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S.. M a g a l h a es To eat and not to be eaten: Do plant-inhabiting arthropods 
20044 tune their behaviour to predation risk? 

3 3 

Host-plantt species modifies the diet of an 
omnivoree feeding on three trophic levels 

Saraa Magalhaes, Arne Janssen, Marta Montserrat and 
Mauricee W. Sabelis 

Submittedd manuscript 

Thee diet choice of omnivores that choose between food types from two 
adjacentt trophic levels (either plant and herbivores or herbivores and 
predators)) has been studied extensively. But, in fact, omnivores 
usuallyy feed on more than two trophic levels, and this diet choice and 
it ss consequences for population dynamics have hardly been studied. 
Wee report how host-plant quality affects the diet choice of Western 
Flowerr Thrips feeding on three trophic levels: plants (cucumber or 
sweett pepper), eggs of spider mites and eggs of a predatory mite that 
attackss spider mites. Spider mites feed on the same host plants as 
thripss and produce a web that hampers predator mobility. Previous 
studiess have shown that, in absence of predators, thr ips feed less on 
spider-mitee eggs or on predatory-mite eggs on high-quality host plants 
thann on plants of low quality. In this study, thr ips were offered spider-
mitee eggs and predatory-mite eggs together on cucumber or sweet 
pepperr leaf discs that were either clean, damaged by spider mites but 
withoutt web, or damaged and webbed. We show that, overall, thr ips 
consumee more eggs of predators and of spider mites on sweet pepper, 
aa plant of low quality, than on cucumber, a high-quality host plant. 
Onn damaged and webbed leaf discs (mimicking the natural situation), 
thr ipss kil l more predator eggs than spider-mite eggs on sweet pepper, 
whilee they kil l equal numbers of eggs of either species on cucumber. 
Thiss is because web hampers predation on spider-mite eggs by thrips 
onn sweet pepper, but not on cucumber, and it does not affect predation 
onn predatory-mite eggs. A model of local dynamics of the two mite 
speciess with intraguild predation predicts that this differential killin g 
hass large effects on the dynamics of both mite species and potentially 
resultss in plants of inferior quality suffering more damage from the 
herbivores. . 

43 3 



PartPart I - Variation in predation risk 

Omnivoryy is a common feature of many food webs (Polis and Winnemiler 
1996,, Coll and Guershon 2002). Theory predicts that omnivory promotes 
speciess persistence, and thereby community structure, for a wide range of 
parameterr values (Fryxell and Lundberg 1994, Polis and Strong 1996, 
Lalondee et al. 1999, Myliu s et al. 2001, Kondoh 2003). This prediction is 
largelyy confirmed by experiments (Post et al. 2000), especially with 
arthropodd food webs on plants (Rosenheim et al. 1993, Fagan 1997, 
Eubankss and Denno 2000, Snyder and Ives 2001). However, the theory 
underr test was mainly developed for communities of well-mixed 
populations,, whereas many populations are part of a metapopulation and 
thiss affects persistence and community structure as well. Another issue 
relatedd to omnivory that has not been addressed so far, is that omnivores 
oftenn feed on more than two adjacent trophic levels (e.g., Polis et al. 1989, 
Fagann 1997, Armer et al. 1998, Eubanks and Denno 2000). Depending on 
thee diet of omnivores, the co-occurrence of an omnivore on a plant attacked 
byy a herbivore may result in higher or lower numbers of herbivores. It has 
beenn suggested that omnivores wil l consume more herbivores on host 
plantss of low quality than on high-quality plants (Agrawal et al. 1999, 
Agrawall  and Klein 2000). Hence, the numbers of herbivores on low-quality 
plantss would be lower than on high-quality plants, both because of the 
effectt of host plant quality on herbivore growth rates and because of the 
effectt of omnivory. However, omnivores may also feed on the natural 
enemiess of these herbivores (Fig. 1). The consequences of omnivory for the 
dynamicss of such food webs have not been studied so far, but it is known 
thatt omnivores also consume more natural enemies on plants of lower 
qualityy than on high-quality plants (Janssen et al. 2003). Hence, the effect 
off  omnivores on population dynamics hinges on the differential effect of 
plantt quality on the omnivore consumption of plant tissue, herbivores and 
naturall  enemies of the herbivores (Venzon et al. 2001). 

