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Th ee Spatia l Scal e at whic h Experienc e 
Affect ss th e Foragin g Behaviou r of a 

Herbivorou ss Mit e 

Martijnn Egas & Arne Janssen 

Manuscriptt in preparation 

Recentt laboratory studies have shown that the two-spotted spider mite 
TetranychusTetranychus urticae can learn: its foraging decisions depend on previous 
experiencee with feeding on host plants. However, all these studies were 
performedd on leaf disks in very small arenas. Hence, the mites could eas-
ilyy move from one food source to the other. Since the natural situation is 
nott as inviting for switching host plants, the question arises at which spa-
tiall  scale we can find effects of experience affecting foraging decisions 
andd thereby the distribution of foraging mites over host plants. In this 
paper,, we address this question, using several set-ups with whole plants 
inn soil in a greenhouse at different spatial scales ranging from a circle of 
plantss (80 cm 0) to leaf-to-leaf contact between two plants. Only in the 
latterr set-up mites switched from tomato (the hostile host plant) to 
cucumberr (the good host plant). Hence, on small spatial scales foraging 
decisionss in T. urticae can be affected by accumulating experience with 
feedingg on a host plant, resulting in a skewed distribution of mites 
towardss higher-quality host plants. Theory predicts this fitness-depen-
dentt effect of feeding experience on foraging behaviour to favour the evo-
lutionn of specialisation and host race formation. 
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Introductio n n 

Learning,, generally described as a change in behaviour with experience, 
cann affect natural selection through the fitness of (learning) individuals, 
therebyy 'guiding evolution' (Maynard Smith 1987; Hinton and Nowlan 
1987).. In herbivorous arthropods, this may facilitate the evolution of host 
plantt specialisation and host race formation (Jaenike and Papaj 1992) 
throughh its effect on foraging behaviour (Chapters 2 and 3). Specialisa-
tionn and host race formation are repeatedly observed in herbivorous 
arthropods,, including the two-spotted spider mite Tetranychus urticae 
(Fryy 1992; Gotoh etal. 1993). Also, effects of experience on behaviour are 
almostt always found when looked for in herbivorous arthropods (Papaj 
andd Prokopy 1989; Bernays 1995). However, the fitness consequences of 
learningg are not well-documented (Papaj and Prokopy 1989; Dukas and 
Bernayss 2000), let alone effects of learning on foraging behaviour result-
ingg in a different distribution of foragers over host plants. 

Recently,, Egas and Sabelis (Chapter 4) showed fitness effects of host-
preferencee learning in T. urticae. Individual mites from two host races, 
onee from tomato and another from cucumber (Gotoh et al. 1993), were 
subjectedd three times to a choice test using their host plants, and then to 
aa performance test on each of these hosts. During the three consecutive 
choicee tests, mites of both strains learned to prefer cucumber over toma-
to.. The performance test showed that cucumber allowed for higher 
oviposition,, higher survival, and faster development than tomato. The 
twoo host races were also shown to learn preference for higher food qual-
ityy in one plant species (cucumber), again resulting in fitness benefits 
(Chapterr 5). Moreover, Agrawal et al. (2001) and Magowski et al. 
(Chapterr 6) recently provided evidence of induced preference, as well as 
inducedd performance on tomato plants in various strains of T. urticae. In 
thesee cases, the spider mites achieved induced performance by switching 
onn detoxification mechanisms that enabled them to cope with the toxins 
incurredd from feeding on tomato plants. 

Takenn together, the studies mentioned above clearly show that T. 
urticaeurticae can learn differences between host plants and is able to choose the 
hostt plant that yields higher fitness. However, all these experiments were 
performedd in the laboratory using small-scale set-ups (e.g., 1 cm 0 leaf 
disks)) where the individual mites could easily inspect both food sources 
andd switch from its initial food source to the alternative one. This raises 
thee question at which spatial scale feeding experience affects the forag-
ingg decisions of spider mites. When the host plants are far apart, it may 
bee expected that the small, wingless mites cannot easily move between 
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hostt plants. At some smaller scale, though, mites can learn to choose the 
moree profitable host plant. This would result in a skewed distribution of 
thee mites towards higher-quality host plants. It is this latter effect which 
iss predicted to favour the evolution of specialisation and host race forma-
tionn (Chapters 2 and 3). 

