
1Scientific REPOrTS | 7: 16934  | DOI:10.1038/s41598-017-17231-2

www.nature.com/scientificreports

Diet breadth modulates preference 
- performance relationships in a 
phytophagous insect community
Maud Charlery de la Masselière1,2, Benoît Facon3, Abir Hafsi4 & Pierre-François Duyck1

In most phytophagous insects, larvae are less mobile than adults and their fitness depends on the plant 
chosen by their mother. To maximize fitness, adult preference and larval performance should thus be 
correlated. This correlation is not always apparent and seems to increase with the level of specialisation, 
i.e. specialists have a stronger preference for high quality host plant species compared to generalists. 
The aim of this study was to test whether the relationship between female preference and larval 
performance was stronger for specialists than for generalists within a community of fruit flies (Diptera: 
Tephritidae). A total of six fruit fly species was used, including four generalists, and two specialists co-
existing in La Reunion island (France). We estimated oviposition preference through the number of eggs 
laid and larval performance through the larval survival on 29 different host plants species belonging 
to 15 families in the laboratory and evaluated the relationship between these two traits. Preference-
performance relationship differed according to the degree of specialisation with a strong positive 
correlation for specialists and no relationship for generalists. These results substantiate the theory that 
choosing high quality hosts is more important for specialists that are adapted to survive on fewer host 
plants than for generalists.

Phytophagous insects comprise a substantial proportion of all described macro-organisms on earth with around 
five million described species1. Most phytophagous species are specialised on only a few plant species for feeding 
during development, while others can feed and develop on a multitude of host plants. In order to make better pre-
dictions of plant-insect interactions in new environments, it is crucial to evaluate differences between specialists 
and generalists in their feeding strategies by studying both adult preference (i.e. the non-random choice of hosts 
for oviposition2,3) and larval performance (i.e. the capacity of larvae to develop and survive on the host)2–8. In 
most phytophagous insects, larvae are less mobile than adults; hence the success of larval development depends 
on the quality of the plant chosen by the adult2. By choosing among resources that differ in nutritional quality for 
larvae, adult oviposition behaviour is expected to be under strong selection to maximize fitness of the offspring3. 
Responses to such selection pressures are expected to lead to a positive correlation between behavioural traits 
involved in adult preference and physiological traits involved in larval performance, also known as the “mother 
knows best hypothesis”2,4,9.

Whereas some studies on phytophagous insects show a clear positive relationship between adult preference 
and larval performance10–13, others do not14–16. A meta-analysis suggested that the mismatch between preference 
and performance traits could be due to different degrees of specialisation4. Specialists (i.e. species feeding on 
plants belonging to a single family) tend to show a stronger relationship between female preference and larval 
performance than generalists (i.e. species feeding on plants belonging to several families), because specialists 
have a higher fitness on a restricted host range17. In contrast, generalists are able to survive on many hosts without 
being optimally adapted to any plants due to the cost of adaptation18 (with the exception of some species19). The 
choice of a low quality plant will thus have less severe consequences for generalists compared to specialists. Recent 
empirical studies comparing one generalist and one specialist within the same ecosystem provide additional sup-
port that generalists fare better on low quality hosts compared to specialists20,21. Similar findings were obtained 
when a higher number of related species was analysed across different ecosystems22,23. Despite these studies, 
interpreting preference-performance relationships is challenging, because often a limited number of host plants 
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are used in comparisons. More importantly, differences between specialists and generalists using a single species 
per degree of specialisation (i.e. specialist or generalist) and within different environments can either be due to 
taxon-specific responses or to adaptations within a common environment rather than degree of specialisation24,25.