Figuree 1 Schematic representation of the system under study. 
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3.. Diet choice ofomnivores feeding on three trophic levels 

Inn this article, we study the diet choice of a plant-inhabiting omnivore 
feedingg on a linear, tritrophic system involving the specialist predatory 
mitee Phytoseiulus persimilis (Athias-Henriot), the spider mite Tetranychus 
urticaeurticae (Koch) and plants (Fig. 1). Spider mites feed on leaf parenchyma 
andd produce colonies covered by web, inside which they oviposit their eggs. 
Thee function of the web is thought to be protection against predators 
(Sabeliss 1981, Gerson 1985, Sabelis and Bakker 1992). However, the 
specialistt predator P. persimilis is capable of penetrating and ovipositing 
insidee this web (Sabelis 1981). In absence of the omnivore, this tritrophic 
systemm exhibits unstable local dynamics: either the plants are 
overexploitedd by the herbivores or the herbivores are eradicated by the 
predatoryy mites (Sabelis and van der Meer 1986, Janssen and Sabelis 
1992,, Janssen et al. 1997). Regional stability of this predator-prey system 
iss achieved by metapopulation dynamics (Janssen et al. 1997, Ellner et al. 
2001).. Adding omnivory to this system wil l potentially affect local 
dynamicss as well as metapopulation dynamics (Venzon et al. 2001). A first 
stepp in studying these effects is to study the effect of omnivory on the local 
dynamicss of the predatory mites and their prey. The omnivore in our 
systemm is the Western Flower Thrips, (Frankliniella occidentalis, 
Pergande),, which feeds on several plant species (Ananthakrishnan 1984), 
attackss the eggs of herbivorous spider mites (Trichilo and Leigh 1986, 
Wilsonn et al. 1996, Agrawal et al. 1999), and kill s eggs of predatory mites 
(Farajii  et al. 2002, Janssen et al. 2002, 2003), including those of P. 
persimilis.persimilis. Host-plant quality affects the predation of eggs of P. persimilis 
(Rodaa et al. 2000, Janssen et al. 2003) and of spider mites (Agrawal et al. 
1999,, Agrawal and Klein 2000) by the thrips. However, this predation has 
alwayss been studied for each mite species separately (Trichilo and Leigh 
1986,, Wilson et al. 1996, Agrawal et al. 1999, Agrawal and Klein 2000, 
Rodaa et al. 2000, Janssen et al. 2003) whereas the effects on population 
dynamicss can only be investigated when both mite species are present at 
thee same time. We study the effect of host plants of different quality (i.e., 
cucumberr and sweet pepper) on predation of eggs of spider mites and of 
predatoryy mites by thrips. Host plants differ not only in quality, but also in 
surfacee structure, which in turn affects the structure of the web produced 
byy spider mites and its protective function against predatory mites (Sabelis 
1981,, Gerson 1985, Sabelis and Bakker 1992) and thrips (Wilson et al. 
1996).. In some host plants such as bean, web also protects eggs of 
predatoryy mites from predation by thrips (Roda et al. 2000). We aim at 
disentanglingg the mechanisms underlying the diet choice of thrips feeding 
onn plant material, on the herbivore (T. urticae) and on the natural enemy 
off  the herbivore (P. persimilis) on two host plants that differ in quality and 
inn leaf topography. In addition, we investigate the consequences of our 
findingss for the population dynamics of these species, using a model that 
yieldss good predictions for the dynamics of spider-mite and predatory-mite 
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PartPart I- Variation in predation risk 

populationss in absence of omnivory (Diekmann et al. 1988, Janssen and 
Sabeliss 1992, van Baaien and Sabelis 1995, Pels and Sabelis 1999). 

Materiall  and Methods 

Al ll  species were cultured as described in Janssen et al. (1999). 
Experimentss were performed in a climate room (25°C, 70% RH and LD 
16:88 h). Cohorts of first instar (LI ) thrips larvae were obtained from 
femaless ovipositing on cucumber leaves with pollen (Typha spp.) during 
244 h. Leaves were placed on wet cotton wool in a plastic Petri dish (0 14 
cm)) closed with a lid, the centre of which had a hole (0 ca. 7 cm) covered 
withh gauze, to allow for ventilation and prevent escapes. 

