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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? 
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Predator-pre yy dynamic s in omnipresenc e of 
aa refug e 

Saraa Magalhaes, Paul C. J. van Rijn, Marta Montserrat, 
Angeloo Pallini, Maurice W. Sabelis and Arne Janssen 

Unpublishedd manuscript 

Predator-preyy models predict that the availability of refuges for prey 
resultss in higher prey densities, provided the cost of using the refuge 
iss sufficiently low. However, experimental evidence to corroborate 
thesee predictions is still scarce, especially in terrestr ial systems. As a 
firstfirst step,we analysed how a refuge present throughout the plant 
surfacee affects the population dynamics of thr ips and that of 
NeoseiulusNeoseiulus cucumeris, a predatory mite that feeds on thr ips larvae. 
Thee refuge consists of the web produced by another herbivore, the 
two-spottedd spider mite, and this web hampers accessibility and 
mobilityy of the predatory mites to a greater extent than that of the 
thrips.. Thrips larvae therefore use the web as a refuge from 
predation.. However, using this refuge entails a cost for thrips, 
becausee they compete with spider mites for food, which reduces their 
developmentt rate. Nonetheless, we found that when predatory mites 
weree present, thr ips populations reached higher numbers on plants 
uniformlyy covered with web than on plants without web. We 
simulatedd population dynamics of thr ips and predators with a system-
specificc stage-structured predator-prey model and found that 
incorporatingg costs and benefits of refuge use - respectively by 
decreasingg developmental rate and by decreasing the predation rate -
sufficedd to predict the prey dynamics in this system. Thus, although 
thripss pay a cost by moving inside the web produced by competing 
herbivores,, they still profit from doing so. Our results support the 
hypothesiss that costs and benefits of refuge use affect population 
dynamicss and highlight the need for extending these experiments by 
varyingg predation risk and refuge availability. 

P r e d a t o rss affect p rey popu la t ions by k i l l in g p rey ind iv idua ls, b ut also by 

modifyingg prey behav iour (L ima 1998, W e r n er a nd Peacor 2003). P r ey m ay 
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PartPart III- Effects of antipredator behaviour on population dynamics 

tryy to avoid being eaten either by defence or by escape. In the latter case 
theyy may also decide to move into a refuge where predation risk is reduced 
(Pallinii  et al. 1998, Venzon et al. 2000, Magalhaes et al. 2002, Persson and 
dee Roos 2003). Theoretical studies have shown a variety of effects of 
refugess on the stability of populations of predator and prey. For example, 
stabilityy depends on whether a fixed proportion of the prey population is 
protectedd or a fixed number (Crawley 1992), on whether the refuge gives 
guaranteedd protection against predators or variable depending on predator 
densityy (absolute vs. partial refuges), on whether the prey can reproduce 
insidee the refuge or not and on whether prey reproduction and mortality in 
thee refuge is density dependent (McNair 1986, Krivan 1997, 1998). When 
preyy and predator distribute themselves over patches of different quality, 
roomm for stable equilibria decreases (van Baaien and Sabelis 1993), but 
persistencee is increased (van Baaien and Sabelis 1999). These predictions 
onn the long term effects of refuges on predator and prey populations have 
beenn tested in aquatic systems (Persson 1993, Eklöv and Persson 1995, 
Caleyy and StJohn 1996, Rangeley and Kramer 1998), yet rarely in 
terrestriall  ones (Murdoch et al. 1996, Schmitz et al. 1997). 

I tt is not obvious that prey populations with access to a refuge reach 
higherr numbers than in absence of a refuge because prey often pay a cost 
byy moving into a refuge. Indeed, refuges are usually less profitable in 
termss of food quality and availability, resulting in a lower growth rate of 
preyy inside refuges (Eklöv and Persson 1995, Pallini et al. 1998, Martin et 
al.. 2003). Therefore, the effect of a refuge on long-term dynamics of 
predatorr and prey may well depend on the costs and benefits of refuge use 
forr the prey. For example, optimal refuge use by prey can destabilise 
equilibria,, yet promote persistence by way of reduced population 
oscilationss (Krivan 1998, van Baaien and Sabelis 1999). However, this 
hypothesiss does not easily translate into an experiment because population 
dynamicall  consequences of refuges strongly depend on the spatial and 
temporall  scale under consideration. Arthropods frequently exhibit a 
metapopulationn structure and in many cases their local populations do not 
persist.. In this article, we focus on the question how refuges affect 
transient,, local populations of arthropods, expecting that this information 
cann later be used for predicting and testing at larger scales. 

