae (Brandenburg and Kennedy

1982, Nachman and Zemek 2002). Data is lacking on specifically which ages of the

adult stage are most likely to initiate dispersal, but we expect newly molted and mated

adult females to be the predominant dispersers because these individuals stand to reap the

greatest reward in terms of reproductive success from taking the risk of finding a new,

suitable host. Accordingly, the emigration rate,

E9(t)=M8(t)

is applied only to T. urticae deutonymphs and prereproductive adults (i=9) and is set

equal to the number of new recruits into that stage in the given time step (as shown) only
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Table 3.2. Parameter values used in sets of coupled differential equations modeling
the P. persimilis - T. urticae nredator-Drev interaction.

Parameter Value Source*

Age class length, L,
i=1..8 l.Od 2

i9 3.2d 2

i=10 14.7d 2

i=ll 5.5d 4,5

i = 12 (with prey available) 9.0 d 1

i 12 (with no prey available) 4.5 d 6

T. urticae lifetime reproduction,f 92.1 eggs 2

P. persimilis daily fecundity, 1' 3.2 eggs 3, 5

Predation efficiency, 90% 6

* 1 Bancroft and Margolies (1999)
2 Carey and Bradley (1982)
3 Friese and Gilstrap (1982)
4 Schausberger and Croft (1999)
5 Experiments of the current paper
6 Estimated
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when the total number of feeding T. urticae individuals exceeds the carrying capacity k:

z(t)+y(t)+x1(t)>k

For T. urticae, fecundity

P (t) = p z(t)

where p is equal to I when the number of feeding T. urticae individuals is equal to or

below k and p =0.5 when k is exceeded, and where the parameterf is the mean number of

female offspring produced by an adult T. urticae over its lifetime. For P. persim i/is, the

maximal consumption rate !1' is achieved when

x1(t)
'=1

p(t)

At P. persimilis fecundity

P1(t)=F.p(t)

where F represents the maximal ovipositional rate (female eggs only, assuming a 5:1

female-biased sex ratio (Friese and Gilstrap 1982)). When the availability ofprey stages

per P. persimilis female is below F, fecundity declines linearly:

x(t)

The preyed upon ages of T. urticae (i1..8) are defined as 1-day age classes and thus all

surviving individuals progress to the next age class in a 1-day time step:

M18(t) =x1(t)
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The rate of progressing to the ovipositing adult age class for T. urticae deutonymphs and

prereproductive adults is given by

and for P. persimilis juveniles by

x9(t)M9(t)= E9(t)
L9

x11(t)M11(t)=

The predation rate çb ,(t) is defined differently between the egg preference model

and the no preference model, and additionally, changes in response to the availability of

prey age classes. Rules for defining 0(t) are given in Figure 3.2.

Initial conditions were set with a single adult P. persimilis invading a T. urticae

colony of 152 individuals at stable age distribution. A range of values fork, representing

strong density dependent effects to a complete lack of density dependence, were

examined. The egg preference model and the no preference model were compared with

respect to the numbers ofT urticae individuals remaining and to the total number of P.

persimilis descendents produced over the course of the predator-prey interaction.



(a) Egg preference

Predators eat at ['with a;

i=1..4(eggs)

Sufficient egg prey (x(t)14) for predators (p(t)) to eat at
maximal consumption rate (P) with preference (a)?

yes

x1(t)ç(t)=a.tPp(t) 4

x, (t)
1=1

j = 5..8 (mobile immatures)

x,(t)
8

x1(t)
1=5

x1(t)a'W.p(t)

no

Sufficient mobile immature prey (x(t)58) to supplement F
(given predators find and eat available eggs at efficiency e)?

yes

Predators eat at Ybut not with a;

i=1..4(eggs)

Ø1(t)=e
x1(t)

X. (t)

i = 5. .8 (mobile immatures)
4

x1(t)
1=1 x1(t)
p(t)

Jj
x1(t)

1=5

no

Predators eat all available prey at e;

i=1..4(eggs)

ç4(t)=e. 4x1(t)

x (t)
1=1

i = 5. .8 (mobile immatures)

çz(t)=e
x1(t)

x1(t)

Fig. 3.2. Rules for determining the predation rate on T. urticae eggs and mobile immatures in sets of coupled
differential equations modelling P. persimilis foraging (a) with a preference for eggs and (b) with no preference

for either eggs or mobile immatures.



(b) No preference Sufficient prey (x(t)18) for predators (p(t))
to eat at maximal consumption rate (V)?

W p(t)

yes no

Predators eat prey indiscriminantly at !/;

i = 1.. 8 (eggs and mobile immatures)

x(t)Ø(t)1=W.p(t).

i=1

Fig. 3.2 (continued).

Predators eat all available prey at ;

i = 1.. 8 (eggs and mobile immatures)

- x(t),Ø(t)1e
8

1=1
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Results

Laboratory experiments

Experiment 1. Patch selection. Results were similar for tests of P. persimilis females

performed with old vs. young patches (experiment la, Fig. 3.3) compared to tests

performed with patches differing only in stage composition (experiment Ib, Fig. 3.4). In

both cases, about 70% of females had migrated to the egg-biased patch within 1 6h

despite slightly more than half of females going first to the mobile immature-biased

patch. The proportion of females positioned in the egg-biased patch remained at about

70% throughout the remainder of the tests, with a slight decline noted near the end of the

observation periods. The time before first dispersal was significantly longer in females

that went first to the egg-biased patch (mean = 23.5h, 12 females) compared to those that

went first to the mobile immature-biased patch (mean 13.Oh, 21 females) when data for

experiments la and lb were combined (t = 2.42; df= 3l;p = 0.021).

The pattern of oviposition followed the pattern of position for P. persimilis (Figs.

3.3 and 3.4). Cumulative oviposition was significantly higher in the egg-biased patches

for both experiment Ia, with an average of 3.1 eggs laid in the egg-biased patch vs. 1.7

eggs in the mobile immature-biased patch (Z = 2.16; n = l5;p = 0.031), and experiment

ib, with an average of 3.2 eggs laid in the egg-biased patch vs. 1.4 eggs in the mobile

immature-biased patch (Z = 3.23; n = I8;p = 0.0 13). The proportion of females that



were active (either walking or feeding) also followed a similar pattern in experiments 1 a

and lb (Figs. 3.3 and 3.4).
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Fig. 3.3. Proportion of oviposition and of predators positioned in the patch with spider
mite eggs (vs. in the patch with spider mite mobile immatures) and the proportion of
active individuals (either walking or feeding) when P. persimilis adult females were
given a choice between two prey patches of different age (N = 15).
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Fig. 3.4. Proportion of oviposition and of predators positioned in the egg-biased spider
mite patch (vs. in the mobile immature-biased spider mite patch) and the proportion of
active individuals (walking or feeding) when P. persimilis adult females were offered a
choice between two prey patches of equal age but with different stage distributions (N =
18).

Experiment 2. Developmental time. There was no significant difference in the

developmental times of P. persimilis immatures developing in patches containing only

eggs or only mobile immatures; protonymph-to-adult development took an average of

58.6h in the egg patch and 60.2h in the mobile immature patch (t = 0.85; df= 28;

p = 0.404).



Experiment 3. Delayed life-history effect onftcundity. Phytoseiuluspersimilis adult

females foraging in patches containing mixed prey-stages were similarly fecund during

the first 4d of oviposition when their entire juvenile development occurred in patches

containing either only eggs or only mobile immatures (t = 0.44; df= 19;p = 0.665).

Experiment 4. Immediate effect on fecundity. The fecundity of P. persimilis adult

females that had completed their juvenile development in patches containing mixed

stages was significantly increased when foraging in patches containing only eggs vs.

those containing only mobile immatures; females foragmg in egg patches laid an average

of 4.1 eggs / d while females in mobile immature patches laid an average of 3.5 eggs / d

over the first 4d of oviposition (t = 3.31; df= 25;p = 0.003). Females in egg patches also

consumed a greater number of prey over this period than females in mobile immature

patches; females in egg patches consumed an average of 27.5 spider mite eggs / d while

females in mobile immature patches consumed an average of 23.2 mobile immature

spider mites / d (t = 3.138; df= 25; p = 0.004).

Population dynamics modeling

Elasticity analysis. Based on matrix A, the population growth rate ofT. urticae was

projected at A = 1.287 with a stable stage distribution of 64% eggs, 24% mobile

immatures, 7% deutonymphs and prereproductive adults and 5% ovipositing adults. The
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elasticity of 2 to age-specific survival followed the typical pattern for age-structured

models (Caswell 2001). There were no differences among the elasticities of the

prereproductive age classes (Fig. 3.5). Elasticities of the subsequent, ovipositional age

classes sharply declined before approaching an asymptote of zero. Since eggs and mobile

immatures were each defined as 4-d stage classes, there was also no difference between

the cumulative elasticities of these two stage classes when age class elasticities were

summed within stage classes (Fig. 3.6).
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Fig. 3.5. Proportional contributions of 1-day age classes to the population growth rate of
T. urticae. E eggs, MI mobile immatures, DIP deutonymphs and prereproductive adults,
A adults.
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Fig. 3.6. Proportional contributions of T. urticae stage classes to the population growth
rate (based on sums of the proportional contributions of 1-day age classes within stage
classes). E eggs (4d), MI mobile immatures (4d), DIP deutonymphs and prereproductive
adults (3d), A adults (20d).

Coupled differential equation models. The egg preference model represented a predator-

prey system where P. persimilis foraged with a preference for T. urticae eggs over mobile

immatures. The no preference model represented a predator-prey system where P.

persimilis foraged without preference for either T. urticae eggs or mobile immatures.