Predationn rates 
Leaff  discs (0 15 mm) were cut from cucumber or sweet pepper leaves, 
placedd dorsal side down on wet cotton wool in a 100-ml plastic vial (0 ca 5 
cm),, then allocated to three different treatments: (1) 'undamaged' leaf 
discs,, with eggs of predatory mites and of spider mites (1-day old, to avoid 
emergencee during the experiment) added manually to the disc, (2) 
'damaged'' leaf discs, with 20 spider-mite females incubated on leaf discs 
forr 2 days before the experiment (to cause damage, produce web and eggs), 
andd 10 predatory-mite females introduced 12 h before the experiment (to 
kil ll  spider-mite eggs and lay eggs of their own), but with all adult prey and 
predatorr removed before the experiment, and the number of eggs of each 
speciess equalized by corrective removal with a fine needle (3) leaf discs 
'damagedd without web', infested as in (2) but in which the web, adults and 
eggss were removed with a brush and eggs of both species added manually 
thereafter.. In all three treatments, the number of eggs per species varied 
amongg leaf discs (from 12 to 25), but each leaf disc had equal numbers of 
eggss of each species. Replicates where mite larvae had emerged from the 
eggss during the experiment were discarded. 

Thripss larvae (Ll ) were transferred to either cucumber or sweet pepper 
leavess (without pollen) during 24 h, where they developed into the second 
instarr stage (L2). Thrips larvae (L2) were tested on leaf discs from the 
samee host species on which they had been feeding as L l . They were placed 
individuallyy on leaf discs that had been subject to one of the treatments 
describedd above. One day later, the number of spider-mite and of 
predatory-mitee eggs killed by thrips was counted. Other causes of egg 
mortalityy were negligible. Due to escape of some thrips larvae, sample 
sizess were not equal, but ranged from 29 to 36 (see legend of Fig. 2). 

Behaviourall  observations 
Too measure searching time and encounter rates, we recorded the 
behaviourr of thrips larvae on some of the 'damaged' leaf discs during the 
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3.. Diet choice of omnivores feeding on three trophic levels 

firstfirst hour of the predation experiment (cucumber: N = 15; sweet pepper: 
NN = 16). We chose to study the behaviour on 'damaged' discs because thrips 
wil ll  encounter mite eggs on infested and webbed leaves under natural 
conditions.. Searching time was defined as the time that thrips larvae 
spentt walking during 1 h, encounter rates as the frequency with which 
theyy touched eggs of one species with their antennae per unit searching 
time.. We calculated the success ratio as the number of eggs of each species 
killedd relative to the number encountered. Replicates where no encounters 
withh eggs of each species occurred were not included in the calculation of 
thee success ratio for the eggs of that species. To measure handling time, we 
placedd 15 eggs of each species on clean leaf discs from cucumber (N = 14) 
orr from sweet pepper (N = 10) together with three thrips larvae, then 
recordedd thrips behaviour during 24 h, using a camera mounted on the 
stereoscopee and connected to a time-lapse video recorder. Handling time 
wass defined as the time that elapsed since thrips larvae grabbed the egg 
withh their front legs until they removed their mouthparts from the egg 
remains.. While analyzing the recordings, we observed that some eggs were 
onlyy punctured (i.e., thrips larvae inserted their mouthparts into the egg 
butt immediately moved on without having fed). Thus, we present the 
fractionn of eggs punctured in each replicate relative to the total number of 
eggss killed, but do not include punctured eggs in our calculations of 
handlingg time. Since we did not control for the age of the eggs in these 
observations,, some larvae emerged during the test period (on average 
0.799  0.318 on cucumber and 1.00  0.365 on sweet pepper). On sweet 
pepper,, some thrips larvae ate larvae of predatory mites. The handling 
timee for this prey type is presented separately. 

Statisticall  analysis 
Predationn rates were log-transformed and compared between plant species 
andd among treatments (undamaged, damaged, damaged without web) 
usingg a two-way MANOVA , with plant species and treatment as main 
effects,, and predation on eggs of predatory mites and eggs of spider mites 
ass dependent variables. The initial number of eggs per species was 
introducedd as a covariable, but was not significant and thus removed from 
furtherr analysis. Subsequently, we performed planned comparisons to 
comparee predation on the two host plants within the same treatment. 
Significancee levels were corrected with the sequential Bonferroni method 
forr multiple comparisons (Sokal and Rolff 1995). We tested whether thrips 
larvaee preyed more on eggs of one of the two species on infested leaf discs 
withh and without web using paired t-tests within each treatment. 