Experimentall  analysis of the effect of refuges on population dynamics 
hass several other pitfalls. One may impede predators from feeding on the 
prey,, thereby separating the effect of predators on prey mortality and on 
preyy behaviour. However, manipulating predator lethality may 
inadvertentlyy change prey behaviour, since prey may learn that predators 
aree not dangerous and thus refrain from avoiding them, or they face more 
hungryy and attack-prone predators, which trigger more antipredator 
behaviourr than predators that are not impeded. Therefore, prey may use 
thee refuge less (or more) when predators are impeded than when they are 
nott manipulated, which modifies the costs and benefits of refuge use. In 
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9.. Predator-prey dynamics in omnipresence of a refuge 

ourr system, we were able to avoid this problem by manipulating the 
benefitss of the refuge (increased protection) independently from the costs 
(reducedd resource level). 

Inn this article, we test how the presence of a refuge affects the 
populationn dynamics of Western Flower Thrips {Frankliniella occidentalis) 
andd of its predator, the phytoseiid mite Neoseiulus cucumeris. The 
predatoryy mite is used as a biocontrol agent of thrips in greenhouses 
(Gillespiee 1989). The refuge used by thrips consists of the dense silken web 
thatt is produced by two-spotted spider mites, a herbivore species that often 
co-occurss with thrips (Trichilo and Leigh 1986, Wilson et al. 1996). This 
webb protects spider mites (Sabelis 1981, Gerson 1985, Sabelis and Bakker 
1992)) as well as thrips larvae (Pallini et al. 1998) from predation. Thrips 
larvaee move inside the spider-mite web when exposed to odours of their 
predatorss and prefer unwebbed areas otherwise (Pallini et al. 1998, 
Venzonn et al. 2000). They pay a cost by moving into the web, since they 
competee with spider mites for food. Consequently, the developmental time 
off  thrips larvae is longer on webbed leaf areas than on unwebbed areas, 
resultingg in reduced growth rate of thrips populations inside the web 
(Pallinii  et al. 1998). Since only young thrips larvae (LI stage) are prey of 
N.N. cucumeris (van der Hoeven and van Rijn 1990), a longer developmental 
timee also implies a higher vulnerability to predation. Therefore, thrips do 
nott necessarily benefit from utilizing the refuge. We followed the 
populationss of thrips and of N. cucumeris on cucumber plants that were 
damagedd by spider mites, with either the web present or removed. Spider 
mitess were absent from all plants, allowing for a precise estimation of the 
effectss of costs and benefits associated with refuge use on the population 
dynamicss of thrips and their predators. Next, we analysed the population 
dataa by using a stage-structured predator-prey model with parameters 
tunedd to the species under consideration and extended to include separate 
termss for costs and benefits of refuge use. This model yields good 
predictionss of the dynamics on plants without spider-mite damage nor web 
(Fig.. 1, van Rijn et al. 2002). We tested whether incorporating costs 
(reducedd developmental rate) and benefits (reduced mortality from 
predation)) of refuge use was sufficient to yield good predictions on the 
populationn dynamics in this system. 

Materialss and Methods 

Al ll  species were cultured as described in Pallini et al. (1998). The 
experimentt was conducted in a greenhouse compartment ( 9 x6 m) and 
replicatedd in two consecutive years (2002: 24°C and approximately 70% 
RH,, 2003: 21°C and approximately 70% RH). Six three-week-old cucumber 
plantss (with three or four leaves) were put inside three cages of 80 x 80 cm 
andd 1 meter high (two plants per cage). Cages were made of mite-proof 
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PartPart III - Effects of antipredator behaviour on population dynamics 

gauze,, except for the wooden bottom and the Plexiglass door, which was 
closedd with strips of magnetic tape. 