When these coupled differential equation models were compared, differences were

indicated both in terms of number of T. urticae present (Fig. 3.7) and the number of

female P. persimilis descendents produced throughout the predator-prey interaction (Fig.

3.8). The degree of density dependence mediated the differences between the effects of
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Fig. 3.7. Differences in population trajectories given by differential equation models
incorporating different predation strategies (predation with preference for eggs minus
predation with no preference for either eggs or mobile immatures) for the P.
persimilis-T. urticae predator-prey system over a range of carrying capacities 'k'.
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Fig. 3.8. Differences in the number of female descendents from a single P. persimilis
adult invading a T. urticae prey colony at stable age distribution, based on coupled
differential equation models incorporating different predation strategies (predation with
preference for eggs minus predation with no preference for either eggs or mobile
immatures) over a range of carrying capacities 'k'.

the two predation strategies. Density dependent effects ranged from strong to nonexistent

over the range of values tried for k, where the initiation of density dependent effects

occurred immediately at k = 20 and 40 (in each case the number of feeding T. urticae

stages exceeded the value of k on day 1), and after a delay at k = 60, 75 and 85 (the
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number of feeding T. urticae stages exceeded k at a point after day 1), while no density

dependent effects occuned at k 90 (the number of feeding T. urticae stages never

exceeded k).

Patterns were similar in the two extremes of density dependence. Both with a

lack of density dependence (k = 90) and with strong, immediate density dependence (k =

20), the T urticae population was held at lower to similar numbers (Fig. 3.7a, f), and a

similar number of P. persimilis descendents was produced (Fig. 3.8), when predators

foraged with preference for eggs rather than with no preference. However, with

moderate density dependence (k = 40-85), the T. urticae population was held at

progressively higher numbers from the extremes toward a peak at k = 60-75 (Fig. 3.7b-e),

and the number of P. persimilis descendents was increased from the extremes toward a

peak at k = 75 (Fig. 3.8), when predators foraged with preference for eggs rather than

when predators foraged with no preference. Figure 3.9 provides an example of the

population trajectories of T. urticae and P. persimilis over time (in this case, as indicated

by the no preference model at k = 75) that were used in the above comparisons.



(a) T. urticae



65

Discussion

The results of the experiments establish that the stage composition of a spider

mite patch affects the choice of P. persimilis adult females to forage and oviposit in the

patch; offspring of P. persimilis are apparently more likely to develop in young patches

with egg-biased stage distributions. The very similar patterns found in parts a and b of

experiment 1 indicate that patch choice is determined by a response to the stage

composition of the patch itself rather than to olfactory cues associated with spider mite

infestations of different lengths of time. Additionally, in agreement with results from a

Y-tube olfactometer study (Sabelis et al. 1984a), P. persimilis females did not detect the

presence of their preferred egg prey from a distance, as evidenced here by the lack of

preference for egg-biased patches in the initial choice (at Oh). In experiment ib, where

both patches were treated identically until adjustment of the relative proportion of stages

just prior to tests, the patches may still have inevitably differed to an extent due both to

feeding on leaves and to the production of fresh silk and feces by mobile immature spider

mites. However, infochemicals produced by leaves in response to spider mite feeding

have been shown to strongly attract P. persimilis from distances (Sabelis et al. 1984a,

Sabelis and van der Weel 1993) and, along with infochemicals associated with spider

mite silk and feces, have been shown to arrest this species when in their presence (Sabelis

Ct al. 1984b, Dicke et al. 1990, Zhang and Sanderson 1992b, Sabelis and Afman 1994,

Jung 2001). Thus, if anything, such factors should obscure an attraction to an egg-biased

patch rather than promote it.



Trends of increased activity and, correspondingly, of females being positioned

less often in egg-biased patches toward the end of both parts of experiment 1 likely

occurred in response to the depletion of prey resulting from predation. One factor

potentially driving this response is the need to provision offspring with sufficient prey to

complete development.

Adult female P. persim ills were more fecund when feeding on eggs than when

feeding on mobile immatures. Although an egg preference is apparently beneficial in

terms of maximizing fecundity, whether this was actually a factor pushing the evolution

of preference of course cannot be determined. Three scenarios (not necessarily mutually

exclusive) can be postulated: (1) Spider mite eggs actually contain fewer toxins and/or

more nutrients and/or calories per unit of ingestible volume than mobile immatures. In

this case, it would be beneficial for spider mite feeders to preferentially prey on eggs in

order to increase their reproductive capacity. (2) Spider mite eggs and mobile immatures

differ in chemical composition, although neither stage is fundamentally richer in nutritive

value. In this case, the egg preference may have originally arisen due to another factor(s)

and these specialized mites then evolved to more efficiently digest and/or utilize the egg

contents. (3) Predator females assess the quality of the patch and mediate a tradeoff

between the number of offspring produced and the investment made in each egg. This

scenario has been documented in other taxa such as Daphnia (Gliwicz and Guisande

1992) and seed beetles (Mousseau and Fox 1998). Thus, although fewer eggs were

produced by females foraging in patches with mobile immature prey, it is as yet unclear

whether these eggs might have been more generously endowed with yolk nutrients, a
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condition that could provide a 'head start' for offspring developing in poor quality

patches.

Although no evidence was found of an advantage for offspring developing in egg-

biased patches in terms of developmental rate or subsequent fecundity as adults (i.e., a

delayed fitness benefit), there may be other benefits associated with developing in a

young patch that were not investigated in this study. For example, a young patch

continues to grow for a longer period, and may thus provide more prey, than an older

patch because the leaf is further from a state of overexploitation.

While the coupled differential equation models indicated no consistent advantage

of either predation strategy over the various degrees of density dependence, the results

suggest that having an egg preference may be beneficial in situations where moderate

density dependent forces act upon the spider mite population. A maximization of the

potential number of dispersing propagules would be crucial to the cumulative

reproductive success of an initial foundress P. persimilis female, particularly due to the

risk involved in aerial dispersal (passive dispersal via wind currents) (Sabelis and van der

Weel 1993, Jung 2001) when prey become locally extinct. Additionally, the relevance of

density dependence is supported by the pattern of T. urticae population growth in the

absence of predators; a slowing of the rate of increase in density and an eventual

population crash typically occur after an initial exponential increase (e.g., Nachman and

Zemek 2002).

The two modeling approaches used here differed both in their inherent

assumptions and in the response variables we based our comparisons on. Elasticities of).



are local estimates of the relationship between proportional changes in vital rates and the

projected proportional change in A and are not predictive of population dynamics over

time (de Kroon et al. 2000). If predation on eggs results in the same proportional

decrease in age-specific survival as predation on mobile immatures, and both stages

contain an equal number of age classes, the linear, deterministic model predicts that the

impact on the asymptotic population growth rate will be the same. However, there is no

indication of when or how quickly a change in 1 will occur in a given population after a

vital rate is altered, only an indication of what the new A is given the new vital rate

definition. Time lags in population response, which are critical in this tightly coupled

predator-prey system, are better explored with analysis of a more complex model.

The coupled differential equation models were compared with regard to predicted

population trajectories over time. These models incorporated the different time lags

between each of the prey age classes and their eventual progression to subsequent stages;

on average a prey egg took 4d longer to become a reproductive adult than a mobile

immature. Thus, a predator that consumed an egg instead of a mobile immature in effect

left behind an individual that would begin contributing new eggs to the prey population

earlier than a predator that consumed a mobile immature and left behind an egg. Given

the potential time-specific effects on the prey population, and resulting predator

population responses, etc., this factor may have been important in producing the

differences indicated between the effects of the two predation strategies.

Although we incorporated more complexity into the coupled differential equation

models than in the projection matrix model, the differential equation models were still



oversimplified in some respects. For our purposes, the focus was to assess the effects

associated with differential predation on the T urticae egg and mobile immature age

classes. Particularly, we were careful to incorporate the different time lags associated

with each of these age classes. Thus, while these differential equations (i = 1.. 8) were

setup to be analogous to delay-differential equations (Gurney et al. 1983, Nunney 1985,

Murdoch et al. 1987, Val et al. 1997), the subsequent stages ofT urticae and all stages of

P. persim i/is had the simplifying, but unrealistic, assumptions of constant molting and

death rates. Second, in order to isolate the effects of adult females foraging on the age

classes of interest, juvenile predators did not feed in the models and even with a scarcity

of younger prey stages adult female predators did not prey on deutonymph and adult

spider mites. Third, in order to determine whether the population dynamics

consequences alone provided any advantage to predators foraging with prey-stage

preference, both maximal predation and maximal ovipositional rates were assumed to be

constant regardless of which prey stages were consumed whereas differences were found

in the present paper. Fourth, density dependent changes in T. urticae emigration and

fecundity occurred on an on-or-off basis depending on whether or not k was exceeded. In

reality, these responses would likely be more accurately described by continuous

functions of density, and additionally, may be more directly mediated by a decline in host

plant condition (Bernstein 1984, Nachman and Zemek 2002) resulting from cumulative

densities of spider mites feeding over time rather than from current spider mite density.

Finally, the increased complexities caused by the presence of con- or heterospecific
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competitors (e.g. Schausberger and Walzer 2001) may alter the outcomes of particular

predation strategies.