Differencess in encounter rates with eggs of each species and differences 
inn the fraction of eggs punctured were compared using Wilcoxon signed 
rankk tests. The Mann-Whitney U-test was used to compare encounter 
ratess with eggs of each species between plant species (Field 2000). Differen-
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Undamaged d Damaged d Damagedd without web 

undamaged d damaged d damagedd without web 

Figur ee 2 Predation of eggs of spider mites (white bars) and of eggs of predatory 
mitess (black bars) by L2 thr ips larvae on leaf discs of (a) cucumber and of (b) sweet 
pepper.. Vertical lines correspond to standard errors of the mean. First two bars: 
cleann leaf discs, middle bars: infested leaf discs, two last bars: infested leaf discs 
withoutt web. Sample sizes for cucumber were 30, 35, and 36 and for sweet pepper 
29,, 30, 29 for clean, infested and infested leaf discs without web, respectively. 

cess in sea rch ing t ime on t he two p l a nt species were ana lyzed us ing a t - test. 

Dif ferencess i n h a n d l i ng t imes (between egg species a nd p lant species) were 

ana lyzedd by ca lcu la t ing an average h a n d l i ng t ime per  rep l icate, t h en 

per fo rmingg the s a me tes ts as above (we did not inc lude t he hand l i ng t ime 

off  P. persimilis l a r vae i n t he analys is because p reda t ion of t h r i ps on t h at 

p reyy i t em w as occasional). 
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3.. Diet choice of omniuores feeding on three trophic levels 

Model l 
Thee predation rates of the omnivorous thrips feeding on predatory-mite 
eggss and on spider-mite eggs on damaged and webbed cucumber and sweet 
pepperr were incorporated into a predator-prey model that yields good 
predictionss for the population dynamics of this system in absence of 
omnivoryy (Diekmann et al. 1988, Janssen and Sabelis 1992, van Baaien 
andd Sabelis 1995, Pels and Sabelis 1999). We used the model to predict 
howw total and relative predation by thrips on spider mites and predatory 
mitess affects population dynamics and what type of dynamics are expected 
onn cucumber and sweet-pepper, based on the predation rates measured in 
ourr experiments. See appendix for further details. 

Results s 

Predationn rates 

Thripss larvae killed significantly more eggs of spider mites and of 
predatoryy mites on sweet pepper than on cucumber (MANOVA , main effect 
off  plant, Wilks' Aio,364 = 0.843, P < 0.001, Fig. 2). Therefore, the host-plant 
speciess affected the relative predation rate of thrips on spider-mite eggs vs. 
predatory-mitee eggs. Thrips larvae killed more eggs of predatory mites 
thann of spider mites on damaged sweet-pepper leaf discs (Fig. 2b, middle 
bars,, T29 = 2.764, P = 0.01) and equal amounts of both eggs on damaged 
cucumberr (Fig. 2a, middle bars, T-n = -0.131, P = 0.896). 

Too assess whether differences in predation rates between host plants 
weree due to differences in the structure of the web produced by spider 
mites,, we removed this web and measured predation by thrips on 
damaged,, but unwebbed leaf discs of both plant species (last bars in Figs 
2aa and 2b). On sweet pepper, the difference in predation rates of eggs of 
bothh species that was observed in presence of web vanished with web 
removall  (T28 = 1.102, P = 0.28, cf. last bars with middle bars of Fig. 2b). 
Thripss killed significantly more eggs of spider mites on infested sweet 
pepperr leaf discs without web than on leaf discs with web (compare white 
barss of the second and the third set of bars, T57 = 5.454, P = 0.023), while 
predationn of predatory mite eggs did not differ (compare black bars of the 
secondd and the third set of bars, Tsi — 0.482, P = 0.49). Thus, web on sweet 
pepperr hampered predation of spider-mite eggs, but not of predatory-mite 
eggs.. On cucumber leaf discs, the presence of web did not affect predation 
onn eggs of the two species (spider-mite eggs: Tm = 0.521, P = 0.604; 
predatory-mitee eggs: Tea = 0.345, P = 0.731). Therefore, web affected the 
relativee predation rate of thrips on eggs of spider mites and of predatory 
mitess on sweet pepper, but not on cucumber. 

