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Adaptiv ee Learnin g in Arthropods : 
Spide rr  Mites Learn to Distinguis h 

Foodd Qualit y 

Martijj  n Egas, Derk-Jaap Norde & Maurice W Sabelis 

Submittedd to Behavioral Ecology 

Manyy herbivorous arthropods have been shown to possess learning capa-
bilities,, yet fitness effects of learning are largely unknown. In this paper, 
wee test whether two-spotted spider mites (Tetranychus urticae) learn to 
distinguishh food quality in choice tests, and whether this results in fitness 
benefits.. Food consisted of cucumber plants with one of three degrees of 
feedingg damage: undamaged (no mites), mildly damaged (infested by a 
mitee strain adapted to tomato) and heavily damaged (infested by a mite 
strainn adapted to cucumber). Mites were subjected to one choice test in a 
greenhousee and three sequential choice tests on leaf disks. Thereafter, 
individuall  mite performance was measured as oviposition rate over four 
days.. In the course of the three small-scale choice tests, preference shift-
edd towards less damaged food. The performance tests showed that learn-
ingg was adaptive: mites learned to prefer the food type that yielded the 
higherr oviposition rate. Interestingly, innate preferences in the green-
housee tests were close to those shown after learning in the small-scale 
tests.. Given that both strains of mites had not experienced cucumber for 
severall  years, we hypothesise that the preference in the greenhouse was 
duee to avoidance of mite odours rather than odours of damaged plants. 
Throughh its effect on foraging behavior, adaptive learning may promote 
thee evolution of host plant specialisation in herbivorous arthropods. 
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Introductio n n 

Forr herbivorous arthropods, learning may play an important role in 
selectionn of host plants for feeding and/or oviposition (reviews in Ber-
nayss 1993, 1995a,b; Papaj and Prokopy 1986, 1989; Szentesi and Jermy 
1990).. Two distinct kinds of learning can be identified: non-associative 
andd associative learning. Non-associative learning involves a gradual 
changee in response to a (conditioning) stimulus. The response can either 
wanee (habituation) or increase (sensitization). Both types of learning 
havee been observed in herbivorous arthropods, e.g., habituation of 
SchistocercaSchistocerca gregaria to a feeding deterrent (Szentesi and Bernays 1984) 
andd rejection by Locusta nymphs of unpalatable leaf material at a pro-
gressivelyy earlier stage in food selection with experience (Blaney and 
Simmondss 1985). In associative learning, behaviour is changed due to an 
unconditionedd stimulus which has become associated with a conditioned 
stimulus.. Recently, studies have shown associative learning in several 
speciess of moths and one grasshopper species (Daly and Smith 2000; 
Dalyy etal. 2001; Dukas and Bernays 2000; Fan etal 1997; Hartlieb 1996; 
Hartliebb etal. 1999). 

Fitnesss effects of learning are not well documented (Dukas 1998; 
Maynardd Smith 1987; Papaj and Lewis 1993), and this also holds for her-
bivorouss arthropods (Dukas and Bernays 2000; Papaj and Prokopy 
1989).. Recently, Egas and Sabelis (Chapter 4) reported on the fitness 
effectss of host-preference learning in the two-spotted spider mite 
(Tetranychus(Tetranychus urticaeKoch). Individual mites from two strains were repeat-
edlyy given a choice between two host plants, tomato and cucumber, and 
thenn subjected to a performance test on each. During the three consecu-
tivee choice tests, mites of both strains learned to prefer cucumber over 
tomato.. The performance test showed that cucumber allowed for higher 
oviposition,, higher survival, and faster development than tomato. 

Inn this paper, we test whether the mite strains are also able to distin-
guishh differences in food quality within one host. Specifically, we used 
cucumberr plants with various degrees of feeding damage in tests of pref-
erencee and performance, to investigate whether experience affects food 
choice,, and whether such changes in food choice result in fitness benefits. 
Whenn behaviour changes with experience such that reproductive perfor-
mancee is improved, we refer to this process as adaptive learning (Chapter 
4;; Papaj 1993a; Parmesan et al. 1995). We are not concerned here with 
mechanismss underlying the change in behaviour with experience {e.g., 
associativee learning, sensitization etc.). Hence, throughout this paper we 
usee the term learning in a general sense. 
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Materia ll  and methods 