Inn this study, we address the question at which spatial scale experi-
encee with various food types changes the distribution of T. urticae indi-
vidualss over their host plants. We use several set-ups in a greenhouse 
compartmentt with tomato and cucumber plants in a soil-filled tray to 
simulatee natural conditions. Our results indicate that spider mites only 
switchh host plant when the different plant species are in leaf-to-leaf con-
tact,, thereby enabling the mites to move directly from plant to plant 
ratherr than via the soil. At this scale, switching from tomato (the hostile 
hostt plant) to cucumber (the good host plant) occurs readily. 

Materia ll  and methods 

Mitess and plant material 
TetranychusTetranychus urticae is a polyphagous herbivore recorded from over 900 
plantt species in 478 genera from 124 plant families (data from Bolland et 
al.al. 1998) and a well-known pest of many crops (Helle and Sabelis 1985). 
Mitess were collected from cucumber (Cucumis sativa) in a greenhouse 
(Gotohh et al. 1993), and were maintained in a climate room on bean leaves 
(Phaseoluss vulgaris, a benign host for T. urticae) for more than four years 

Figg 1 The set-up of (a) the large-scale release-recapture experiment, and (b) the 
leaf-to-leaff  release-recapture experiment. In (a), mites were released in the cen-
trall  black circle, in (b) they were released on either one of the two touching 
leaves. . 
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priorr to the experiments. To obtain adult females of equal age for the 
experiments,, a group of adult females were allowed to lay eggs for an 
hourr on detached bean leaves, placed on cotton-wool covered sponges. 
Thirteenn days later, these eggs had developed into adults and egg-laying 
femaless were collected for the experiments. The mites were kept in a cli-
matee room at 23° C, 65% RH, and 16:8 h light:dark period. 

Cucumberr plants of the cultivar 'Ventura' were grown in a climate 
room,, whereas tomato plants of the cultivar 'Moneymaker cf9' were 
grownn in the greenhouse under controlled conditions. The experiments 
weree performed in a greenhouse compartment. 

Large-scalee release-recapture test 
Too observe foraging behaviour with host plants spaced out on a relative-
lyy large scale, we used the choice test set-up as detailed in Pallini et al 
(1997).. In a soil-filled plastic tray, three tomato and three cucumber 
plantss were alternately arranged in a circle (0 80 cm; see Fig la), so that 
everyy test plant had two neighbours of the other species. Because wind 
speedd in the greenhouse compartment was too low for passive dispersal 
byy wind, the spider mites could only disperse by walking over the soil. 
Therefore,, care was taken to level the soil inside and outside the plant 
pots.. The first true leaf of each plant touched the soil and was directed 
towardss the centre of the circle. Adult females of equal age (200 indivi-
duals)) were starved for one hour in a Petri dish (0 8 cm) and then 
releasedd from the Petri dish in the centre of the plant circle. At regular 
intervalss during the next four days (three-hour intervals during day-
time),, the numbers of mites on all plants were counted. 