Forr the creation of the refuge, we released 400 spider mites on each 
plant.. Four days later, the plants were totally covered by the web produced 
byy spider mites and they were damaged due to feeding by this herbivore. 
Too eradicate the spider-mite populations, we released 150 females of 
PhytoseiulusPhytoseiulus persimilis on each plant. This mite species is a specialist 
predatorr of spider mites and leaves the web intact while foraging (Sabelis 
1981).. After 8 to 14 days, neither spider mites nor predatory mites were 
foundd alive on the plants. Then, we removed the web from half of the 
plantss (one plant from each cage) by brushing all leaves and stems with a 
make-upp brush. In this way, we obtained plants with the same degree of 
leaff  damage inflicted by spider mites, but differing in the presence or 
absencee of web. Subsequently, we placed each plant in a separate cage. Per 
plant,, we introduced 20 adult female thrips and, four days later, 30 N. 
cucumeriscucumeris adult females. The total number of juvenile and adult thrips and 
thee number of adult N. cucumeris females on each plant were recorded 
twicee a week. We removed the apices of all plants to avoid the development 
off  new leaves because these leaves would then be undamaged and without 
web.. The experiments were terminated 25 days after thrips release 
(encompassingg two generations of thrips). After the final in situ counting, 
thee leaves and tip of each plant were cut and the number of thrips 
(females,, males, young and old larvae) and the number of predatory mites 
(adultss and juveniles) was counted under a stereoscope (destructive 
sampling).. The number of thrips adults and larvae counted in the 
destructivee sampling and those counted by in situ visual counting did not 
differr much, indicating that our visual method yielded a reliable estimate 
off  thrips densities. However, the number of predators counted in the 
destructivee sampling was considerably higher than that obtained by visual 
counting.. This is probably because N. cucumeris were difficul t to detect 
withh a naked eye on damaged plants. Therefore, we present data 
concerningg the population dynamics of thrips adults and larvae, but not 
thosee of N. cucumeris, of which we present the data of the destructive 
samplingg only. 

Too assess whether the presence of web affected population dynamics, we 
analysedd data of each year with a linear mixed model using the computer 
programmee R (Ihaka and Gentleman 1996). The main factors of the model 
weree the presence of web and the sampling day. Because populations on 
eachh plant were probably correlated among sampling events (days), we 
introducedd an autocorrelation term in the model. Since plants were grown 
inn cages in pairs prior to the release of thrips and predators (with each pair 
havingg one plant of each treatment), we introduced a random effect of day 
byy cage. Data were analysed with an ANOVA on the model. For the data 
fromm the destructive sampling, we compared the two treatments using the 
Wilcoxonn signed rank test in SPSS (Field 2000). 
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Next,, we constructed a model based on that of van Rijn et al. (2002), 
wheree prey populations were structured into 5 age classes (eggs, 
vulnerablee larvae, invulnerable larvae, (pre)pupae and adults) and 
predatorss were structured into three age classes (eggs, juveniles and 
adults).. Parameter values are shown in Table 1. We did three sets of 
simulations:: no refuge (mimicking clean plants), costs of refuge only 
(mimickingg damaged plants without web) and costs and benefits of refuge 
usee (mimicking damaged plants with web). We incorporated the cost of 
refugee use by lowering the developmental time and the benefit by reducing 
predationn on vulnerable thrips larvae, using the data obtained by Pallini et 
al.. (1998). Because predators foraging in the web capture less prey, their 
developmentall  and reproductive rates are also reduced inside this refuge. 
Initiall  densities in the model were taken from the experiments. Data of 
populationn dynamics on clean plants were obtained from an independent 
experimentt (P. C. J. van Rijn, unpubl. res.) and were used to validate the 
modell  and as a control for our experiment (Fig. 1). 