Mitess and plant material 
Thee two-spotted spider mite Tetranychus urticae is a polyphagous herbi-
voree recorded from over 900 plant species in 478 genera from 124 plant 
familiess (data from Bolland et al 1998) and a well-known pest of many 
cropss (Helle and Sabelis 1985). Mites were collected from tomato 
(Lycopersicon(Lycopersicon esculentum) and cucumber (Cucumis sativa) from two separate 
greenhousess (Gotoh et al 1993), and are further referred to as the 
Tomatoo strain and the Cucumber strain. Both strains were maintained in 
ourr laboratory on bean leaves {Phaseolus vulgaris, a benign host for T. 
urticae)urticae) for more than two years prior to the experiments. To obtain adult 
femaless of equal age for the experiments, egg waves were produced, i.e., 
eggss laid within an hour by many adult females on detached bean leaves, 
placedd on cotton-wool covered sponges. Thirteen days after the egg 
wavess were initiated egg-laying females were collected for the experi-
ments. . 

Cucumberr plants of the cultivar 'Ventura' were grown in the green-
housee under controlled conditions. To obtain cucumber plants with dif-
ferentt degrees of damage, 12 four-week-old plants were each inoculated 
withh 30 adult female spider mites from egg waves of either the Tomato 
strainn or the Cucumber strain, and used for the experiments after three 
weekss of infestation. Because Tomato strain mites have a lower oviposi-
tionn rate and development rate on cucumber than Cucumber strain mites 
(Chapterr 4), cucumber plants with Tomato strain mites were only mild-
lyy damaged (with 620 0 [avg.  se] adult females per plant at the 
timee of the experiments), whereas the plants with Cucumber strain mites 
weree heavily damaged (with 956  152 adult females per plant at the time 
off  the experiments). Six other plants were left undamaged for seven 
weeks.. Hence, we used three types of food: undamaged cucumber plants 
(denotedd C for clean plants), mildly damaged cucumber plants (denoted 
RR for the red Tomato-strain mites) and heavily damaged cucumber plants 
(denotedd G for the green Cucumber-strain mites). For use in the green-
housee release-recapture choice test (see below), the mites were excluded 
fromm the first true leaf with a Tanglefoot© sticky substance barrier 
aroundd the petiole; the same treatment was applied to the clean control 
plants.. The experiments were performed in the greenhouse (greenhouse 
release-recapturee choice test) and in a climate room (multiple-choice 
preference-performancee test), at 23° C, 65% relative humidity, and 16:8 h 
light:darkk period. 
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Greenhous ee release-recaptur e choic e tes t 
Too measure food preference in pairwise comparisons over a long dis-
tance,, we used the set-up as detailed in Pallini etal (1997). Six cucumber 
plantss were arranged in a circle (0 80 cm), in a soil-filled plastic tray. 
Caree was taken to level the soil inside and outside the plant pots. For each 
off  two treatments, three plants were alternated in the circle, so that every 
testt plant had two neighbours of the other treatment The first true leaf 
off  each plant, which was kept clean of mites with a Tanglefoot© barrier 
aroundd the petiole, touched the soil with approximately the same contact 
surfacee and the same distance to the center of the circle. Mites from the 
eggg wave (200 individuals) were starved for one hour in a Petri dish (0 
88 cm) and then released from the Petri dish in the centre of the plant cir-
cle.. As wind speed was too low to allow for wind dispersal, the spider 
mitess could only disperse by walking over the soil. After 24 hours, the 
numberss of mites on the soil-touching leaf of all plants were counted. 
Becausee mites seldom leave a plant in this set-up, let alone arrive at a dif-
ferentt plant within a day (Chapter 7), the numbers of mites found on the 
plantss are not affected by differential arrestment on plants, but are a mea-
suree of the relative long-distance attractiveness of the plants. 

Withh each of the two mite strains, three experiments were performed 
too test all three possible pairwise comparisons of the three plant treat-
ments.. In all six experiments, recaptured mites were collected from the 
plants,, forming two groups according to plant treatment. Mites from 
thesee groups as well as the plants from their choice experiment were 
subsequentlyy used for the small-scale multiple-choice preference-perfor-
mancee test. 