Givenn the differential effect of the web on the predation rate on the two 
hostt plants, assessment of the role of host-plant quality on the predation 
ratee of thrips is best done by comparing predation on leaf discs without 
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web,, thereby removing the confounding effect of the web from the 
comparison.. Planned comparisons following the MANOVA showed that the 
differencee in thrips predation rates between host plants was significant 
(afterr Bonferroni correction) on undamaged discs (P = 0.001), and on 
damagedd discs without web (P= O.018), but only marginally significant on 
damagedd discs with web (P =0.07). Thus, treatments without web yielded 
significantt differences between predation rates of thrips on host plants of 
differentt quality, while the web blurred this effect in the 'damaged' 
treatment. . 

Too assess whether the level of infestation of the leaves affected 
predationn by thrips, we compared predation on undamaged leaf discs to 
predationn on damaged leaf discs without web, thereby excluding the effect 
off  web on predation. Although the difference was not significant on both 
hostt plants (cucumber: MANOVA , Wilks' 12.63=1.924, P = 0.154, sweet 
pepper:: MANOVA , Wilks' A2,55 = 0.053, P = 0.948, Fig. 2), thrips killed at 
leastt 50% more eggs on infested cucumber than on clean cucumber (Fig. 
2a).. Such a trend was not observed on sweet pepper (Fig. 2b). 

Behaviourall observations 
Thee searching time of thrips larvae on cucumber and on sweet pepper leaf 
discss was not significantly different (Table 1; T-test, 7^9= 1.229, 
PP = 0.275). Encounter rates on leaf discs of the two plant species did not 
differr significantly (Mann-Whitney U-test, P = 0.626 both for spider-mite 
eggss and for predatory-mite eggs). On cucumber, thrips larvae encountered 
eggss of the two species at rates that were not significantly different 
(Wilcoxonn signed rank test, P = 0.624). Thrips larvae tended to encounter 
moree predatory-mite eggs than eggs of spider mites on damaged and 
webbedd sweet pepper (Table 1), although this difference only bordered 
significancee (Wilcoxon signed rank test, P = 0.055). Therefore, differences 
inn predation rates of thrips larvae on damaged and webbed sweet pepper 
mayy be attr ibuted to differences in encounter rates and not to a preference 
forr eggs of one species. The success ratio for eggs of each species was not 
significantlyy different on the two host plants (Mann-Whitney U-test, 
cucumber:: P = 0.397, sweet-pepper: P = 0.887). 

Handlingg times were not affected by the host plant on which the 
interactionn occurred (Table 1; Mann-Whitney U-test, P = 0.832) and the 
handlingg time of spider-mite eggs did not differ significantly from that of 
predatory-mitee eggs on the two host plants (cucumber: Wilcoxon signed 
rankk test, P = 0.273; sweet-pepper: Wilcoxon signed rank test, P = 0.508). 

Thripss larvae punctured less spider-mite eggs than eggs of predatory 
mitess on either of the two host plants, (Table 1; Mann-Whitney U-Test, 
PP < 0.001 for both host plants). They punctured significantly more 
predatory-mitee eggs on cucumber than on sweet pepper (Table 1; Mann-
Whitneyy U-test, P = 0.006). Thus, on sweet pepper, thrips larvae killed 
moree eggs of predatory mites to eat them than on cucumber. 
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3.. Diet choice of omnivores feeding on three trophic levels 

Tablee 1 Foraging traits (mean  SE) of thrips larvae on cucumber and sweet 
pepperr leaf discs, measured during the first hour of some replicates of the 
predationn experiment. Searching time is the time spent walking per hour (in 
minutes);; encounter rate is the number of encounters per unit search time. 
Successs ratio is the number of eggs killed per eggs encountered. Handling time for 
larvaee of predatory mites on sweet pepper = 48.34  3.29 (4 out of the 103 of the 
predatoryy mites eaten and punctured on sweet pepper). 