Conclusions. The results of this study indicate that when given a choice P. persimilis

adult females are more likely to forage and oviposit in young patches with egg-biased

stage distributions rather than in older patches with stage distributions skewed toward

mobile immatures. No evidence was found to indicate an advantage for offspring

developing in egg-biased patches in terms of either developmental rate or subsequent

fecundity as adults, but adult females were more fecund when feeding (currently) on

spider mite eggs than when feeding on mobile immatures. This suggests an advantage

with respect to reproductive success, but further investigations are required to determine

whether or not P. persimilis females mediate a tradeoff between offspring quantity and

yolk quality depending on patch quality. Elasticity analysis indicated the same

proportional change in the projected population growth rate . occurring as a result of a

proportional change in any of the vital rates associated with the pre-reproductive age

classes of T urticae. However, a comparison of coupled differential equation models

incorporating different stage-specific predation strategies showed potential differences in

terms of predator and prey population trajectories over time. This comparison indicated

that foraging with preference for eggs may have a lesser impact on the spider mite

population than foraging without preference and may allow for a greater number of

predator descendents to be produced over the entire course of a predator-prey interaction,

at least in the presence of moderate degrees of density dependence.
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Abstract

Discriminant analysis models were developed and applied to examine the use of

prey-stage preference (Tetranychus urticae Koch egg vs. larval prey) in the classification

of phytoseiid mites into life-style types. Prey-stage preferences and developmental times

when preying on T. urticae, and relative ovipositional rates on six food categories were

determined for four phytoseiid species occurring on apple in central and eastern Oregon,

USA: Galendromusfiumenis (Chant), G. occidentalis (Nesbitt), Metaseiulus citri

(Garman & McGregor) and Typhiodromus caudiglans Schuster. In tenns of all three

aspects studied, the phytoseiid species showed a consistent polarization of G. occidentalis

G. flumenis T caudiglans M citri. Specifically, G. occidentalis ('The Dalles'

strain) had a significant preference for eggs, G. flumenis had no preference, and T.

caudiglans and M citri had significant preferences for larvae; G. occidentalis had the

shortest developmental time, followed by G. flumenis and T. caudiglans, while M citri

had the longest developmental time; and diet breadth was most narrow for G. occidentalis

and progressively broader from G. flumenis, T. caudiglans through M citri, which was

able to sustain oviposition on the broadest range of prey and pollens. Species were

classified somewhat differently depending on which traits were considered in a given

discriminant analysis. Prey-stage preference was not included as an indicator in the

parsimonious discriminant analysis model when all species and all traits were considered,

but in general this trait performed well as an indicator alone (single-trait discriminant

analysis) and somewhat improved the classifications of multi-trait discriminant analyses.
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Introduction

Classification systems have been developed to identify groups of species that are

similar in terms of their functions in a given ecological community (Root 1967, Cummins

1974, Simberloff and Dayan 1991). These types of classifications can help to simplify

representations of the complex interactions among species within a community and allow

for comparisons among communities containing different species assemblages (Root

1967). Classifications based on a limited number of traits can also provide an ability to

efficiently categorize new or poorly-studied species. The delineation of groups is often to

some degree subjective and dependent on the purpose for grouping the organisms (Root

1967, Simberloff and Dayan 1991). However, quantitative methods such as ith nearest

neighbor (Inger and Coiwell 1977), multivariate (Holmes et al. 1979), Monte Carlo

(Winemiller and Pianka 1990) and discriminant (Luh and Croft 1999, 2001) analyses

have provided the ability to define and evaluate group delineations in more objective

ways.

To provide a framework for understanding the roles and interactions of

predaceous phytoseiid mites in biological control systems, McMurtry and Croft (1997)

defined four life-style types. Based on diet and related biological and morphological

traits, species were classified along a continuum as either a Type-I specialist

(oligophagous predators, highly specialized for predation on Tetranychus spider mites),

Type-IT (oligophagous predators to polyphagous omnivores, moderately specialized for

predation on Tetranychus and other web-spinning spider mites), Type III generalist
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(polyphagous omnivores, not well specialized for predation on web-spinning spider mites

or averse to spider mite webbing) or Type-TV generalist (polyphagous omnivores with a

pronounced ability to feed and reproduce on pollens, averse to spider mite webbing).

Subsequently, a series of papers has examined quantitative methods to identify traits that

can be used to classify phytoseiid species into life-style types (Croft et al. 1998a, Pratt et

al. 1999, Luh and Croft 1999, 2001). Discriminant analysis models for classifying

species were evaluated with an information-based criterion (Luh and Croft 2001), and a

computer genetic algorithm was used to select models from a large subset of potential

models (Luh and Croft 1999). These papers were primarily concerned with the

development of a new application for this model selection methodology, but the models

that were selected identified seven traits (six diet-related traits plus developmental time

when feeding on Tetranychus spider mites) that were useful in classifying the species.

Using the same 13 species studied by Luh and Croft (1999), Blackwood et al.

(2001) quantified preferences for preying on specific stages (eggs or larvae) of

Tetranychus urticae Koch. Prey-stage preferences were found to correlate well with life-

style among these species: specialist type-I species preferred eggs of T urticae, specialist

type-Il species preferred eggs or had no prey-stage preference, generalist type-Ill species

had no preference or preferred larvae, and generalist type-N species preferred larvae.

We intend in the present paper to evaluate the use of prey-stage preference in

classifying phytoseiid species into life-style types. First, laboratory experiments are

conducted with the four predominant phytoseiid species occurring on apple in central and

eastern Oregon, USA, Galendromusfiumenis (Chant), G. occidentalis (Nesbitt),
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Metaseiulus citri (Garman & McGregor) and Typhiodromus caudiglans Schuster to

determine their prey-stage preferences. Using these data, in addition to the data from

Blackwood et al. (2001), a discnminant analysis model is used to designate predator life-

style type of all 17 species/strains (16 species, 2 strains of G. occidentalis) based on prey-

stage preference alone. Second, we collect data for the seven traits identified in Luh and

Croft (1999, 2001). The performance of the 1-trait model can be assessed subjectively

based on results from these feeding tests, and additionally, life-style types can be

assigned using the 7-trait model to determine how well the results of the 1-trait model are

corroborated. Third, the model selection process of Luh and Croft (1999) is revisited

with prey-stage preference added to the pool of potential traits for the same 13 phytoseiid

species. Finally, using all available data for all 17 phytoseiid species/strains, prey-stage

preference is again included in a pool of all eight possible indicator traits to determine

which set of traits constitute the parsimonious model. This allows a comparison of its

relative strength in classifying species and may also result in a new single- or multi-trait

model for assessing predator life-style type.

Materials and Methods

Background on discriminant analysis and Akaike's Information Criterion.

Discriminant analysis (DA) determines the probability of membership to groups based on

data for one or more variables. It is suitable for our analysis since it allows groups to be



subjectively pre-defined and does not assume independence among variables (McLachlan

1992). We limit our discussion to a general description of this method; mathematical

details can be found in Luh and Croft (1999).

DA defines each group with a probability density function (PDF), which is a

conditional probability of all variables, so that the sample space of all groups can be

represented by the joint probability density function (JPDF). in the JPDF, each PDF is

weighted by a parameter that can be estimated using maximum likelihood estimators and

the data collected for the variables. Assuming a multivariate normal distribution within

groups, an iterative algorithm is applied to the partial differential equations of the log

likelihood JPDF to estimate the unknown parameters. The posterior probability can then

be calculated for each group and an object is assigned to the group having the greatest

probability (Everitt and Hand 1981, McLachlan 1992).

The parsimonious model (one that optimizes the tradeoff between bias and

variance) of a set of possible DA models can be identified using Akaike's

Information Criterion (AIC) (Akaike 1973, 1974). This criterion, based on information

theory and maximum likelihood ratio statistics, includes a penalty for the inclusion of

additional variables and assigns parsimonious models a low value (Luh and Croft 1999).

Mite rearing and general methods. All phytoseiid mites were originally collected from

apple, Malus pumila P. Miii, in central or eastern Oregon, USA. Galendromus

occidentalis colonies were of the 'The Dalles' strain of this species tested by Blackwood

et al. (2001). Phytoseiid mites were reared in the laboratory on either waterproofed paper



units or the ventral surfaces of lima bean leaves, Phaseolus lunatus L., bordered by strips

of moist tissue paper and held at room temperature and 16:8 (L:D) h photopenod.

Colonies were regularly provided Tetranychus urticae (Koch) prey andlor pollen of

iceplant, Mesembryanthemum crystellinum L., apple, Maluspumila P. Mill, and birch,

Betula pendula Roth. Tetranychus urticae was reared on lima bean grown at 26 +1- 5°C,

70 +1- 10% RH with a photopenod of 16:8 (L:D) h. Arenas for all laboratory

experiments with phytoseiids were held at 21-25°C, 50-70% RH with a photoperiod of

16:8 (L:D) h.

Prey-stage preference. Predators were tested exactly as in Blackwood et al. (2001).

The ventral surfaces of bean leaves were divided into 3.75 cm2 arenas with strips of moist

tissue paper. Arenas were then prepared over a period of seven days. Ovipositing adult

female T. urticae were placed in arenas for 24h periods on days I and 6 to provide

sufficient larvae and eggs for the start of the experiment on day 7. Excess eggs or larvae

were removed to produce arenas with 60-100 total prey-stages at a 1:1 ratio (+1- 10%).

Predators were held without food for 8h prior to tests. These mites were then

introduced singly into arenas and the numbers of each prey-stage consumed were

recorded after 24h. Predators that did not oviposit within this period were left in arenas

for an additional 24h. Those that did not produce at least one egg within this 48h period

were not considered in analysis to exclude females that were possibly unmated or of

marginal health. Tests were replicated 10-15 times for each species. Prey-stage
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preferences were quantified with the index fi of Manly et al. (1972),

r -II ln(N'/N') I

=1 +11
[In(N/N) _]

N and N' are the numbers of each prey type provided (here eggs and larvae, respectively)

and N and N' are the numbers of each prey type consumed. Preference is assigned a

value from 0 to 1, where 0.5 represents no preference. The fi was calculated for each

replicate and averaged to produce a mean /3 for each species. A species was considered

to have a significant preference if the 95% confidence interval for/I (based on the t-

distribution) did not overlap with 0.5.