Multiple-choic ee preference-performanc e tes t 
Too measure small-scale food preference of mites, individual choice arenas 
weree made by putting together two leaf disk halves (each of a different 
treatment;; arena 0 1.5 cm), with an insect pin in the center. Mites, web-
bingg and mite excretions were removed from the leaves by brushing off 
andd washing with water (clean leaves were given the same treatment). To 
preventt leaf material from drying out, the arenas were placed on sponges 
coveredd with wet cotton-wool. Adult females were put on top of the pin 
withh a fine brush. Pilot experiments with this set-up showed that the 
mitess readily descend from the pin and inspect both leaf disk halves (by 
walkingg and occasionally probing). Generally, mites settle at one site 
withinn approximately one hour and do not change leaf halves for the next 
244 hours. This is because they invest time and energy in colonising a site 
(Hellee and Sabelis 1985). 
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Inn the choice experiments, adult females were placed on top of the 
pinss and the leaf disk half initially colonised was scored. After 24 hours, 
thee position of the mites was scored again, as well as the number of eggs 
perr leaf disk half. Although in the vast majority of trials eggs were only 
foundd on one disk half, in <10% of the trials both disk halves contained 
eggs,, in which case it was always observed that the mites had switched 
too the other food source since the start of the trial. We defined the choice 
madee by the mites as thee food source, corresponding to the disk half on 
whichh most eggs were found. The individual mites were then transferred 
too a fresh arena for a second and third choice test, and the same records 
weree made. The few females that made no choice on one or more days 
weree excluded from the rest of the experiment, as well as from the analy-
siss of preference. 

Afterr the three choice experiments, the females were transferred to 
leaff  disks (0 1.5 cm) of either type of food experienced in the choice tests. 
Caree was taken to equally distribute females of similar choice history 
overr the two types of food. After four days, the number of eggs was 
countedd to calculate oviposition rate. 

Result s s 

Greenhous ee choic e tes t 
Thee fractions of mites recaptured in the three choice experiments were 
comparablee between the two mite strains (Fig 1). The mites generally 
preferredd the lesser-damaged plants. In choice experiments with clean vs. 
infestedd cucumber plants, the mites tended to avoid plants infested with 
mitess from the same strain relatively more than mites from the other 
strainn did (Fig 1; compare left and right panel for both choice tests with 
aa white bar). On the other hand, in choice experiments with two differ-
entt types of infested cucumber, the mites tended to bias their preferences 
towardss plants infested with mites from the same strain. 

Multiple-choic ee test s 
Inn all six experiments, the small-scale choices of individual females were 
nott different between the two groups of individuals obtained per long-
distancee choice test (G-tests yielded p>0.2 in all cases). In four experi-
ments,, there was no clear preference in the first choice test (Fig 2). The 
Tomatoo strain showed a preference for mildly damaged cucumber (R) 
overr undamaged (C; Fig 2a) and the Cucumber strain initially preferred 
heavilyy damaged cucumber (G) over R (Fig 2c). In all six experiments, 
though,, the fraction of mites on the more damaged type of food decreased 
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Cuee vs Clean Tom vs Clean Cue vs Tom 

Cucumbe rr  strai n 

Cuee vs Clean Tom vs Clean Cue vs Tom 

Tomat oo strai n Choose r r 

Figg 1 Fractions of mites on clean cucumber plants (white bars), cucumber 
infestedd by the Tomato strain (grey bars) or by the Cucumber strain (dark bars) 
inn the three two-choice greenhouse tests for both the Tomato strain and the 
Cucumberr strain. 

overr the choice tests (Fig 2a-c; 3-D contingency table y} test £Zar 1999]: 
Tomatoo strain C vs. G G6=37.0,/><0.001; C vs. R G6=69.9,/><0.001; G vs. 
RR G6=20.5, /xo.005; Cucumber strain C vs. G G6=50.7, /XO.OOI; C vs. R 
G6=34.5,/><0.001;; G VS. R G6=28.9, /KO.OOl). 

Too investigate how feeding experience affected the subsequent choice, 
wee calculated the fraction of mites changing food choice from one test to 
thee next. In both the second and the third choice test between e.g., G and 
C,, this yields a fraction of mites that first preferred G and then C (G-»C), 
andd a fraction of mites that first preferred C and then G (G-»C). 
Comparingg the fractions switching in the third test with those in the sec-
ond,, is only justified if the third choice is independent of the first choice 
(mutuall  independence in a 3-D contingency table; Zar 1999). This 
appearedd to be true for all six experiments (3-D contingency table %2 tests 
yieldedd p>0.1 in all cases; Fig 3 a-f, right-hand panels). 