Hostt plant Cucumber Sweet pepper 

Eggg species spider mite predatory mite spider mite predatory mite 

Searchingg time 12'03"  2'03" 15* 17"  2'50" 

Encounterr rate 5.24  1.93 8.18  3.9 3.12  1.22 8.43  2.55 

Successs ratio 0.15  0.08 0.07  0.06 0.07  0.07 0.05  0.05 

Handlingg time 24'54"  2'27" 14' 12"  2'35" 18' I I "  I '36" 19'21"  I '59" 

%% punctured 0.07  0.06 0.75 1 0.07  0.04 0.39  0.06 

Thee model predicts that total predation by thrips on the two mite 
speciess affects the total number of mites on a plant but not the time to 
eradicationn of the spider-mite populations (Fig. Al) . The effect of the 
relativee predation rate on spider mites vs. predatory mites is more 
pronounced,, since only a slight preference for predatory mites results in 
muchh higher numbers of spider mites and an increase in the time it takes 
too prey eradication (Fig. A2). The effect of the host-plant species on diet 
choicee of the omnivore has strong effects on population dynamics on sweet-
pepper:: the interaction time increases by 25%, resulting in a seven-fold 
increasee in the peak density of spider mites. On cucumber, predation by 
thripss has negligible effects on population dynamics (Fig. A3). See 
Appendixx for further details. 

Discussion n 

Thee effect of the host-plant 
Manyy plant-feeding omnivores consume more prey on host-plants of low 
qualityy than on high-quality host plants (Coll and Izraylevich 1997, 
Agrawall  et al. 1999, Eubanks and Denno 2000, Janssen et al. 2003). 
Thripss larvae consumed more mite eggs on sweet pepper than on 
cucumber,, which is in agreement with earlier experiments (Janssen et al. 
2003).. An alternative explanation for differences in predation rates on the 
twoo host plants is that cucumber leaves have trichomes, which are known 
too reduce predation of mite eggs by thrips (Roda et al. 2000), whereas 
sweett pepper leaves lack these structures. However, if leaf topography 
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mediatess differences in predation rates, then differences in encounter rates 
onn the two host plants are expected as well. Since this was not the case, it 
iss more likely that thrips consume more mite eggs on sweet pepper to 
reducee nutr ient deficiencies arising from low host-plant quality. The 
higherr proportion of eggs killed but not fed upon on cucumber than on 
sweett pepper corroborates this hypothesis. 

Thee effect of the web 
Thee web produced by spider-mite females did not affect predation of 
predatory-mitee eggs by thrips and hampered predation of spider-mite eggs 
onn sweet pepper, but not on cucumber. The structure of the web varies 
withh the structure of the leaf on which it is produced and tends to be 
denserr on tough leaves (Gerson 1985) such as those of sweet pepper plants. 
Onn cucumber, spider-mite females suspend their web from trichomes, 
whichh results in a relatively open three-dimensional web structure. Thrips 
cann therefore more easily move into the web and feed upon mite eggs. In 
contrast,, sweet pepper leaves are glabrous, and web is flat and dense. 
Thripss cannot penetrate this structure and therefore have difficulties to 
reachh the eggs of spider mites. This is not the case with eggs of predatory 
mitess because they are laid on top of the web in sweet pepper leaf discs (S. 
Magalhaes,, pers. obs.). Indeed, thrips encounter more eggs of predatory 
mitess than eggs of spider mites on sweet pepper. Thus, the effect of web on 
predationn by thrips on mite eggs depends on the interaction between web 
andd leaf surface, and on the oviposition habits of each mite species. 

Implicationss for population dynamics 
Underr natural conditions, thrips encounter mite eggs on leaves that are 
damagedd by spider mites and covered with web. We found that thrips 
killedd equal amounts of spider-mite eggs on the two host plants under such 
conditions.. This suggests that host-plant quality does not affect thrips 
predationn on spider mites eggs, which would contrast with previous 
findingss in a system similar to the one under study here (Agrawal et al. 
1999).. However, our experimental set-up differs from that of Agrawal et al. 
(1999)) because we incorporate the web produced by spider mites and its 
possiblee effects on the predation by thrips. On sweet pepper, the increased 
tendencyy of thrips larvae to feed on eggs of spider mites due to low plant 
qualityy is offset by a decrease in their foraging efficiency due to the dense 
web.. Thus, thrips populations wil l probably grow slower on sweet-pepper 
plantss with spider mites than on cucumber with spider mites because (1) 
sweett pepper is a host plant of low quality and (2) spider-mite eggs, which 
cann serve as diet supplement, are more difficul t to reach due to the 
structuree of the web. 