Developmental time. Bean leaves were placed ventral side up on water-saturated foam

and bordered by moist tissue paper to create 5cm x 5cm arenas. Phytoseiid eggs of equal

age (+1- 1 2h) were placed together in arenas and provided excess Tetranychus urticae

(mixed stages) until the molt to the adult stage. Observations were made every 12h to

determine the egg to adult developmental times. Only data for female predators were

considered in the calculation of the mean developmental time for each species.

Differences among means for each species were tested with analysis of variance

(ANOVA) and Least Significant Difference (LSD).

Diet. Feeding tests were performed with six food types (Tetranychus spider mites, other

spider mites, eriophyoid mites, other mites, insects and pollens) as in Pratt et al. (1999)



with two exceptions. We used waterproofed paper as the substrate for the 2.5cm x 2.5cm

(6.25 cm2) arenas and surrounded arenas with a water moat, but (1) moist tissue paper

was used as the border instead of sticky material and (2) a small tuft of cotton was affixed

to the corner of each arena with white glue. These methods allowed predators access to

free water and a structure on which to oviposit, respectively.

Prior to introduction into experimental arenas, all predators were held on bean

leaf units without food for 24h. Three gravid adult female phytoseiids were then placed

in each arena at the beginning of tests. Due to the difficulties involved in safely

transferring enophyoid mites from leaves to paper arenas, tests with Aculus

schlechtendali (Nalepa) prey were instead performed on 6.00 - 7.25 cm2 apple leaf arenas

bordered by moist tissue paper with two gravid adult female phytoseiids placed in each

arena at the beginning of tests. All arenas were provided excess prey (mixed stages) or

pollen and were observed daily over a period of 7d, recording survivorship, activity (the

proportion of predators observed walking at a single point in time) and oviposition per

predator per day. In tests with heterospecific phytoseiid mites (mobile immatures) as

prey, the number of kills per adult female predator per day was also recorded.

Experiments were replicated eight times for each prey or pollen and for each predator

species. Means of measured variables were compared among species and among

treatments within species with ANOVA, LSD.

Classification into life-style types. Relative ovipositional rates for each of the six food

types (prey or pollen) were quantified with the feeding preference index of Pratt et al.



(1998). This involved first calculating the mean ovipositional rate for each predator

species and each food type. For each predator species, the mean for each food type was

then divided by the sum of mean ovipositional rates for all six food types.

DA assigns life-styles to individuals with one value for each indicator trait.

However, different individuals were used in each test and the total number of replicates

differed among food type categories. To account for these factors, the mean and variance

of the ovipositional rates were calculated for each food type within predator species.

These values were then used to generate a randomly ordered list of data for each food

type having an identical mean and variance to the actual data, but with the number of

replicates set equal to the number of replicates in the prey-stage preference test for each

predator species. Thus, DA assigned life-style probabilities to each of these 'individuals'

having exactly one datum for each indicator trait with the number of individuals ranging

from 10-15 for each species. The life-style having the highest probability according to

DA was recorded for each individual and the mean life-style among individuals of a

species was considered to be the life-style designation for the species.

Evaluation of the use of prey-stage preference data to classify phytoseiid mites

into life-style types involved the selection and use of four DA models, each differing in

which subset of traits was used as the input. The first DA (DA1) was used to assign life-

styles for all 17 species/strains based on prey-stage preference alone. The second DA

(DA2) assigned life-styles for all 17 species/strains based on seven traits: developmental

time when feeding on Tetranychus spider mites plus relative ovipositional rates on six

food types (these seven traits were the indicators in the parsimonious DA found by Luh



and Croft (1999)). The subset of traits to be considered in the third DA (DA3) was

determined by adding prey-stage preference to the pooi of seven traits and running the

analysis of Luh and Croft (1999) again on the same 13 predator species. The new set of

indicators comprising DA3 was then used to assign life-styles to all 17 species/strains.

Finally, the subset of traits to be considered in the fourth DA (DA4) was determined by

using a pool of all eight traits and all 17 species/strains. Life-styles were again assigned

to the 17 predator species using this new, parsimonious model.

Results

Prey-stage preference and developmental time. Galendromus occidentalis ('The

Dalles' strain) had a significant preference for eggs, G.flumenis had no prey-stage

preference and both T. caudiglans and M citri had significant preferences for larvae

(based on 95% confidence intervals for/i; Fig. 4.1, Table 4.1). In a similar pattern,

developmental time was shortest for G. occidentalis, followed by G. flumenis, and

longest forT caudiglans andM. citri (F 73.60; df= 3,40; P< 0.001; ANOVA, LSD;

Table 4.1).
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Fig. 4.1. Preferences for eggs or larvae of T urticae (with 95% confidence intervals)
in four species of phytoseiid mites (fi = 0.5 represents no preference).
Go, Galendromus occidentalis ('The Dalles' strain)); Gf, G. fiumenis;
Tc, Typhiodromus caudiglans; Mc, Metaseiulus citri.



Table 4.1. Prey-stage preferences and developmental times of four species of
phytoseiid mites when feeding on T. urticae.

Consumption Developmental
Species (% larval)' N time (d)2 N

G. occidentalis 34.8 14 6.1 a 10

G.flumenis 53.8 15 7.8 b 9

T caudiglans 66.6 10 8.Ob 11

Mcitri 67.8 12 8.4c 14

The proportion of total consumption (eggs and larvae) accounted for by larval
consumption over a 24h period.
2 The duration of time between oviposition and the molt to the adult stage when offered
excess T. urticae prey (mixed stages). Values followed by the same letter are not
significantly different at the P < 0.05 level (ANOVA, LSD).

Diet. Results for feeding tests on the various prey and pollens are organized below, first,

by predator species and, second, by food type. Since predators were often able to sustain

oviposition for the first 1 - 3d even in the absence of food, ovipositional data from only

the last 4d were considered in analysis.

Predator species profiles. Females of the four phytoseiid species were able to sustain

their highest ovipositional rates when feeding either on apple rust mite, A. schlechtendali

(ERI), or on Tetranychus spider mites (TSM) (Tables 4.2, 4.3; Fig. 4.2). Galendromus

occidentalis females were most fecund feeding on TSM, followed by EM, while pollens



(POL), other spider mites (OSM), other mites (OM) and insects (iNS) were of little to no

value in terms of egg production (Tables 4.2a, 4.3; Fig. 4.2). Alternatively, G.flumenis,

M citri and T caudiglans females were most fecund when feeding on ERI, followed by

TSM. These species differed in their abilities to sustain oviposition on POL, OSM, OM

and iNS. Oviposition by G. flumenis females was low to negligible when feeding on

POL, OM and INS, but slightly more considerable ovipositional rates were recorded

when feeding on OSM (Tables 4.2b, 4.3; Fig. 4.2). Typhiodromus caudiglans females

sustained oviposition on a somewhat broader range of foods. They performed well when

feeding on pollens, most notably on iceplant pollen, Mesembryanthemum crystal/mum L.,

which provided the highest ovipositional rate recorded of any prey or pollen tested for

this predator species (Tables 4.2c, 4.3; Fig. 4.2). Metaseiulus citri females sustained

oviposition on the widest range of prey and pollens (Tables 4.2d, 4.3; Fig. 4.2). The only

two foods that were particularly unfavorable for this predator species, cattail pollen,

Typha ladfolia, and the winterschmidtiid mite, Czenspinskia lordi, were also unfavorable

for the other three phytoseiid species tested (Tables 4.2ad).



Table 4.2. Adult female activity, oviposition, survival and escape from arenas when held with excess prey or pollen over a
7-d period. (a) G. occidentalis:

Prey or pollen type Activity' Oviposition2 Survivorship3 Escape4

Apple pollen, Maluspumila 0.27 ab 0.00 a 0.83 b 0.29 a-e
Birch pollen, Betulapendula 0.78 f 0.00 a 0.88 b 0.42 d-g
Common cattail pollen, Typha 1atifolia 0.52 de 0,00 a 0.96 b 0.67 g
Douglas-fir pollen, Pseudotsuga menziesii 0.29 ab 0.00 a 0.96 b 0.33 b-f
Iceplant pollen, Mesembryanthemum crystallinum 0.63 d-f 0.00 a 0.83 b 0.50 e-g
Apple rust mite, Aculus schlechtendali 0.55 de 0.87 b 1.00 b 0.13 a-c
Gorse spider mite, Tetranychus lintearius 0.30 a-c 1.22 c 0.96 b 0.08 ab
Twospotted spider mite, Tetranychus urticae 0.44 b-d 2.19 d 0.96 b 0.29 a-e
Brown mite, Bryobia rubrioculus 0.65 ef 0.00 a 0.92 b 0.58 fg
European red mite, Pananychus ulmi 0.26 ab 0.01 a 0.92 b 0.38 c-f
Winterschmidtiidae: Czenspinskia lordi 0.60 d-f 0.00 a 0.54 a 0.33 b-f
Phytoseiidae: G. flumenis or T. caudiglans immatures 0.53 de 0.00 a 0.50 a 0.04 a
Bean thrips, Caliothripsfasciatus 0.23 a 0.01 a 0.96 b 0.08 ab
Greenhouse whitefly, Trialeurodes vaporariorum 0.50 c-e 0.00 a 0.88 b 0.21 a-d
Control 0.57 de 0.00 a 1.00 b 0.96 h

'Mean proportion of predators walking at the start of daily observations.
2Mean number of eggs produced per predator per day over the last 4d (days 4 -7) of the 7-d test.
3Mean proportion of predators that were not found dead in arenas.