We focused on the relationship between female preference and larval performance of six species of true fruit 
flies (Diptera: Tephritidae) belonging to the same community on the island La Réunion. Within this community, 
two species, Dacus demmerezi and Zeugodacus cucurbitae (formerly known as Bactrocera cucurbitae [De Meyer, 
et al.26]), feed mostly on the cucumber family (Cucurbitaceae)27–29 and four species, Ceratitis catoirii, C. capitata, 
C. quilicii (formerly known as Ceratitis rosa [De Meyer, et al.26]) and Bactrocera zonata, feed on an average of 36 
plants (min: 16, max: 60) belonging to 17 different27,30,31. This community includes two native species (C. catoirii 
and D. demmerezi) and the other species successively invaded the island from Asia (Z. cucurbitae in 1972 and B. 
zonata in 2000) or Africa (C. capitata in 1939, C. quilicii in 1955). Abundance and distribution of tephritids in this 
community are also influenced by interspecific competition32,33, leading to niche partitioning through climatic 
and host plant differences31,34. The aim of our study was to test whether the relationship between female prefer-
ence and larval performance was stronger for specialists than for generalists within the Tephritidae community 
in La Réunion. To test this relationship, we evaluated female preference by the oviposition through a choice and a 
no-choice experiment and larval performance through the survival of each Tephritidae species on fruits from 29 
plants species belonging to 15 families (Table 1). We then compared our results between generalist and specialist 
species that share a common environment and take into account the degree of specialisation.

Results
Classification into generalists and specialists.  Generalist species had significantly higher alpha diver-
sity of preference (based on the number of eggs laid) and performance (based on survival probability) on host 
plants than specialist species. Specifically, generalists had a higher alpha diversity on hosts than specialists, justi-
fying our classification into these two groups (Supplementary Fig. S1).

Adult preference.  The oviposition rate was strongly influenced by fruit species (Δdev28, 1068 = 8773.4, 
p-value < 0.0001) and the interaction with degree of specialisation, expressed by the alpha diversity value (Δdev28, 

Family Scientific name Common name ID

Anacardiaceae Mangifera indica* Mango 1

Annonaceae Annona reticulata Custard apple 2

Cactaceae Hylocereus undatus Dragon fruit 3

Caricaceae Carica papaya Papaya 4

Combretaceae Terminalia catappa* Indian almond 5

Cucurbitaceae Citrullus lanatus Watermelon 6

Cucumis melo* Melon 7

Cucumis sativus Cucumber 8

Cucurbita maxima* Pumpkin 9

Cucurbita pepo Zucchini 10

Sechium edule Chayote 11

Lauraceae Persea Americana Avocado 12

Lythraceae Punica granatum Pomegranate 13

Moraceae Ficus carica Fig 14

Myrtaceae Psidium cattleyanum* Strawberry guava 15

Psidium guajava* Guava 16

Syzygium jambos Rose apple 17

Syzygium samarangense Java apple 18

Oxalidaceae Averrhoa carambola Star fruit 19

Rosaceae Eriobotrya japonica Loquat 20

Prunus domestica Plum 21

Prunus persica Peach 22

Rubiaceae Coffea arabica Coffee 23

Rutaceae Citrus reticulata x Citrus sinensis Tangor 24

Solanaceae Capsicum annum* Chili 25

Solanum betaceum Tree tomato 26

Solanum lycopersicum* Tomato 27

Solanum mauritianum Bugweed 28

Solanum melongena Eggplant 29

Table 1.  Fruit species tested to study the preference – performance relationship in six Tephritidae species. 
*Indicates fruits used in the choice experiment.
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1039 = 8238.7, p-value < 0.0001). Specialist species mostly preferred plants belonging to the Cucurbitaceae family, 
such as melon, pumpkin and watermelon (Fig. 1).

Larval performance and its relationship with adult preference.  Larvae of specialist species had a 
higher survival on few plants belonging to the Cucurbitaceae family compared to generalist species that survived 
on plants of different families (Fig. 1, for more details see35). There was a significant positive correlation (r = 0.82, 
p-value = 0.038) between the alpha diversity values calculated using number of eggs laid in the no-choice setting 
and larval survival (Supplementary Fig. S1), which is in line with the finding that specialists choose and survived 