Results s 

Moree thrips larvae were found on plants with web than on plants without 
webb (filled circles in Fig.2, first experiment: Fi = 24.55, P < 0.0001; second: 
Fii  = 9.28, P = 0.0048), and this difference increased with time (Fig. 2), 
resultingg in significant web*time interactions in both experiments (first 
experiment:: FT = 3.23, P = 0.0113; second: FT = 4.72, P = 0.0011). In the 
firstt replicate, differences in the number of thrips larvae increased steeply 
fromm day 18 onwards. In the second replicate, densities of thrips larvae 
exhibitedd a small peek around day 11 and increased steeply from day 21 
onwardss in plants with web, whereas densities in plants without web 
remainedd low. The number of adult thrips also differed between plants 
withh web and plants without web in the two experiments (first experiment: 
Fii  = 15.27, P = 0.0005, second: Fi = 5.96, P = 0.0207) and this difference 
changedd significantly with time (first experiment: FT = 2.37, P = 0.0474, 
second:: FT = 10.32, P < 0.0001). The difference between the numbers of 
adultt thrips in the two treatments became more conspicuous from day 15 
andd from day 18 onwards in the first and second replicate respectively. The 
differencess in population size between replicates may be due to differences 
inn age and establishment of introduced thrips and mites, to differences in 
abioticc conditions in the greenhouse, and/or to differences between plants 
culturedd in different years. 

Thee destructive sampling confirmed the results of the non-destructive 
samples;; more thrips females and juveniles were found on plants with web 
thann on plants without web (juveniles on plants with web: 216.3  41.2, on 
plantss w/o web: 53.3  15.5, Wilcoxon signed-rank test Z = -2.2, P = 0.028; 
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Tablee 1 Parameter values for the predator-prey stage-structured model at 25°C. 
Inn the simulations, parameters were corrected for the temperature occurring in 
thee greenhouse (24°C in 2002, 21°C in 2003). Data on the life-history trai ts of 
thripss were obtained from van Rijn et al. (1995). Data on the predator trai ts and 
onn the cost inflicted by spider-mite damage on thrips were obtained from Pallini et 
al.. (1998). The prey consumed in the functional response were vulnerable thrips 
larvae.. In the model, we used a type II functional response and a density-
dependentt growth of the thrips population. See van Rijn et al. (2002) for further 
details. . 

Parameter r Value e 

biologybiology of thrips 

Developmentall time eggs 

Developmentall time vulnerable larvae3 

Developmentall time invulnerable larvaeb 

Developmentall time pre(pupae) + pre-oviposition 
period d 

Instantaneouss decline in adult net reproductive rate 

Nett reproduction 

2.66 days 

2.33 days 

3.88 days 

5.55 days 

0.144 day' 

2.55 adultr'.day-' 

functionalfunctional response 

Maximumm predation ratec 

Relativee consumption of juvenile predators, relative 
too adults 

Preyy density at which predation is half its maximum 

66 prey.adultr'.day-1 

0.255 (ratio) 

1.55 prey.drrr2 

BiologyBiology of N. cucumeris 

Developmentall rate of eggs and larvae 

Developmentall rate of nymphsd 

Maintenancee costs (relative to total maintenance and 
reproduction) ) 

Maximumm rate of reproduction6 

Preyy density at which net reproduction is half its 
maximum m 
Maximumm adult mortality rate 

Minimumm adult mortality rate 

Preyy density at which adult mortality is half its 
maximum m 

0.333 day-1 

0.22 day-1 

0.22 (ratio) 

1.855 offspring.adultr'.day-' 

II  prey.drrr2 

0.22 adults.day-' 

0.055 adults.day-1 

0.088 prey.drrr2 

33 On damaged plants 
bb On damaged plants 
cc On webbed plants 
dd On webbed plants 
ee On webbed plants 

3.11 days 
5.11 days 
3.11 prey.adultr'.day-' 
0.11 day-' 
0.955 offspring.adultr'.day-' 
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00 10 20 30 40 50 60 70 

time e 

Figuree 1 Model simulations and experimental data of population dynamics of 
thripss adults and juveniles on undamaged plants without web. Experimental data 
weree obtained from an independent experiment (P. C. J. van Rijn, unpubl.). Model 
simulationss are indicated by lines (thick lines: adult thrips, thin lines: thrips 
larvae),, experimental data are depicted by symbols (squares: adult thrips, circles: 
thripss larvae). Given are the densities of thrips per dm2. 

adultss on plants with web: 26.7  6.2, on plants without web: 13.5  3.7, 
Wilcoxonn signed rank test, Z = -1.99, P = 0.046). Very few Ll-larvae were 
foundd on all plants. Although there were a few more on plants with web, 
thiss difference was not significant (1.5  0.6 on plants with web vs. 
0.22  0.2 on plants without web, Wilcoxon signed rank test, Z = -1.63, 
PP = 0.1). Few predators were found, both on plants with web and on plants 
withoutt web. The presence of web had no effect on the final size of the 
predatorr populations (Wilcoxon signed rank test, Z = 0, P = 1). 