Table 4.2 (continued).
(b) G. flumenis:

Prey or pollen type Activity1 Oviposition2 Survivorship3 Escape4
Apple pollen, Maluspumila 0.57 c-g 0.00 a 0.92 gh 0.42 cd
Birch pollen, Betula pendula 0.63 e-g 0.02 a 0.46 bc 0.25 a-d
Common cattail pollen, Typha latifolia 0.63 e-g 0.00 a 0.58 c-e 0.38 b-d
Douglas-fir pollen, Pseudotsuga menziesii 0.46 b-e 0.00 a 0.17 a 0.08 ab
Iceplant pollen, Mesembryanthemum crystallinum 0.67 fg 0.11 a 0.50 b-d 0.04 ab
Apple rust mite, Aculus schlechtendali 0.30 ab 0.91 d 1.00 h 0.06 ab
Gorse spider mite, Tetranychus lintearius 0.53 c-f 0.33 b 0.96 gh 0.17 a-c
Twospotted spider mite, Tetranychus urticae 0.42 b-d 0.65 c 0.96 gh 0.04 ab
Brown mite, Bryobia rubrioculus 0.60 d-g 0.14 a 0.71 c-g 0.46 d
European red mite, Pananychus ulmi 0.18 a 0.14 a 0.88 f-h 0.21 a-d
Winterschmidtiidae: Czenspinskia lordi 0.60 d-g 0.00 a 0.29 ab 0.21 a-d
Phytoseiidae: G. occidentalis immatures 0.41 bc 0.06 a 0.63 c-f 0.08 ab
Bean thrips, Caliothripsfasciatus 0.46 b-e 0.06 a 0.79 e-h 0.00 a
Greenhouse whitefly, Trialeurodes vaporariorum 0.65 e-g 0.02 a 0.75 d-h 0.25 a-d
Control 0.76 g 0.00 a 0.75 d-h 0.38 b-d

'Mean proportion of predators walking at the start of daily observations.
2Mean number of eggs produced per predator per day over the last 4d (days 4 -7) of the 7-d test.
3Mean proportion of predators that were not found dead in arenas.
4Mean proportion of predators that left the arenas (presumably dying in the water moat).



Table 4.2 (continued).
(c) T. caudiglans:

Prey or pollen type Activity1 Oviposition2 Survivorship3 Escape4
Apple pollen, Maluspumila 0.59 b-d 0.11 ab 1.00 e 0.46 d
Birch pollen, Betulapendula 0.63 cd 0.04 a 0.83 c-e 0.16 a-c
Common cattail pollen, Typha latifolia 0.71 d 0.02 a 0.96 de 0.29 bc
Douglas-fir pollen, Pseudotsuga menziesii 0.48 ab 0.00 a 0.75 b-d 0.21 a-c
Iceplant pollen, Mesembryanthemum crystallinum 0.61 b-d 0.83 e 1.00 e 0.13 ab
Apple rust mite, Aculus schlechtendali 0.50 a-c 0.66 d 1.00 e 0.13 ab
Gorse spider mite, Tetranychus lintearius 0.59 b-d 0.21 b 0.96 de 0.29 bc
Twospotted spider mite, Tetranychus urticae 0.47 ab 0.38 c 0.96 de 0.21 a-c
Brown mite, Bryobia rubrioculus 0.63 cd 0.00 a 0.92 de 0.42 c
European red mite, Pananychus ulmi 0.38 a 0.10 ab 0.83 c-e 0.08 ab
Winterschmidtiidae: Czenspinskia lordi 0.48 ab 0.00 a 0.64 a-c 0.34 bc
Phytoseiidae: G. occidentalis immatures 0.60 b-d 0.10 ab 0.96 de 0.00 a
Bean thrips, Caliothripsfasciatus 0.41 a 0.11 ab 0.48 a 0.06 ab
Greenhouse whitefly, Trialeurodes vaporariorum 0.59 b-d 0.03 a 0.58 ab 0.21 a-c
Control 0.66 d 0.00 a 0.64 a-c 0.13 ab
'Mean proportion of predators walking at the start of daily observations.
2Mean number of eggs produced per predator per day over the last 4d (days 4 -7) of the 7-d test.
3Mean proportion of predators that were not found dead in arenas.
4Mean proportion of predators that left the arenas (presumably dying in the water moat).



Table 4.2 (continued).
(d) M. citri:

Prey or pollen type Activity1 Oviposition2 Survivorship3 Escape4

Apple pollen, Malus pumila 0.55 a-c 0.23 a-d 0.96 bc 0.25 a-e

Birch pollen, Betulapendula 0.76 d-g 0.16 a-c 0.83 a-c 0.13 a-d
Common cattail pollen, Typha latifolia 0.70 c-g 0.01 a 0.92 bc 0.38 de

Douglas-fir pollen, Pseudotsuga menziesii 0.66 c-e 0.10 ab 0.79 ab 0.29 b-e
Iceplant pollen, Mesembryanthemum crystallinum 0.88 g 0.57 ef 0.92 bc 0.08 a-c
Apple rust mite, Aculus schlechtendali 0.56 a-c 1.12 g 1.00 c 0.23 a-e
Gorse spider mite, Tetranychus lintearius 0.45 ab 0.37 c-e 0.83 a-c 0.17 a-e
Twospotted spider mite, Tetranychus urticae 0.43 a 0.62 f 1.00 c 0.04 ab
Brown mite, Bryobia rubrioculus 0.69 c-f 0.09 ab 0.96 bc 0.42 e
European red mite, Pananychus ulmi 0.42 a 0.15 a-c 0.96 bc 0.33 c-e
Winterschmidtiidae: Czenspinskia lordi 0.62 b-d 0.06 a 0.71 a 0.38 de
Phytoseiidae: G. occidentalis immatures 0.57 a-c 0.17 a-c 0.92 bc 0.13 a-d
Bean thrips, Caliothripsfasciatus 0.56 a-c 0.31 b-d 0.67 a 0.00 a
Greenhouse whitefly, Trialeurodes vaporariorum 0.86 fg 0.41 d-f 0.92 bc 0.13 a-d
Control 0.81 e- 0.03 a 0.92 bc 0.38 de
'Mean proportion of predators walking at the start of daily observations.
2Mean number of eggs produced per predator per day over the last 4d (days 4 -7) of the 7-d test.
3Mean proportion of predators that were not found dead in arenas.
4Mean proportion of predators that left the arenas (presumably dying in the water moat).



Table 4.3. Mean daily ovipositional rates of four phytoseiid mite species when feeding on various prey or pollen types.

Prey type or pollen*

Predator POL ERI TSM OSM OM INS

G. occidentalis 0.00 a 0.87 a 1.71 a 0.01 a 0.00 a 0.01 a

G.flumenis 0.03 a 0.91 a 0.49 b 0.14 b 0.03 a 0.04 a

T. caudiglans 0.20 b 0.66 a 0.29 b 0.05 c 0.05 a 0.07 a

M.citri 0.22b 1.12a 0.49b 0.l2bc 0.12b 0.36b

*Values followed by the same letter within columns are not significantly different at
the P = 0.05 level (ANOVA, LSD). POL, pollens; ERI, enophyoid mites; TSM,
Tetranychus spider mites; OSM, other spider mites; OM, other mites; INS, insects.
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Pollens. Among the POL, iceplant pollen provided the highest ovipositional rates for M

citri and T. caudiglans, and even provided for some oviposition by G. flumenis females

on as late as day 7 of the test. Following iceplant pollen were birch pollen, Betula

pendula Roth, and apple pollen, Malus pumila P. Mill, in terms of the ovipositional

potentials of M citri and T. caudiglans females (Tables 4.2a-d).

Tetranychus spider mite prey. Females of all predator species were able to sustain

substantial oviposition when feeding on TSM, and between the two TSM tested

ovipositional rates were consistently higher for T. urticae than for T. lintearius prey

(Tables 4.2, 4.3). Galendromus occidentalis females had a much greater ability to

reproduce on TSM than any other predator species tested, and had the highest

ovipositional rate recorded for the entire study when feeding on T urticae (Tables 4.2,

4.3).

Other spider mites. Overall, the OSM tested were not particularly favorable as prey for

these predator species. Patterns within this prey type were variable among G. flumenis,

M citri and T. caudiglans, and little to no oviposition was possible for G. occidentalis

when offered either spider mite as prey.

Other mites. Czenspinskia lordi was distinctly unfavorable as prey for all predator

species tested; survivorship was consistently low and only M. citri was able to oviposit at

all after the third day of tests. Ovipositional potentials when given heterospecific



phytoseiid prey ranged from no oviposition in G. occidentalis (while consuming a mean

of 2.1 immatures per adult female predator per day) to a very low rate in G.flumenis

(while consuming a mean of 2.4 immatures per female per day) to somewhat higher rates

in T. caudiglans and M citri (while consuming a mean of 4.2 and 4.1 immatures per adult

female predator per day, respectively) (Tables 4.2ad).

Insect prey. Among the four predator species, M. citri females had the greatest ability to

reproduce when feeding on either of the two insects (Tables 4.2, 4.3). Following M citri,

with lower ovipositional rates, were T. caudiglans and G. flumenis females.

Galendromus occidentalis females had negligible to no ovipositional potential when

given either insect as prey.