Forr the Tomato strain in the undamaged vs. heavily damaged (C vs. G) 
tests,, the results of these calculations show that most mites switched to 
undamagedd cucumber after having experienced heavily damaged cucum-
ber,, but hardly any mite switched from undamaged to heavily damaged 
cucumberr (Fig 3a). In the undamaged TO. mildly damaged (C TO. R) tests, 
feww mites switched from undamaged to mildly damaged cucumber, but, 
whenn having experienced mildly damaged cucumber, mites were indif-
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Figg 2 The preferences of mites in the three subsequent choice tests for both 
mitee strains, a-b: Fractions of mites choosing mildly damaged cucumber (dashed 
liness and squares) or heavily damaged cucumber (solid lines and circles) instead 
off  undamaged cucumber; a) Tomato strain, and b) Cucumber strain, c: Fractions 
off  mites choosing heavily damaged cucumber instead of mildly damaged cucum-
berr (dashed line and triangles: Tomato strain; solid line and diamonds: 
Cucumberr strain). 
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Fi gg 3 Fractions of mites switching food type in subsequent choices, a-c: Tomato 
strain,, choosing a) between undamaged cucumber (C) and heavily damaged 
cucumberr (G), b) between C and mildly damaged cucumber (R), and c) between 
GG and R; d-f (overleaf): Cucumber strain, choosing d) between C and G, e) 
betweenn C and R, and f) between G and R. In the left-hand panels, the fractions 
makingg different choices in two subsequent choice tests are shown. White bars: 
mitess switching food type in the second choice test; dark bars: mites switching 
foodd type in the third choice test (e.g. G—»C: first choosing heavily damaged 
cucumber,, then undamaged cucumber; C—>G: vice versa). In the right-hand pan-
els,, the fractions of individuals switching in the third choice test are shown for 
alll  combinations of the previous two choices (e.g., GG—>C is the fraction switch-
ingg to undamaged cucumber after choosing heavily damaged cucumber twice). 
Numberss of individuals are indicated above the bars, above the graph. 
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ferentt in the next choice test (Fig 3b). In tests with the two types of dam-
agedd food, almost all mites switched from heavily damaged to mildly 
damagedd cucumber, but not vice versa (Fig 3c). For the Cucumber strain, 
mitess switched from heavily damaged to undamaged cucumber but not 
fromm undamaged to heavily damaged cucumber (Fig 3d). Mites also 
switchedd from mildly damaged to undamaged cucumber but less so from 
undamagedd to mildly damaged cucumber (Fig 3e), and they were fairly 
indifferentt to mildly damaged vs. heavily damaged cucumber (Fig 3f). 

Performanc e e 
Ovipositionn rate was independent of previous choice history (Kruskal-
Walliss tests yielded p>0.1 in all cases). For Tomato-strain mites (Fig 4a), 
ovipositionn rate was higher on undamaged than on heavily damaged 
cucumberr (ANOVA: 7^17=15.4, /><0.00l), higher on undamaged than on 
mildlyy damaged cucumber (ANOVA: F^s-l^A/><0.00l), but not signifi-
cantlycantly different on mildly damaged and heavily damaged cucumber 
(ANOVA:: Flf26=2.44, ƒ>=().ISO). For Cucumber-strain mites (Fig 4b), 
ovipositionn rate was higher on undamaged than on heavily damaged 
cucumberr (ANOVA: Fit28=8.25,^=0.008), but not significantly different on 
undamagedd and mildly damaged cucumber (ANOVA: F1 J 35= 1.70,/>=0.20l), 
andd on mildly damaged and heavily damaged cucumber (ANOVA: 

^1,38=2.88,, />=0.098). 