Small-scalee release-recapture test 
Thiss test was used to assess whether mites would leave tomato after 
somee time of building up experience with feeding on this hostile host, to 
searchh for a different host plant. One tomato plant was placed in the mid-
dlee of the soil-filled tray and four cucumber plants were arranged around 
i tt such that they were as close as possible to the tomato plant without 
leaf-to-leaff  contact. This was done to maximise the probability of recap-
turingg mites on the cucumber plants, and resulted in some cucumber 
leavess directly underneath tomato leaves. Adult females of equal age (100 
individuals)) were starved for one hour in a Petri dish (0 8 cm) and then 
placedd (with a paint brush) on the three youngest leaves of the central 
tomatoo plant. At regular intervals during the next three days (three-hour 
intervalss during daytime), the mites on all plants were counted, and 
mitess found on cucumber were removed. 
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Leaf-to-lea ff  release-recaptur e tes t 
Thiss set-up represents the smallest spatial scale tested. It involved three 
replicatee pairs of a tomato and a cucumber plant, placed together in the 
soil-filledd tray such that two leaves, one of each plant, touched each other 
(seee Fig lb). Adult females of equal age (50 individuals) were starved for 
onee hour in a Petri dish (0 8 cm) and then released on the leaf of either 
tomatoo or cucumber that was touching the other plant. Again, at regular 
intervalss during the next four days (three-hour intervals during day-
time),, the mites on both plants in all three replicates were counted. 

Populatio nn ovipositio n rat e 
Inn all experiments, the eggs on each leaf of each host plant were count-
edd to assess the oviposition rates of the populations of mites on both host 
plants.. Linear interpolation between subsequent counts was used to inte-
gratee the number of spider mites over the time of the experiment. This 
integrationn results in a quantity, called 'mite-days', which can be used to 
representt the average number of mites multiplied by the experiment 
time.. The number of eggs divided by the mite-days results in an estimate 
off  the oviposition rate (number of eggs per mite per day) on a host plant. 

Result s s 

Thee large-scale release-recapture experiment, which measures host plant 
choicee and host plant switching of mites over a large spatial scale, was 
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Figg 4 The fractions of the 200 mites retrieved on cucumber (filled symbols, 
connectedd by drawn line) and tomato (open symbols, connected by broken line) 
duringg the large-scale release-recapture experiment. 
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Figg 3 The fractions of the 100 mites that left tomato (open symbols, connected 
byy broken line) or arrived on cucumber (filled symbols, connected by drawn line) 
duringg the small-scale release-recapture experiment. 

performedd twice. The percentage of recaptured mites was between 50 
andd 60 [i.e., + 110 mites recaptured in total). Most mites were retrieved 
onn cucumber plants (see Fig 2 for one replicate; the other replicate gave 
aa very similar result). As can be seen from Fig 2, the fraction of mites on 
bothh plants quickly grew during day 1, and then reached a stable level. 
Sometimess the number of mites fluctuated with one or a few individuals, 
butt at no point were we able to record a positive incidence of mites 
switchingg from tomato to cucumber. 

Thee small-scale release-recapture experiment, used to measure 
whetherr mites would leave the tomato plant after some time of building 
upp feeding experience on this hostile host, was performed once. Of the 
100100 mites on tomato, only a small fraction left the plant during the three 
dayss of observation (Fig 3). Of those mites, only a few arrived on cucum-
berr (Fig 3); most of the six mites on cucumber appeared to have dropped 
fromm a tomato leaf above, rather than walked across the soil. 

Thee leaf-to-leaf release-recapture experiment was aimed at measur-
ingg whether mites walk over to the alternative host plant after building 
upp experience on the initial host. This experiment was performed with 
threee replicates, once with mites released on a tomato leaf, and once with 
mitess released on a cucumber leaf. The three replicates in each test were 
veryy similar, whereas the two types of test gave very different results. 

130 0 



ChapterChapter 7 — Experience Affects Foraging Behaviour 

Whenn mites were released on tomato, they soon started to move to the 
cucumberr plant (Fig 4a); however, after four days more than 20% of the 
mitess were still on tomato. When mites were released on cucumber, 
hardlyy any mite switched to tomato (Fig 4b). The total number on all 
threee tomato plants never exceeded three, and on two occasions a mite 
onn tomato moved back to cucumber. 
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Figg 4 The average fractions (  1 s.e.) of the 50 mites retrieved on tomato (open 
symbols,, connected by broken line) or cucumber (filled symbols, connected by 
drawnn line) during the three replicates of the leaf-to-leaf release-recapture 
experiment,, when mites were (a) released on tomato, and (b) released on cucum-
ber. . 
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Figg 5 Oviposition rates on tomato (open symbols) and cucumber (filled sym-
bols)) versus the average number of mites on a plant. Squares represent data from 
thee large-scale release-recapture experiments, triangles represent data from 
small-scalee release-recapture experiment, and circles represent data from the 
leaf-to-leaff  release-recapture experiment. 