Classification of predator species into life-style types. Based on AIC, three different

DA models (DA24 were selected depending on which traits were included in the pool of

potential indicators and on how many species were being classified. DA2, based on seven

traits, was found to be the parsimonious model by Luh and Croft (1999) when a pooi of

24 traits were considered for 13 species. Prey-stage preference was added to a pool with

these seven indicator traits and DA models were ranked for classifying the same 13

species. The parsimonious model in this case was found to be DA3, which included all

eight indicators (Table 4.4). Finally, when all eight indicator traits were considered for

classifying all 17 species/strains, the parsimonious model was DA4, where prey-stage

preference and relative ovipositional rate on TSM prey were not included as



Table 4.4. Comparison of the life-style classifications of phytoseiid mites as originally defined (McMurtry and Croft 1997)
with classifications derived from four discriminant analyses based on different combinations of indicator traits.

Discriminant Indicator Predator species**:

analysis trait(s)* Pp Pm Ni Nf Ncal Tp Nb GoL Ncuc Ka Ef Aa Eh

DA1 8 1.4 1.1 1.6 2.3 3.0 3.1 3.1 3.1 3.2 3.3 3.8 3.7 4.1

DA2 1234567 1.0 1.0 1.1 2.0 2.1 3.0 3.0 2.0 3.0 3.0 3.0 3.0 3.0

DA3 12345678 1.1 LO 1.1 2.0 1.9 3.0 3.0 2.0 3.0 3.0 3.0 2.8 3.0

DA4 234567 1.0 1.0 1.0 2.0 2.0 3.0 3.0 2.0 3.0 3.0 3.0 3.0 3.0

McMurtry&Croft(1997) 1 1 2 2 2 3 3 2 3 3 4 3 4
*

Traits: 1 TSM, 2 OSM, 3 OM, 4 EM, 5 INS, 6 POL, 7 developmental time, 8 prey-stage preference.**
Mean life-style type designations. Pp Phytoseiulus persimilis, Pm Phytoseiuius macropilis, Nl Neoseiulus ion gispinosus,

Nf Neoseiulusfallacis, GoD Galendromus occidentalis ('The Dalles' strain), Ncai Neoseiulus californicus,
Tp Typhiodromus pyri, Nb Neoseiuius barkeri, GoL Gaiendromus occidentalis (laboratory strain),
Ncuc Neoseiuius cucumeris, Ka Kampimodromus aberrans, Ef Euseiusfiniandicus, Aa Amblyseius andersoni,
Eh Euseius hibisci, Gf Galendromusfiumenis, Mc Metaseiulus citri, Tc Typhiodromus caudiglans



Table 4.4 (continued).

Discriminant Indicator Predator species**:

analysis trait(s)* GoD Gf Tc Mc
DA1 8 2.2 3.1 3.7 3.8

DA2

DA3

1234567 2.5

12345678 2.7

234567 2.4

2.7 3.5 2.9

3.0 3.0 3.7

2.6 3.4 2.6

McMurtry and Croft 2 - 3 3



indicators. In comparing the AIC values of the eight single-trait DA models (alternative

models in the process of selecting DA3 and DA4), prey-stage preference ranked poorly

compared to most of the other traits; only TSM and OSM ranked either similarly or

worse as single-trait indicators.

The more saturated DA2 classified the previously studied 13 species (Luh and

Croft 1999; Blackwood et al. 2001) in nearly the same way (Table 4.4). All three DA

models classified the species as they were originally classified in McMurtry and Croft

(1997) with the exceptions of N. ion gispinosus (classified as Type I rather than Type II)

and the two Euseius spp. (classified as Type III rather than Type N). DA1 classified N.

ion gispinosus and the two Euseius spp. closer to the original classifications, but N.

californicus and G. occidentaiis ('laboratory strain') were classified differently (classified

as Ca. Type III rather than Type II) as well as A. andersoni (classified closer to Type IV

than Type III).

The effect of including prey-stage preference as an indicator had its greatest

impact in classifying the four species studied in the present paper. The two models

without prey-stage preference as an indicator (DA2,4) provided little discrimination

among G. flumenis, G. occidentaiis and M citri, classifying all three species somewhere

between Type II and Type III (Table 4.4). However, both with prey-stage preference

included in the fully saturated model (DA3) and with prey-stage preference as the sole

indicator (DA1), these species were classified with somewhat greater resolution from ca.

Type II to Ca. Type IV.
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Discussion

Although the number of previous studies on G. flumenis, T caudiglans and M

citri are limited, the results from the feeding tests presented here agree with much of the

available data in terms of feeding tendencies and relative abilities within species to

sustain oviposition on the various prey and pollen types. Similar to previous findings on

G. flumenis (formerly Typhiodromus mcdanieli), females preyed on the tetranychids, B.

rubrioculus and P. ulmi (Jorgensen 1964), and had their highest ovipositional rates when

feeding on the eriophyoid, A. schiechtendali (Croft and Jorgensen 1969, 1977). With

regard to T. caudigians, our results confirm the ability of females to utilize P. ulmi as

prey (Putman and Heme 1964), the maintenance of relatively high ovipositional rates

when feeding on certain pollens and the preference for preying on mobile immatures (or

the aversion to, or difficulty with, preying on eggs) of Tetranychus spider mites (Putman

1962). The results also support previous findings indicating the status of M citri as a

generalist, which has been found to feed readily on eriophyoid mites (Schuster and

Pritchard 1963, Rice et al. 1976) and has been observed to feed at least occasionally on

tetranychid mites, tarsonemid mites, diaspidid scales, pollen, aphid honeydew and leaf

sap (Mahr 1978). Finally, the limited diet breadth of G. occiden tails and its

specialization for feeding on Tetranychus spider mites is also consistent with previous

findings on this well-studied phytoseiid species (e.g. Downing and Moilliet 1967,

McMurtry and Croft 1997).
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However, other results were not as consistent with those of former studies. Most

notably, daily ovipositional rates observed in the current study were substantially lower

than were found previously for G. flumenis feeding on brown spider mite, B. rubrioculus

(Croft and Jorgensen 1969) and on apple rust mite, A. schiechiendali (Croft and

Jorgensen 1977). Additionally, the developmental time found for T. caudiglans when

feeding on Tetranychus spider mites was somewhat shorter in Putman (1962) than in the

current study.

These differences were probably due to four main factors. First, we used paper

arenas in the feeding tests as opposed to leaf arenas (except tests with A. schlechtendali

prey). This was done in following the design of Pratt et al. (1999) in their study of

Neoseiulusfallacis and also because paper arenas have considerable advantages in terms

of the labor required in maintaining them. The latter was an important consideration

given the large number of tests required for this study. Second, the ratio of prey-stages

provided to predators may have affected the results. Although experimental arenas were

provided with mixed prey stages in a similar ratio for each predator species, the ratio was

dictated to an extent by the availability of particular stages in the samples that were used

as sources of prey. For example, the stage distribution for B. rubrioculus prey was biased

toward eggs in the current study whereas in Croft and Jorgensen (1977) G. flumenis

females were provided with mostly mobile immature prey, which were found to be the

preferred prey-stages for this predator species (Croft and Jorgensen 1977) as well as for

T. caudiglans (Putman 1962). Third, that predator eggs were not removed from arenas in

the present study may have caused an underestimation of daily ovipositional rates due to
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cannibalism. Cannibalism is common among phytoseiid mites (for a review, see

Schausberger 2003) and personal observations in rearing colonies indicate that this may

have been a factor primarily for M citri and T. caudiglans. Finally, adult female

predators were indiscriminately selected from rearing units in the current study whereas

in other studies the age and/or condition of predators may have been better optimized for

ovipositional potential.

However, data was generally not available on prey-stage preferences of these

predators for the prey types studied here. Also, removal of predator eggs would have

disturbed predators that often spent substantial amounts of time in the tuft of cotton on

which they deposited their eggs. We were interested primarily in comparing the relative

performance of each predator species when feeding on the numerous prey and pollen

types and in making comparisons among species. Thus, our priority was to maintain

consistency among the tests to allow for reasonable comparisons to be made rather than

to provide optimal conditions for each test. As a consequence, the absolute values for

ovipositional rates, survivorship, etc. should be interpreted with due caution, but the

relative performance of predators can be assessed with these results. Nonetheless, such

procedural tradeoffs and difficulties inherent to comparative feeding studies, in

combination with the limitations of data availability, only underscore the value of finding

fewer, more easily tested traits that can serve as indicators of the ecology of a given

species.
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Patterns among species. Numerous traits, including developmental time (Luh and Croft

2001) and prey-stage preference (Blackwood et al. 2001) when feeding on Tetranychus

spider mites, and intraguild predation, cannibalism (Walzer and Schausberger 1999,

Schausberger and Croft 2000), kin recognition (Schausberger and Croft 2001,

Schausberger 2003) and dorsal chaetotaxy (Sabelis and Bakker 1992) have been found to

be associated with the degree of diet breadth among phytoseiid species. The results of

the present study provide additional support for the association of developmental time,

prey-stage preference and intra-guild predation with diet breadth; for each of these traits

the four species can be polarized in the same way: G. occidentalis S G. fiumenis S T.

caudiglans M citri. Additionally, dorsal setal lengths of these four species given by

Croft (2003) provided the same polarization among species, with G. occidentalis having

the longest dorsal setae.

A causal explanation for the consistent relationships among these traits may have

to do with the unique challenges involved in utilizing Tetranychus spider mites as prey.