Theree is, however, another, often neglected, effect of omnivores on the 
dynamicss of herbivores: omnivores can also affect the population dynamics 
off  herbivores because they attack the natural enemies of these herbivores. 
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3.. Diet choice of omnivores feeding on three trophic levels 

Inn the system studied here, the interaction between predatory mites and 
spiderr mites is typically unstable and may result either in prey eradication 
orr in overexploitation of the plant (Sabelis and van der Meer 1986, Janssen 
ett al. 1997, Pels and Sabelis 1999). The effect of the omnivore on 
populationn dynamics is strongly affected by the rate of total predation and 
byy the relative predation rate on spider mite eggs and eggs of predatory 
mitess (see Appendix). On damaged and webbed sweet pepper and 
cucumber,, the rates of total predation on mite eggs are quite similar (Fig. 
2a,, b, sum of both middle bars per plant species). However, the diet of the 
thripss on sweet pepper consists for a much larger part of eggs of the 
predatoryy mites than on cucumber, and this does have a large effect on the 
populationn dynamics of the mites (Fig. A3). Even when spider mites are 
eventuallyy eradicated, the time it takes to eradication is strongly affected 
byy the diet of the thrips (Fig. A2). This leads to large differences in plant 
damagee and can therefore affect plant fitness. We have ignored the direct 
damagee of the omnivore on the plant. Probably, thrips wil l tend to feed 
moree on cucumber than on sweet pepper, since cucumber is a host-plant of 
betterr quality. However, we expect this effect to be negligible, compared to 
thee effect of the populations of herbivores, since the growth rates of the 
thripss populations are lower than that of the spider mites (Sabelis 1985, 
vann Rijn et al. 1995). Hence, we expect large differences in local dynamics 
off  predators and prey as a result of host plant quality and other host plant 
effects. . 

Ourr results lead to the prediction that the effects of omnivory on 
dynamicss of herbivores and their predators, on plant damage and plant 
fitnessfitness do not only depend on plant quality and the interaction of 
omnivoress with herbivores, but also on interactions of omnivores with 
predators.. Hence, the effects of diet choice of omnivores on population 
dynamicss should be analyzed within the context of the entire food web 
associatedd with the plant. 
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Appendix x 

Thee local dynamics of spider mites and predatory mites can be described 
adequatelyy with a simple model (Diekmann et al. 1988, Janssen and 
Sabeliss 1992, van Baaien and Sabelis 1995, Pels and Sabelis 1999). The 
dynamicall  properties of this model are qualitatively similar to simulation 
modelss containing detailed biological information such as age structure 
(Sabeliss and van der Meer 1986). The model is based on the assumptions 
thatt (1) the predation rate is within the plateau phase of the functional 
response,, i.e. i t is constant; (2) prey populations grow exponentially in 
absencee of predators; (3) predator populations grow exponentially in 
presencee of prey; (4) populations have no age structure; (5) predators do 
nott disperse until prey are eradicated; (6) climatic conditions are constant. 
Thesee assumptions are all quite realistic for the system studied here 
(Sabeliss and van der Meer 1986, Janssen and Sabelis 1992, Pels and 
Sabeliss 1999). 

Too show the effect of the diet of an omnivore on the dynamics of the two 
mitee species, we include predation by the thrips in the model. However, we 
neglectt the dynamics of the thrips because they have a slower population 
growthh rate than both predator and prey mite species (Sabelis 1985, van 
Rijnn et al. 1995). Predation by thrips can then be modelled by adding an 
extraa mortality term to the equations of both mites. 

Iff  x - the number of prey (spider mites), y - the number of predatory 
mitess (the specialist predator), a = the rate of prey population growth, 
J3=J3= maximum rate of predation by the specialist predator and ;K=the 
growthh rate of the specialist predator population, the local dynamics can be 
describedd as: 
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Thee parameter / / i s a measure for total predation by the population of 
thrips.. We assume that fi is independent of prey density (i.e., the 
functionall  response is in the plateau phase). For this predation, we take 
thee sum of predation on eggs of spider mites and predatory mites on leaf 
tissuee with web and damage (Fig. 2). The parameter 7 is a measure for the 
relativee feeding rate of thrips on eggs of spider mites or of predatory mites 
(Postt et al. 2000). The actual number of eggs of both species eaten depends 
nott only on this relative predation rate, but also on the relative numbers of 
eggss of both species, as expressed in the proportion given in the last term 
off  both differential equations. A relative predation rate (77) of 0.5 results in 
eggss of both mite species being eaten in the same ratio as in which they 
aree present, a higher 77 results in a relative overepresentat ion of spider 
mitee eggs in the diet relative to their presence, while lower r\ result in 
overrepresentationn of eggs of the predatory mite (Venzon et al. 2001). To 
mimiekk predation rates on each host plant, we use the ratio of predation of 
eggss of spider mites to total predation obtained on leaf tissue with web and 
damagee (Fig. 2). The model has a positive equilibrium for both prey and 
specialistt predators, but this equilibrium is unstable (M. Egas, pers. 
comm.). . 