Amongg all experiments, the oviposition rates on cucumber were com-
parable,, as were those on tomato. The only exception were oviposition 
ratess on tomato in the replicates of the leaf-to-leaf release-recapture 
experimentt with mites released on cucumber, resulting in hardly any 
mitess on tomato (Fig 5). Oviposition rate was consistently higher on 
cucumberr (the ranges of oviposition rates on tomato £open symbols] and 
onn cucumber ^closed symbols] do not overlap). Nevertheless, oviposition 
ratee on tomato was quite high (compared to other estimates of oviposi-
tionn rate on tomato; see e.g., Chapter 4), with an average around five eggs 
perr mite per day. 

Discussio n n 

Inn this paper, we addressed the question at which spatial scale experience 
withh food affects the foraging decisions of spider mites. Although the 
resultss of the different experiments are in good agreement, with respect 
too replicates of the same experiment as well as among experiments, they 
aree in need of additional replication. Nevertheless, it is possible to draw 
somee tentative conclusions which are highly relevant in the context of 
thiss thesis. Moreover, the results offer promising perspectives for future 
experimentall  work. 
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Wee only observed significant numbers of mites switching host plants 
whenn these were in leaf-to-leaf contact. This is the smallest spatial scale 
usedd in the current study, yet an order of magnitude larger than the spa-
tiall  scale of leaf disk tests performed in previous studies (Agrawal et at. 
2001;; Chapters 4, 5 and 6). In the large-scale release-recapture experi-
ment,, we have not recorded any instance of a mite moving to an alternate 
hostt plant. In this set-up, almost half of the mites never made it to any of 
thee plants, indicating how dangerous it is for mites to travel over bare 
soil.. Even in the small-scale release-recapture experiment, where the 
alternativee plants were in very close proximity, most mites remained on 
tomato.. Considering the low success rate of arriving at a plant over bare 
soil,, and the reasonably high oviposition rate achieved by mites on toma-
to,, it may not be such a bad decision by mites to stay on tomato. In the 
leaf-to-leaff  release-recapture experiment, however, the alternate plant 
wass easily reached. Concomitantly, we found that most mites switched 
fromm tomato to cucumber, whereas hardly any mite switched from 
cucumberr to tomato (and a number of those actually switched back to 
cucumber!).. This behaviour is adaptive because the mites have lower fit-
nesss on tomato than on cucumber, as is evident from the oviposition rates 
(Figg 5) as well as from development and survival rates reported in Egas 
andd Sabelis (Chapter 4). 

Naturally,, these experiments do not reveal at which spatial scale the 
mitess could possibly switch host plants. Using a host plant of lower qual-
ityy than the tomato plants in this study might trigger the mites to leave 
aa plant without leaf-to-leaf contact with the neighbouring plant. Also, 
thee time-scale of our experiments may be too short to document host 
plantt shifts. However, we do not think this very likely, because the length 
off  our experiments (three to four days) is no small part of the adult life 
spann of a spider mite, and changes in the numbers of mites on the differ-
entt host plants no longer occur after three to four days (see Figs 2 - 4). 
Anotherr pertinent question is how much information the spider mites 
needd to have of the neighbouring plants in order to be able to decide to 
leavee a plant. The large-scale release-recapture experiment shows that 
thee mites are more attracted to odours of cucumber plants than to those 
off  tomato plants - hence, odours are used as information source. 
However,, the mites probably cannot assess the distance of the neigh-
bouringg plant from the odour source (and they certainly cannot see how 
farr away the next plant is), so that they are not able to estimate the trav-
ell  costs or risks involved in a host plant switch. The mites may use a very 
simplee rule to decide whether to stay on a plant or not, based only on the 
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qualityy of the current food source and the absence or presence of alter-
nativess in the direct neighbourhood. They may assess food quality 
throughh e.g., physiological signals or oviposition rate. If the food quality 
iss below a certain threshold value they start to explore the local neigh-
bourhoodd for alternative food sources. When these alternatives are not 
availablee and the food quality is not too low, the mites may decide to stay 
onn the plant. However, there must be some unacceptably low level of food 
qualityy that drives a spider mite to leave the plant. 