Discussio n n 

Inn the greenhouse choice tests, mites tended to avoid the more damaged 
foodd plants, and this effect was stronger when the damaged plants were 
infestedd by conspecifics (Fig 1). However, in the first small-scale choice 
test,, the same mites generally exhibited no preference, or (in two cases) 
preferredd the more damaged (and conspecifically infested) food type. 
Theree are two possible, not mutually exclusive explanations for these dif-
ferences.. First, they could be due to odour sources in the greenhouse test 
thatt were absent in the leaf disk test (e.g., mite odours indicating the pres-
encee of competitors on a plant). Second, they could be due to the differ-
encee in scale. In the greenhouse, mites cannot taste and inspect the food 
untill  they have reached a plant. Hence their choice is based on other cues, 
e.g.,e.g., odours. Moreover, once they have found a plant, mites hardly ever 
decidee to leave that plant again in this set-up (Chapter 7). In the small-
scalee choice test, in contrast, mites can and do inspect and taste both food 
typess before settling on one of them. The differences could not be attrib-
utedd to experience of the food types in the greenhouse test affecting the 
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Figg 4 Average oviposition rates (  1 s.e.) of a) the Tomato strain and b) the 
Cucumberr strain on undamaged cucumber (C; white bars), mildly damaged 
cucumberr (R; light gray bars) or heavily damaged cucumber (G; dark gray bars). 
Numberss of individuals are indicated above the bars, above the graph; n.s.: not 
significant,, **:  p<0.01; ***:  p<0.00l. 

choicee in the small-scale test. First, all leaves for recapture were not 
damagedd (although the food quality could have differed due to systemic 
directt defense of the plant). Second, in all six experiments the small-scale 
choicess of individual females were not dependent on the choice made in 
thee greenhouse test. 

Inn the course of the three small-scale choice tests, preference shifted 
towardss the less damaged food (Fig 2), as manifested by (1) a larger than 
expectedd fraction of mites switching from the more damaged food to the 
lesss damaged food (e.g., from heavily damaged (G) to undamaged cucum-
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berr (C), G ^ C) and (2) a smaller than expected fraction switching from 
thee less damaged food to the more damaged food {e.g., from C to G, C—>G; 
seee Fig 3a,d). This provides compelling evidence for a learned preference, 
wheree mites learn to avoid the more damaged food and to prefer the less 
damagedd food. In the two tests where mites did show a preference in the 
firstt choice test (the Tomato strain in the undamaged vs. mildly damaged 
(CC vs. R) test (Fig 2a) and the Cucumber strain in the mildly vs. heavily 
damagedd (R vs. G) test (Fig 2c)), they preferred the more damaged, con-
specificallyy infested food. In these cases, the switching behaviour showed 
noo clear preference of mites that had experienced the more damaged 
food.. Given that they preferred that food type before, this also led to a 
decreasee in the number of mites on the more damaged food over the 
choicee tests. 

Thee performance results showed that the Tomato-strain mites had 
thee highest oviposition rate on undamaged cucumber and the lowest on 
heavilyy damaged cucumber (Fig 4a). The Cucumber-strain mites had a 
higherr oviposition rate on undamaged and mildly damaged cucumber 
thann on heavily damaged cucumber (Fig 4b). Hence, learning was adap-
tive:: mites learned to prefer the food type that yielded the higher ovipo-
sitionn rate. The mites do not immediately perceive plant quality in the 
small-scalee set-up, but need feeding experience on the plants to adjust 
theirr preference. Such learned responses are by no means self-evident. 
First,, previous tests of adaptive learning in herbivorous arthropods 
yieldedd positive (Chapter 4; Dukas and Bernays 2000) but also negative 
resultss (Parmesan et al. 1995). Second, learning is not the best response 
too every type of variable environment (Stephens 1987, 1993). In this 
study,, we have only measured one fitness component - oviposition rate. 
However,, measurements on other fitness components indicate that juve-
nilee mortality rate of T. urticae is higher on damaged than on undamaged 
cucumberr leaves but offspring development rate is similar (M. Mont-
serrat,, unpublished results). Hence, oviposition rate appears to be a good 
fitnessfitness correlate. 

Interestingly,, innate preferences in the greenhouse tests were close to 
thosee shown after learning in the small-scale tests (compare Fig 1 with 
Figss 2 and S). Hence, in the greenhouse choice test the mites preferred 
thee plant types yielding higher oviposition rate without prior experience 
withh cucumber. This was contrary to our expectation, because Pallini et 
al.al. (1997) reported a weak but consistent preference of T. urticae for 
infestedd cucumber over clean cucumber, using the same set-up with the 
samee cucumber variety and roughly the same damage level but a differ-
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entt mite strain. Both strains of mites we used had not experienced 
cucumberr for several years, unlike the strain of Pallini et al. (1997) which 
wass maintained on cucumber. Moreover, the mites did not prefer undam-
agedd leaf disks over damaged ones in the first small-scale choice test, 
wheree potential odors of damaged and undamaged plants were present 
butt mite odors were not (because mites, webbing and mite excretions 
weree washed away). Therefore, we hypothesise that the preference in the 
greenhousee was due to avoidance of mite odors rather than avoidance of 
damagedd plant odors. Whether T. urticae may also employ switching 
behaviourr from the worse host plant to the better host plant in the 
greenhousee set-up is currently under investigation. 