Figure 1.  Female preference and larval performance for each (a) specialist species: D. demmerezi and Z. 
cucurbitae and each (b) generalist species: C. catoirii, C. capitata, C. quilicii and B. zonata. Each number 
represents one plant species and the correspondence between the name and number can be found in the Table 1. 
Green bars correspond to fruits belonging to the Cucurbitaceae family.
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on fewer host plants than more generalist species. The relationship between adult preference and larval per-
formance differed significantly between generalist and specialist species (Δdev1,170 = 287.14, p-value = 0.0001) 
(Fig. 2). Within generalists, there was no significant effect of larval survival on adult preference (Δdev 1,114 = 1.94, 
p-value = 0.719). In contrast, within specialists there was a significant effect of larval survival on oviposition pref-
erence of females (Δdev1, 56 = 335.53, p-value = 0.0012) (Fig. 3). To confirm that the significance of the result is 
not due to the presence of many zeroes, we performed analyses to test if specialist species selected the best host for 
larvae when they lay eggs. The effect of the larval survival on the oviposition of the females for specialist species 
was significantly positive when removing the zeroes in the larval survival (Δdev1,23 = 257.46, p-value = 0.008), the 
female oviposition (Δdev1,46 = 298.99, p-value = 0.003) and both (Δdev1,18 = 196.24, p-value = 0.02).

There were no significant differences among species in the relationship between oviposition and larval survival 
within generalists (Δdev3,108 = 30.72, p-value = 0.563) and within specialists (Δdev1,54 = 14.58, p-value = 0.479).

Discussion
Our study on the Tephritidae community of La Réunion showed a positive relationship between adult prefer-
ence and larval performance for specialist species, but no such relationship was found for generalist species. We 
confirmed results of a meta-analysis performed by Gripenberg, et al.4, but here only species were used with the 
same degree of specialisation and from the same environment. This study is, to our knowledge, the first empirical 
work comparing the impact of degree of specialisation on the correlation between preference and performance 
within a phytophagous insect community. Previous studies using species from different communities showed 
contradictory results concerning the role of degree of specialisation on the relationship between preference and 
performance20,23. While a study on bollworms (Lepidoptera: Noctuidae) showed a stronger relationship between 
preference and performance for specialist species20, another study on butterflies (Lepidoptera: Nymphalidae) 
showed that the difference in the relationship between preference and performance was due to the clutch size 
instead of the degree of specialisation23. Our study, however, confirmed the theory that generalists lack a strong 
relationship between preference and performance4,36.

Figure 2.  Relationship between the strength of the preference – performance relationship and the diet breadth 
of the Tephritidae species. For each Tephritidae species, the correlation between the female preference and 
the larval performance is assessed by the Pearson correlation index r, and the diet breadth is assessed by mean 
number equivalent alpha diversity of the female preference.