Notwithstandingg the open questions, we can conclude that adult 
femaless of Tetranychus urticae can and do use feeding experience on the 
hostt plant for foraging decisions. This becomes evident when they are on 
aa hostile host plant (in this study, tomato) and when in addition another 
hostt plant (in this study, cucumber, a good host plant) is in close enough 
contact.. In our experiments with leaf-to-leaf contact the effect of accu-
mulatingg experience on foraging behaviour led to an increased number 
off  mites on the host plant that yields higher fitness. Theoretical studies 
predictt that this kind of foraging behaviour promotes the evolution of 
specialisationn and host race formation (Chapters 2 and 3). 

Acknowledgement s s 

Wee thank Maurice Sabelis & Steph Menken for comments on the manu-
script. . 

Reference s s 
Agrawal ,, A.A. , F. Vala, and M.W. Sabelis (2001). inductio n of preferenc e and performanc e 

afterr  acclimatio n to nove l host s in a phytophagou s spide r mite . American  Naturalist  (in 
press) . . 

Bernays ,, E A (1995). Effect s of experienc e on host-plan t selection . In: Chemical  ecology  of 
insectsinsects  2 (eds. Cardé, R.T., and W.J. Bell) . New York : Chapman & Hall ; 47-64. 

Bolland ,, H.R., J. Gutierrez , and C.H.W. Flechtman n (1998). World  catalogue  of  the spider 
mitemite  family.  Leiden , (The Netherlands) : Brill . 

Dukas ,, R., and E.A. Bernay s (2000). Learnin g improve s growt h rate in grasshoppers . 
ProceedingsProceedings  of  the National  Academy  of  Sciences  USA 97: 2637-2640. 

Fry,, J. (1992). On the maintenanc e of geneti c variatio n by disruptiv e selectio n among 
host ss in a phytophagou s mite . Evolution  46: 279-283. 

Gotoh ,, T., J. Bruin , M.W. Sabelis , and S.B.J. Menken (1993). Host race formatio n in 
TetranychusTetranychus  urticae:  geneti c differentiation , hos t plan t preferenc e and mate choic e in a 
tomat oo and a cucumbe r strain . Entomologia  Experimentalis  et Applicata  68: 171-178. 

Helle ,, W , and M.W. Sabelis (1985). Spider  mites:  their  biology,  natural  enemies  and control. 
Vol.Vol.  I A. Amsterdam : Elsevie r Scienc e Publishers . 

Hinton ,, G.E., and S.J. Nowla n (1987). How learnin g can guid e evolution . Complex  Systems 
1:495-502. . 

Jaenike ,, J., and D.R. Papaj (1992). Behaviora l plasticit y and pattern s of hos t use by insects . 
In::  Insect  Chemical  Ecology  (eds. Roitberg , B.D., and M.B. Isman) London : Chapman & 
Hall ;;  245-264. 

134 4 



ChapterChapter 7 — Experience Affects Foraging Behaviour 

Maynardd Smith , J. (1987). When learnin g guide s evolution . Nature  329: 761-762. 
Papaj,, D.R., and R.J. Prokop y (1989). Ecologica l and evolutionar y aspect s of learnin g in 

phytophagou ss insects . Annual  Review  of  Entomology  34: 315-350. 

135 5 