Th ee scop e fo r learnin g in th e fiel d 
Sincee the experiments with T. urticae reported here and in Chapter 4 
weree performed in the laboratory, one may wonder whether adaptive 
learningg is an ecologically relevant trait. However, there are good rea-
sonss to believe that learning in herbivorous arthropods is favoured by 
selectionn in the field. On the smaller scale within one plant or even one 
leaf,, differences in food quality wil l arise due to the colonising habit of T. 
urticae.urticae. spider mites live under a webbing and local groups gradually 
expandd over the leaf and eventually the whole plant. Mites may then ben-
efitt by learning to find an undamaged part of a leaf or an undamaged leaf 
onn the plant through association of food quality and taste or their inter-
nall  physiological state. On the larger scale between plants, they enter 
novell  environments (plants) while dispersing, unable to assess instantly 
whatt the environment has to offer. Moreover, given their small size rel-
ativee to the plant, they are bound to visit new hosts sequentially, and 
hencee build up experience in the process. Spider mites disperse aerially, 
landd and reach a plant by walking, whereupon they probe its food quali-
tyy and have to decide whether to stay, to move on to a neighbouring 
plant,, or to become airborne again. At this stage, mites experience the 
associationn between plant odours and food quality. Whether T. urticae 
actuallyy can learn associatively, however, is still to be demonstrated 
experimentally. . 

Onn theoretical grounds, the life history of T. urticae and its host plants 
providee almost perfect conditions for the evolution of learning. Stephens 
(1987,, 1991; review in Stephens 1993) has shown that learning is most 
likelyy to evolve in systems with a high level of predictability within the 
lifetimee of individuals (i.e.t generations), and a low between-generation 
predictabilityy (although learning may occur under many other condi-
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tions,, among which near constant between-generation conditions!). For 
spiderr mites, the environment is easily envisaged as predictable within 
generationss and changing between generations due to increased damage 
too the plant and eventually overexploitation. The evolution of learning is 
alsoo promoted in situations where there is a high value of learning [i.e., a 
highh potential of an experience to change behaviour [[Stephens 1989, 
1993 ]̂).. Judged from the probabilities of switching hosts after one day of 
experiencee (Fig 3), the value of learning may be high for T. urticae. This 
makess sense, because females invest time and energy (e.g.y webbing) in 
colonizingg part of a leaf, and are not likely to colonise a new part very 
oftenn in their lifetime. 

Adaptiv ee learnin g and th e evolutio n of hos t specialisatio n 
Givenn that T. urticae is shown to adapt its behaviour to the local envi-
ronmentt during its lifetime, one may ask how this affects local host spe-
cialisation.. It has been proposed that learning may promote the speed of 
adaptation,, guiding evolution (e.g., Hinton and Nowlan 1987; Maynard 
Smithh 1987; see also Robinson and Dukas 1999). This so-called Baldwin 
effectt may, in herbivorous arthropods, facilitate the evolution of host 
plantt specialisation and eventually host race formation (Jaenike and Papaj 
1992).. Moreover, adaptive learning allows foragers to distribute them-
selvess over the resources in a fashion closer to the optimal distribution, 
whichh also favours host specialisation and host race formation (Chapter 
3).. Indeed, specialisation and host race formation are repeatedly observed 
inn the polyphagous spider mite T. urticae (Fry 1992; Gotoh et al. 1993). 
However,, phenotypic plasticity due to adaptive learning may also have 
thee effect of masking fitness differences among individuals. This so-
calledd hiding effect (Papaj 1993b; Mayley 1997) hinders local specialisa-
tionn provided phenotypic plasticity has sufficiently low costs. Thus, 
futuree investigations should elucidate which costs are involved to enable 
adaptivee learning. 
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