Figure 3.  Relationship between adult preference and larval performance for generalist and specialist species. 
The female preference is represented by the number of eggs laid. Within each degree of specialisation, species 
are represented by a distinct colour.
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Few studies have investigated the preference-performance relationship for tephritids and so far no study has 
found a relationship between preference and performance for the generalist species Ceratitis capitata37,38. It was 
shown, however, that specialised species in the genus Dacus preferred suitable hosts for larval development39. 
Clarke40 already highlighted that hosts of generalist species (with the example of the genus Bactrocera) are all 
ripened fruits with high sugar contents. This trait is well-conserved across fruit families, and does, therefore, not 
require a high level of discrimination, which could explain the mismatch found in some generalist tephritids. The 
nutritional composition of host fruits was recently shown to play a role in the larval performance of Tephritidae 
species in La Réunion with specialists performing better on fruits containing a high concentration of water and 
thus less sugar and generalists performing better on fruits containing higher concentrations of carbohydrate, fibre, 
and lipid35. In our study, specialist species were choosier than generalists. Specialisation enables females to make 
more precise decisions due to the restricted range of host plants they can successfully develop on41. This is an 
advantage for the development of their larvae as well as for minimizing searching time and avoiding predators41. 
Specialist females laid eggs on few hosts mostly belonging to the Cucurbitaceae family; hence many plants from 
other families were not preferred, including some plants on which no eggs were laid altogether. Specialist species 
are more adapted to their host but this adaptation may generate a trade-off between host suitability and host plant 
number leading to a restricted range of hosts42. In that case, females choosing the most suitable hosts for larval 
development are optimizing their fitness leading to an optimal offspring survival. As expected, generalist females 
laid eggs on almost all fruit species. A positive relationship between adult choice and larval performance was 
shown to be rule rather than exception4, but being selective has a cost in terms of energy and time43,44. The high 
variation in resource quality that generalists have to deal with may require more information to be integrated 
regarding the quality of their hosts45. This is potentially costly and makes them less choosy than specialists36,46. 
This lack of choosiness may explain the non-correlation between the choice and the no-choice experiment for C. 
catoirii and C. quilicii, because if they lay eggs on all plant species, the order of preference may change over the 
experiment. Moreover, larvae of generalists can survive in many fruits belonging to many families. The survival 
on many hosts may not be optimal because of the trade-off between host number and host quality. Despite this 
trade-off, generalism may not come at a high cost in some cases, as in mites47 where adaptation to a new host did 
not reduce performance and adaptation to the ancestral host. In our community, larvae of generalist tephritids are 
able to survive on many plants due to the very nutritive compounds of their hosts (i.e. a high sugar content and 
lack of toxic compounds)35,40. In such a situation, adults may not benefit from spending time to find and oviposit 
on a particular subset of host plants, since larvae can survive on many plants. When generalists select hosts of 
sub-optimal quality for larval development, the consequences will thus be less severe for generalists than special-
ists. The potential costs in time and energy of choosing particular hosts imply trade-offs between host selection 
and life-history traits such as fecundity. For example, insects with low fecundity should be more selective because 
they cannot afford losing some offspring48. Future studies could evaluate the costs experienced during host choice 
by generalists and specialists.

One limitation of our study is that species were reared on different diets. This was necessary to maintain the 
rearing, but could lead to different maternal effects that could influence the preference of females as well as per-
formance of larvae. Specialist species were, however, reared on zucchini and our results showed that zucchini was 
not the preferred plant (fifth position for Z. cucurbitae and not selected at all for D. demmerezi) which suggests 
that the influence of the rearing diet on host choice was weak. We further measured performance only as larval 
survival, without analysing developmental time and pupal weight. These three traits were, however, all included 
in a recent study on Tephritidae species within the same community, and were shown to be correlated35, allowing 
us to hypothesize that survival can be used as a proxy of the larval performance.

The strength of our experimental design is that it allows a comparison of six Tephritidae species on 29 host 
plants. To be able to make this comparison, however, we had to cut pieces of fruits into an orange substrate to 
test odour stimuli, which is the major stimulus in the Tephritidae family49. While visual and tactile stimuli may 
influence tephritid preference, we chose to focus on olfactory stimuli which are major cues in tephritid host 
location50, and using similar oviposition devices for all tephritids. Generalist tephritids are attracted by fruits dis-
persed by vertebrates that are constraint by their shape and colour to attract vertebrates40. These fruits are mostly 
spherical in shape with bright colours such as the artificial device used in our study. Specialist species feeding 
on Cucurbitaceae also feed on smooth and round shaped fruits, and even if specialists do prefer green colour, 
they are also highly attracted to orange51. In our study specialist tephritids were indeed able to discriminate 
Cucurbitaceae species using only the olfactory cues supporting the importance of this cue. It would be interesting 
to investigate mechanisms used by specialist species to select their hosts. One could select fewer fruit species, but 
use the entire fruit to include the visual and tactile stimuli, creating experimental arenas that would be closer to 
in natura conditions. This would be an opportunity to look at the mechanistic differences involved in host choice 
between generalists and specialists.