Thee effect of intraguild predation on the population dynamics of the 
mitess has 2 components. First, when the intraguild predator feeds equally 
onn the two mite species (77 = 0.5), the maximum number of prey decreases 
withh stronger intraguild predation (i.e., more intraguild predators 
present).. When spider mites are eradicated by the predatory mites, the 
timee to extinction is unaffected by intraguild predation (Fig. Al) . This is 
becausee this time is determined by the predator/prey ratio and not by the 
totall  numbers of prey and predators (Janssen and Sabelis 1992) and this 
ratioo is unaffected by intraguild predation. The time to eradication of 
spiderr mites and predatory mites is affected, however, when intraguild 
predationn is strong (Fig. Al) . 

Thee second component of intraguild predation that affects the mite 
dynamicss is the relative predation rate of the intraguild predator on either 
off  the two mite species. When thrips kil l more spider mite eggs, the 
maximumm number of spider mites as well as the time to eradication of 
spiderr mites decreases. The opposite trend is seen when thrips prefer eggs 
off  the predator (Fig. A2); the maximum number of spider mites increases 
dramaticallyy with increasing the relative predation rate on predators. 
Increasingg the relative predation rate on predator eggs leads to a decrease 
inn the growth of the predator populations. However, predators are not 
alwayss eradicated (Fig. A2). From the second differential equation, it 

dt dt 

dt dt 
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Figur ee A l Population dynamics of prey (spider mites, black curves) and predators 
(predatoryy mites, grey curves) populations in absence of thr ips (black drawn 
curve)) and in presence of thr ips with different total predation rates (p), with equal 
predationn ra te on eggs of either species (r) = 0.5) (broken lines). Other parameter 
valuess are a = 0.223, fi=  1.788 and y- 0.260 (see Venzon et al. 2001). 
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Figur ee A2 Population dynamics of prey (spider mites, black curves) and predators 
(predatoryy mites, grey curves) populations in absence of thrips (black drawn 
curve)) and in presence of thr ips with different relative predation rates for spider 
mitee eggs or eggs of predatory mites (n) (broken lines). Predation rate of mite eggs 
byy thrips: p. = 4.7 prey/day. Other parameter values are as in Fig. A l . 
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Figur ee A3 Population dynamics of prey (spider mites, black curves) and predators 
(predatoryy mites, grey curves) populations in absence of thrips (black drawn 
curve)) and in presence of thrips on different host plants, cucumber (dashed lines) 
andd sweet pepper (dotted lines). Absolute and relative predation rates by thrips on 
eggss of either of the two species are as measured on both host plants, other 
parameterr values are as in Fig. Al . 

followss that a positive growth of the predator population occurs when 

r> r> ijxijx  + (l-t])y 

Becausee the intraguild predator kill s more predatory mites than spider 
mites,, the population of spider mites increases, resulting in the right-hand 
sidee of the above inequality to become smaller until this inequality holds 
andd the predator population increases. Hence, as long as the omnivores 
feedd on prey as well (n > 0), a small population of predators in a large 
populationn of prey is difficul t to eradicate because the intraguild predator 
encounterss and attacks many more spider mites than predators. 

Finally,, we used the predation values obtained in our experiments to 
comparee the effects of predation by thrips on population dynamics on the 
twoo host plants. When combining the relative and the absolute predation 
ratess of thrips on cucumber and sweet pepper, the following picture 
emerges:: the time to prey eradication on cucumber is slightly longer than 
whenn there would be no intraguild predation, but the maximum number of 
spiderr mites is lower in case of intraguild predation (Fig. A3). On sweet 
pepper,, both the time to prey eradication and the maximum number of 
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preyy is larger than on cucumber or without intraguild predation. Hence, 
thee small differences in absolute and relative predation rate and result in 
largee effects on the dynamics of the mite predators. 
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