These spider mites tend to overexploit local resources, resulting ultimately in local

extinctions and requiring frequent recolonization of new habitat. The ephemeral nature

of the spider mite colony in combination with their profuse webbing requires predator

adaptations for ambulating within the webbed colony (Sabelis and Bakker 1992), and

dispersing between and efficiently locating colonies (Dicke et al. 1990, Jung 2001, Croft

and Jung 2001) which have enough prey to sustain not only the dietary needs of the

individual predator but also the offspring that are deposited there. The degree to which

this ecological niche is utilized would place different demands on a predator with respect
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to the required efficiency of attack and digestion of Tetranychus spider mite prey and the

need to utilize alternate food sources, and would also affect the probability of encounter

with con- and heterospecific predators (potential prey or enemies) (Schausberger and

Croft 2000, Schausberger 2003). Since all known oligophagous species in the

Phytoseiidae prey predominantly on Tetranychus spider mites, it is perhaps not surprising

that a general and consistent polarity often exists in traits between the specialists and

generalists of this mite family.

Indicator traits. Based on what is known about these 16 phytoseiid species in terms of

diet breadth, associations with different types of prey in field environments, morphology,

etc., prey-stage preference performed well as a single-trait indicator (DA1) in classifying

the predator species. The only serious error was the classification of G. occidentalis

('laboratory strain') as a Type III. Given its narrow diet breadth and strong association

with Tetranychus spider mites in the field (McMurtry and Croft I 997a), this species

should certainly be classified as a specialist; as Type II or possibly even approaching

Type I. The other species that were classified somewhat differently by DA1 than the

original classification of McMurtry and Croft (1997) are not as problematic. Neoseiulus

calfornicus has been found to be on the more generalist side of Type II, possibly

intermediate between a Type II and III (Croft et al. 1998b). Laboratory colonies of A.

andersoni, T caudiglans and M citri sustain well when given pollen as the primary food

source, and particularly for the latter two species, the addition of even low to moderate

amounts of T. urticae prey can be distinctly detrimental to colony vigor (personal
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observations). Since these species can sustain substantial oviposition when given T

urticae prey in feeding tests, this negative effect is presumably a result of difficulties with

(or an aversion to) the webbing which builds up over time in a laboratory colony. Given

these factors, the classification of these species as either a Type III or IV seems

acceptable.

In agreement with the indication of AIC values, the addition of prey-stage

preference as an indicator (DA3) slightly improved the classification provided by the

previous model selected in Luh and Croft (1999). In particular, M citri was categorized

as somewhat more of a generalist than T. caudiglans, and more importantly, as more of a

generalist than G. flumenis. However, DA3 failed to identify a difference between T.

caudiglans and G. flumenis.

The lack of prey-stage preference as an indicator in the parsimonious model when

considering all eight traits and all 17 species/strains (DA4) was somewhat surprising, but

the major difference between DA3 and DA4 lies mostly in the classification of one

species, M. citri (3.7 vs. 2.6, respectively). Apparently, the penalty for additional

indicators in the calculation of AIC just slightly outweighed the beneficial effect of

including prey-stage preference for the classification of this species; the model with the

second lowest AIC included prey-stage preference in addition to the set of indicators in

DA4.

Another major problem with the classifications provided by the more saturated

models DA2 was the consistent designation of the two Euseius species as type III.

Laboratory colonies of these species are particularly hampered by the addition of 11
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urticae prey and sustain best when given pollen alone on leaf arenas (personal

observations). Additionally, species of this genus were the only representatives of life-

style type IV as originally defined by McMurtry and Croft (1997).

One reason for the discrepancies between the indications of AIC and what

subjectively appear to be better classifications is that changing the classification of

certain species seems more acceptable than others. As discussed above, it seems

unacceptable for the Euseius spp. to be classified as anything other than Type IV. On the

other hand, classifying N. californicus as Type III rather than Type II or N. ion gispinosus

as Type I rather than Type II seems more reasonable since, based on what is known about

these species, they might be considered as somewhat intermediate between these life-

style types. However, to the DA these classification 'errors' all have equal weight.

Another reason for the discrepancies may be the lack of experimental data for the first 13

species on all six food type categories. The relative ovipositional rates used for these

species were estimated by Luh and Croft (1999) based on what literature was available on

these predator species and based on general knowledge of how some of the species

behave in laboratory colonies andIor in field environments. This lack of real data was

also responsible for the lack of precision in the life style designations of the first 13

predator species for DA24 as evidenced by the predominance of 'round' numbers (mean

life styles of 1.0, 2.0 or 3.0). Certainly, experimental data for these species, as was

collected for the four species studied in the present paper, is needed before any hard

conclusions about which set of traits perform best as indicators of life-style type can be

made.
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Conclusions. Integrating the discnminant analysis classifications together with a more

subjective appraisal, the four phytoseiids studied herein can be placed along the

continuum of life-style types. We place G. occidentalis on the specialist side of Type II

(approaching type I) due to its oligophagy; other Type II species, such as N. fallacis, are

substantially more polyphagous (Pratt et al. 1999). Galendromusfiumenis is somewhat

unique in having moderately polyphagous feeding capabilities while performing

relatively poorly on pollens when compared to Type III species such as T. pyri (Helle and

Sabelis 1985) and at the same time being not particularly well adapted for Tetranychus

predation, precluding a Type II designation. Thus, G. flumenis is placed on the specialist

side of Type III (approaching Type II). Finally, we place the highly polyphagous species

T. caudiglans and M citri on the more specialist side of Type IV (approaching Type III).

Similar to Euseius spp., these species reproduce very well on pollens and are highly

active on host plant leaves (McMurtry and Croft 1997, Croft 2003). hi terms of aversion

to Tetranychus prey, these species fall somewhere between Eusieus spp., which can

suffer much higher mortality when developing in the presence of Tetranychus spider

mites (Schausberger and Croft 1999), and a Type III species such as T. pyri, which

tolerates and even benefits from the addition of small amounts of T. urticae in its diet in

laboratory colonies (personal observations).

Prey-stage preference performed well as a single-trait indicator of life-style type.

In general, species that preferred T. urticae larvae to eggs were classified as Type IV,

species with no preference were classified as Type III, species that had a moderate egg

preference were classified as Type II and species with a strong egg preference were
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classified as Type I. This system worked reasonably well for classifying the four species

studied here and may provide a fairly efficient way to make a general assessment of the

life-style of new or little-studied phytoseiid species. More species need to be studied in

depth both to confirm this and to determine the true value of the food type traits as

indicators of life-style type.



109

References

Akaike, H. 1973. Information theory and an extension of the maximum likelihood
principle, pp. 267-281. In B. N. Petrov and F. Csáki [eds.], Second International
Symposium on Information Theory, Académiai Kiado, Budapest.

Akaike, H. 1974. A new look at the statistical model identification. IEEE Transactions on
Automatic Control AC-19: 716-723.

Blackwood, J. S., P. Schausberger, and B. A. Croft. 2001. Prey-stage preference in
generalist and specialist phytoseiid mites (Acari: Phytoseiidae) when offered
Tetranychus urticae (Acari: Tetranychidae) eggs and larvae. Environ. Entomol.
30: 1103-1111.

Croft, B. A. 2003. Phytoseiid mites on apple foliage in arid areas of eastern Oregon and
western North America. Exp. AppI. Acarol.: current issue.

Croft, B. A., and C. D. Jorgensen. 1969. Life history of Typhiodromus mcgregori
(Acarina: Phytoseiidae). Ann. Entomol. Soc. Amer. 63: 1261-1271.

Croft, B. A., and C. D. Jorgensen. 1977. Typhiodromus mcgregori Chant (Acarina:
Phytoseiidae) and its potential control of phytophagous mites in southern
California and central Utah apple orchards. Great Basin Nat. 37: 366-374.

Croft, B. A., and C. Jung. 2001. Phytoseiid dispersal at plant to regional levels: a review
with emphasis on management of Neoseiulusfallacis in diverse agroecosystems.
Exp. Appl. Acarol. 25: 763-784.

Croft, B. A., J. A. McMurtry, and H. K. Luh. 1998a. Do literature records of predation
reflect food specialization and predation types among phytoseiid mites (Acari:
Phytoseiidae)? Exp. AppI. Acarol. 22: 467-480.

Croft, B. A., L. N. Monetti, and P. D. Pratt. 1998b. Comparative life histories and
predation types: Are Neoseiulus ca1fornicus and N. fallacis (Acari: Phytoseiidae)
similar type II selective predators of spider mites? Environ. Entomol. 27: 531-
538.

Cummins, K. C. 1974. Structure and function of stream ecosystems. BioScience 24: 631-
641.

Dicke, M., M. W. Sabelis, J. Takabayashi, J. Bruin, and M. A. Posthumus. 1990. Plant
strategies of manipulating predator-prey interactions through allelochemicals:
Prospects for application in pest control. J. Chem. Ecol. 16: 3091-3118.

Downing, R. S.,and T. K. Moilliet. 1967. Relative densities of predaceous and
phytophagous mites on three varieties of apple trees. Can. Entomol. 99: 738-74 1.

Everitt, B.S., and D.J. Hand. 1981. Finite mixture distributions. D.R. Cox [Ed.].
Chapman and Hall, New York.

Holmes, R. T., J. R.E. Bonney, and S. W. Pacala. 1979. Guild structure of the hubbard
brook bird community: a multivariate approach. Ecology 60: 5 12-520.

Inger, R. F., and R. K. Colwell. 1977. Organization of contiguous communities of
amphibians and reptiles in Thailand. Ecol. Monogr. 47: 229-253.



110

Jorgensen, C. D. 1964. Ecology of mites on pomaceous fruit trees and related wild hosts
in Hood River Valley. Ph.D. dissertation, 157 pp. Oregon State University.