Modell  simulations fitted well with the data of predator-prey dynamics 
onn clean plants (Fig. 1). By incorporating a reduction in thrips 
developmentall  rate on damaged plants (Table 1), we obtained a good 
descriptionn of the population dynamics on damaged plants without web 
(Figss 2a and 2c). The additional incorporation of a reduction in the 
predationn rate of N. cucumeris in the model yielded an accurate description 
off  the dynamics of prey populations on damaged plants with web (Figs 2b 
andd 2d). The model predicted a final number of predators (adults + 
juveniles)) of 9.1 on plants without web and of 14. 9 in plants with web in 
2002,, whereas we found in the destructive sampling 2.3  0.33 and 
6.33  0.6, respectively. For 2003, the model predicted 18.6 predators on 
plantss without web and 8.1 on plants with web, while we found 13  8.5 
andd 10  5.6, respectively. Although model values and experimental data 
doo not match quantitatively, they do match qualitatively, since (1) few pre-
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9.. Predator-prey dynamics in omnipresence of a refuge 

Figuree 2 a-d Model simulations and experimental data on the population 
dynamicss of thrips adults and larvae, (a) and (c): plants without web; (b) and (d): 
plantss with web. (a) and (b): March 2002; (c) and (d); March 2003. Solid lines 
correspondd to model simulations (thick lines: adult thrips, thin lines: thrips 
larvae),, experimental data are depicted by symbols (squares: adult thrips, circles: 
thripss larvae). Given are the densities of thrips per dm2. Vertical bars correspond 
too standard errors of the mean. Note the difference in scales. 

datorss found back on all plants, (2) small differences between the two types 
off  plants and (3) more predators on plants with web than on plants 
withoutt web in 2002 and the reverse in 2003. 

Whenn we took initial conditions equal for all plant types (clean plants, 
plantss with damage only and plants with damage and web), model 
simulationss yielded much lower numbers of thrips juveniles on clean 
plantss than on webbed plants, and roughly the same number on clean 
plantss as on damaged plants without web (Fig. 3a). This suggests that the 
costt that thrips pay for being in the refuge is lower than the benefit they 
gain.. However, thrips populations on damaged plants grew slower, 
reflectingg the slower developmental rate on those plants. Thus, thrips on 
cleann plants had an advantage over thrips on damaged plants. Model 
simulationss on the populations of predators confirmed that predators 
reachedd similar numbers at the end of the experimental period, although 
thee dynamics differed, with the population of predators growing slower on 
plantss with web (Fig. 3b). 
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F i g u ree 3 a-b Model simulations of population dynamics of thr ips adults (solid 
lines)) and juveniles (dashed lines) (a) and of predatory mites (b) on undamaged 
andd unwebbed plants (black lines), on damaged and unwebbed plants (dark grey) 
andd on damaged and webbed plants (light grey), with equal initial conditions, 
takenn from webbed plant in 2003. 
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Discussion n 

Whenn thrips use the web produced by their competitors, two-spotted spider 
mites,, as a refuge from their predator, their populations reach higher 
numberss than in absence of web. This difference is due to a reduction in 
thee predation rate of N. cucumeris inside the web (Pallini et al. 1998). 
Differencess in the numbers of adult thrips on plants with or without web 
increasedd from days 15-18 onwards in the two replicates. This period of 
delayy roughly approximates the generation time of thrips (van Rijn et al. 
1995),, suggesting that the effect of the web on the adult population is a 
consequencee of the reduced predation on young thrips ca. two weeks 
earlier.. Thus, on plants where thrips had access to a refuge from 
predation,, thrips populations (larvae and adults) reached higher numbers 
thann on plants with no refuge. The abundance of predators of thrips (N. 
cucumeris)cucumeris) was not affected by the presence of web. We hypothesize that 
predatorss are similarly limited by food in both treatments albeit due to 
differentt causes. On plants with web, most of the vulnerable prey are 
unavailablee to predators due to the protection conferred by the web. In 
absencee of web, a higher proportion of prey is available but their density is 
lower.. Since N. cucumeris feed on a small subset of the juvenile population 
(youngg instars only), it is likely that prey populations in both treatments 
weree below the level at which they allow for a positive growth rate of the 
predatorr population. Our model simulation yielded good fits with the data, 
indicatingg that costs and benefits of refuge use in this system are well 
mimickedd by a reduction in developmental rate and in predation rate, 
respectively. . 