Jung, C. 2001. Ambulatory and aerial dispersal among specialist and generalist
phytoseiid mites. Ph.D. dissertation, 131 pp. Oregon State University.

Luh, H.-K., and B. A. Croft. 1998. Reanalysis of oviposition and development rates in the
Phytoseiidae using a phylogenetic autoregressive method. Exp. AppI. Acarol. 22:
287-296.

Luh, H.-K., and B. A. Croft. 1999. Classification of generalist or specialist life styles of
predaceous phytoseiid mites using a computer genetic algorithm, information
theory, and life history traits. Environ. Entomol. 28: 915-923.

Luh, H.-K., and B. A. Croft. 2001. Quantitative classification of life-style types in
predaceous phytoseiid mites. Exp. Appl. Acarol. 25: 403-424.

Mahr, D. L. 1978. Systematics of California species of the Typhiodromuspini group and
bionomics of selected populations (Acari: Phytoseiidae). Ph.D. dissertation, 157
pp. University of California, Riverside.

Manly, B. F. J., P. Miller, and L. M. Cook. 1972. Analysis of a selective predation
experiment. Am. Nat. 106: 7 19-736.

McLachlan, G.J. 1992. Discnminant analysis and statistical pattern recognition. John
Wiley and Sons, New York.

McMurtry, J. A., and B. A. Croft. 1997. Life-styles of phytoseiid mites and their roles in
biological control. Annu. Rev. Entomol. 42: 291-321.

Pratt, P. D., P. Schausberger, and B. A. Croft. 1999. Prey-food types of Neoseiulus
fallacis (Acari: Phytoseiidae) and literature versus experimentally derived prey-
food estimates for five phytoseiid species. Exp. Appl. Acarol. 23: 55 1-565.

Putman, W. L. 1962. Life history and behavior of the predaceous mite Typhiodromus (T)
caudiglans Schuster (Acarina: Phytoseiidae) in Ontario, with notes on the prey of
related species. Can. Entomol. 94: 163-177.

Putman, W. L., and D. H. C. Herne. 1964. Relations between Typhiodromus caudiglans
Schuster (Acarina: Phytoseiidae) and phytophagous mites in Ontario peach
orchards. Can. Entomol. 96: 925-943.

Rice, R. E., R. A. Jones, and M. L. Hoffman. 1976. Seasonal fluctuations in
phytophagous and predaceous mite populations on stonefruits in California.
Environ. Entomol. 5: 557-564.

Root, R. B. 1967. The niche exploitation patterns of a blue-gray gnatcatcher. Ecol.
Monogr. 37: 3 17-350.

Sabelis, M. W., and F. M. Bakker. 1992. How predatory mites cope with the web of their
tetranychid prey: a functional view on dorsal chaetotaxy in the Phytoseiidae. Exp.
AppI. Acarol. 16: 203-225.

Schausberger, P. 2003. Cannibalism among phytoseiid mites: a review. Exp. Appi.
Acarol. 29: 173-192.

Schausberger, P., and B. A. Croft. 2000. Nutritional benefits of intraguild predation and
cannibalism among generalist and specialist phytoseiid mites. Ecol. Entomol. 25:
473-480.



111

Schausberger, P., and B. A. Croft. 2001. Kin recognition and larval cannibalism by adult
females of specialist predaceous mites. Anim. Behav. 61: 459-464.

Schuster, R. 0., and A. E. Pritchard. 1963. Phytoseiid mites of California. Hilgardia 34:
19 1-285.

Simberloff, D., and T. Dayan. 1991. The guild concept and the structure of ecological
communities. Annu. Rev. Ecol. Syst. 22: 115-143.

Walzer, A., and P. Schausberger. 1999. Cannibalism and interspecific predation in the
phytoseiid mites Phytoseiulus persimilis and Neoseiulus calfornicus: predation
rates and effects on reproduction and juvenile development. Biocontrol 43: 457-
68.

Winemiller, K. 0., and E. R. Pianka. 1990. Organization in natural assemblages of desert
lizards and tropical fishes. Ecol. Monogr. 60: 27-55.



112

5. GENERAL CONCLUSIONS

The studies presented herein have elucidated several aspects of prey-stage

preference both among and within phytoseiid species. Information has been gained with

respect to the relationship of prey-stage preference with specialization among phytoseiid

species, current and previous environmental factors affecting this trait, the consequences

and possible adaptive benefits resulting from an egg-biased predation strategy, and the

use of prey-stage preference in the ecological classification of phytoseiid mite species.

Prey-stage preference can be added to a list of several other traits that have

previously been shown to correlate to the degree of specialization among phytoseiid

species. Tests with 16 phytoseiid species in chapters 2 and 4 showed that generalists

tended to either prey more often on Tetranychus urticae Koch mobile immatures or show

no preference while specialists tended to either show no preference or prefer eggs as

prey. Only highly specialized phytoseiids species preyed with a strong preference for T.

urticae eggs.

The degree to which prey-stage preference is affected by genetic and

environmental (current and previous) factors may vary among phytoseiid species. In

chapter 2, it was shown that in contrast to four phytoseiid species that maintained fairly

constant feeding ratios when the provided ratio of prey stages was altered, the generalist

Typhiodromuspyri Scheuten exhibited a positive switching response to an increase in the

relative proportion of eggs provided, either indicating the use of a non-visual search

image for exploiting abundant prey types or indicating that females of this species learn
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to more efficiently prey on eggs as their exposure to this prey stage increases. Studies

with Neoseiulusfallacis Garman found no effect of previous experience and no consistent

effect of hunger state on its prey-stage preference. Finally, while field-collected strains

of P. persimilis and N. fallacis showed no difference in prey-stage preference when

compared to long-term laboratory strains, one field-collected strain of Galendromus

occidentalis (Nesbitt) was found to have a significantly stronger preference for eggs than

a laboratory strain despite having spent several weeks in a laboratory colony

environment.

Prey-stage preferences may have important implications for predator distribution.

In chapter 3, laboratory experiments showed that in addition to strongly preferring eggs

as prey (chapter 2), Phytoseiulus persimilis Athias-Henriot females also preferred to

forage and oviposit in young, egg-biased patches rather than in old, mobile immature-

biased patches. This selection of prey patches based on stage composition may affect the

distribution of predators relative to a spreading spider mite population over both space

and time. Having tendencies to seek out the youngest patches at the edge of the spider

mite spread may have the effect of reducing the probability of confrontations with

cannibalistic conspecifics. In systems where more than one predator species is present,

these tendencies may also serve to avoid confrontations with less specialized

heterospecifics, which are often highly aggressive as intraguild predators (Croft et al.

1996, Schausberger and Croft 2000a, Waizer and Schausberger 1999). In light of this

potential conflict, and since multiple phytoseiid species are often present or introduced in

biological control systems (Schausberger and Walzer 2001), it may be advantageous to
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consider the degree of overlap in prey-stage and patch preferences when selecting

candidate species.

Prey-stage preferences may also have important effects on both individual

predator fitness and predator-prey system dynamics. In chapter 3, laboratory experiments

and population models indicated two consequences of egg-biased predation that may

confer adaptive benefits with regard to reproductive potential in P. persimilis. First,

females were more fecund when feeding on eggs than when feeding on mobile immatures

of 7'. urlicae. Second, coupled differential equation models showed the potential for

differences in the effects on both predator and prey population trajectories resulting from

different predation strategies. Assuming the invasion of no other predators into the

predator-prey system, the models indicated that in the presence of moderate density

dependence the total number of propagules descending from a single, foundress predator

over the course of a predator-prey interaction could potentially be increased when

predators foraged with preference for eggs rather than with no prey-stage preference.

Due to its strong correlation with the degree of specialization among phytoseiid

species, prey-stage preference may serve well as an indicator trait for classif'ing new or

little-studied species into life-style types. In chapter 4, when the indications of

discriminant analysis models and subjective considerations were taken into account,

prey-stage preference performed well in classifying species. This trait was not included

in the group of traits comprising the parsimonious model according to the information-

based model selection criterion. However, the model based on prey-stage preference

alone classified the 16 species under consideration in a way that was largely in agreement
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with how species would be classified on a subjective basis and the addition of this trait to

models based on other traits somewhat improved the classifications they provided. Given

the classifications provided by these models as well as subjective considerations, we

maintained the assignment given by McMurtry and Croft (1997) of G. occidentalis as a

Type II specialist, we changed the assignments of Typhiodromus caudiglans Schuster and

Metaseiulus citri (Garman & McGregor) from Type III (McMurtry and Croft 1997) to

Type IV generalists and we classified Galendromusfiumenis (Chant) as a Type III

generalist.

Further research is needed to fully understand the nature and practical

implications of these foraging traits. First, investigations are needed into the interaction

between genetic and environmental factors in determining prey-stage preferences. As the

results of Chapter 2 implied possible differences among phytoseiid species in this regard,

it would be desirable for a range of generalist and specialist species to be considered.

Second, various aspects of the dynamics of the phytoseiid Tetranychus predator-prey

system need to be clarified. These include patch quality dependent tradeoffs between

predator egg quality and quantity and their effects on progeny fitness, the stage-specific

action of density dependence over the course of a spider mite infestation, predation by

and prey-stage preferences of immature phytoseiids, how the presence of con- or

heterospecific predators mediates prey-stage preference and the choice of prey patches,

and the effects of incorporating increased complexity into the population models.

Finally, the prey-stage preferences and diet breadths of additional species need to be
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studied in order to confirm or refute the overall value of prey-stage preference as an

indicator of phytoseiid life-style type.
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