Thee aim of this experiment was to show how the presence of a prey 
refugee affected the population dynamics of predator and prey. Therefore, 
wee manipulated plants such that the two treatments differed in the 
presencee of the refuge only. However, under realistic conditions, other 
factorss are likely to affect population dynamics of thrips and their 
predators.. Indeed, plants with web normally harbour spider mites, which 
competee for food with thrips (Pallini et al. 1998) but thrips also 
supplementt their diet by feeding on eggs of the spider mites (Trichilo and 
Leighh 1986, Agrawal et al. 1999, Chapter 3). However, this diet 
supplementt does not compensate for the reduced leaf quality due to 
feedingg by spider mites, since thrips have a longer juvenile developmental 
timee on cucumber leaf discs with spider-mite damage, web and eggs than 
onn undamaged leaf discs (Pallini et al. 1998). When exposed to odours of N. 
cucumeris,cucumeris, thrips prefer webbed and infested leaf areas to clean areas 
(Pallinii  et al. 1998). This suggests that, in presence of predators, thrips 
havee a higher fitness on spider-mite infested and webbed plants than on 
cleann plants. Indeed, on webbed plants, populations of adult thrips reach 
higherr numbers than on clean plants, at least during our experimental 
periodd (cf. Fig. 3a). This higher growth rate on spider-mite infested plants 
wil ll  ultimately lead to more thrips reaching the stage where they can 
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dispersee (adult phase). Thus, using productivity of dispersers as a stand-in 
fitnesss measure in a metapopulation setting (Metz and Gyllenberg 2001), 
thripss seeking refuge in the webs of spider mites are likely to experience a 
fitnesss advantage at a large spatial scale where their populations have a 
metapopulationn structure. 

Wee have shown that providing prey with a (partial) refuge from 
predationn leads to an increase in prey densities within a single plant. 
Whetherr this contributes to the persistence of the predator-prey 
interactionn is still an open question (McNair 1986, Murdoch et al. 1996). In 
ourr system, the refuge has dynamics of its own, since it is built by spider 
mites.. We have excluded dynamical changes in the amount of refuge space 
byy having spider mites removed by predatory mites and by preventing 
plantss from producing new leaves. To study the effect of a refuge on 
persistencee in the system studied here, variables such as the dynamics of 
plantss and of spider-mite colonies need to be incorporated. In our 
experimentall  set-up, thrips were on plants either on plants with web or on 
plantss without web, but they were not given the choice between these 
typess of plants. This is important because theoretical models of ideal and 
freee populations predict limi t cycles when only predators exhibit flexible 
behaviourr and prey strategies are fixed, and no limi t cycles but lower 
amplitudee of fluctuations and wider conditions for persistence when both 
predatorr and prey behaviour is flexible and evolutionary stable (Krivan 
1997,, van Baaien and Sabelis 1999). Whether thrips wil l have a choice 
betweenn plants with or without web under natural conditions wil l depend 
onn the relative growth rate of spider-mite colonies and of thrips 
populationss and on the mobility of thrips larvae. Moreover, populations of 
thripss and their predators, as most populations of plant-inhabiting 
arthropods,, are likely to be structured as a metapopulation. This spatial 
patternn is expected to affect the persistence of the system and should 
thereforee be incorporated in any long-term study addressing persistence. 
However,, to interpret the results of more complex studies, we need to 
understandd which factors are important at a local scale. Results from this 
studyy highlight the importance of taking antipredator behaviour such as 
refugee use into account when studying local population dynamics. 
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