All tested species belong to the same community on La Reunion and inhabit the same environment, but 
some environmental factors may modulate the relationship between female preference and larval perfor-
mance. For example, in the studied community interspecific competition and host availability may affect 
preference-performance relationships in the field29. In the field, hosts of generalist species are available only few 
months in the year with variable abundances29. Generalist species may thus choose the most abundant fruit spe-
cies, but not the one of highest quality. In contrast, hosts for specialists are available all year in La Réunion29 hence 
specialists can indeed choose the most suitable host. In the tephritid community host availability may reinforce 
the preference-performance relationship similar to the degree of specialisation. Interspecific competition gener-
ates the choice of non-optimal host for larvae. It would thus be interesting to compare the degree of specialisation 
of each species found in our study with the degree of specialisation in the field, taking into account environmental 
factors that may constrain specialisation.
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Another reason why the fundamental niche in host preference may not be correlated with the optimal forag-
ing strategy is the arrival of the insect into a new ecological context, for example in the case of biological inva-
sions. When an insect encounters a new plant that is not optimal for larval survival, natural selection can take 
time to decrease the probability of females laying eggs on it or to increase the ability of larvae to survive on it52. 
Generalist species of our community have successively invaded the island over time. Ceratitis catoirii is the only 
generalist species that is native to La Réunion, while B. zonata is the most recent invader that spread through 
the island in 2000. We would expect a stronger relationship between preference and performance for C. catoirii 
than the other generalists and a stronger relationship for D. demmerezi, which is native from the Indian Ocean, 
compared to Z. cucurbitae, which invaded the island in 1972. The different times at which each species invaded 
the island may have affected the interaction between non-native species and hosts to modulate the relationship 
between preference and performance, where native species have a stronger relationship due to ongoing coevolu-
tion with the hosts52. In our study, the relationship between preference and the performance is, however, strong 
for both specialist species and non-existent for all generalist species. The reason could be that most host plants 
on La Réunion are also exotic, which means that native flies did not have a longer evolutionary history with their 
host plants than invasive ones. For example, among the host plants of specialists, melon originates from Africa, 
cucumber from Asia (like Z. cucurbitae) and pumpkin from South America53. In the tephritid community, the 
evolutionary history between fruit flies and their host plants is not very different among species due to mutual 
invasions.

Methods
Studied species and rearing conditions.  Two specialist species, D. demmerezi and Z. cucurbitae, known 
to feed mostly on plants belonging to the cucumber family (Cucurbitaceae) and four generalist species, C. catoirii, 
C. capitata, C. quilicii and B. zonata27,30 were used in the current study. Ceratitis catoirii is described as a generalist 
species, even though it has four hosts in the field31 due to interspecific competition following invasion by the three 
other generalist species32. Larvae of C. catoirii, C. capitata, C. quilicii and B. zonata were reared on an artificial diet 
composed of dehydrated carrot powder, brewer’s yeast, sugar, dehydrated potato, water, Nipagin/Sodium benzo-
ate, HCl (1.65%), agar and wheat germ54,55 and have been in the laboratory for respectively 40, 18, 3 and 37 gen-
erations. Larvae of D. demmerezi and Z. cucurbitae were reared on zucchini for respectively 9 and 26 generations. 
For the experiments, naïve females were used (with no prior oviposition experience) at the age where maximum 
fecundity peaks (C. catoirii: 21–25 days; C. capitata: 10–15 days; C. quilicii: 14–16 days, B. zonata: 28–32 days; D. 
demmerezi: 13–15 days, and Z. cucurbitae: 25–30 days)56,57 and based on unpublished data. The different species 
were maintained at 25 °C, 65% RH with a 12:12 photoperiod for rearing and experiments. Details of the rearing 
protocol are given in Hafsi, et al.35.

Adult preference.  We evaluated the female preference by two types of oviposition experiments i.e. a choice 
and a no-choice experiment. Visual58 and tactile59 stimuli may be important in female preference, but olfaction 
is primarily used to locate hosts60. We, therefore, tested oviposition preference based only on olfactory cues. To 
homogenize visual and tactile stimuli among fruits species, an artificial oviposition device was used to compare 
Tephritidae female preference, as described in other studies56,57,61. For all experiments each fruit was chosen at 
the maturity stage during which the fruit would be attacked in the field. We inserted a piece of fruit, including 
pulp and peel, into an artificial oviposition substrate made from an orange table-tennis ball (diameter 4 cm), 
cut in half, and pierced with 48 evenly spaced holes. The half ball with fruit was then placed into a plastic base 
of suitable diameter. A source of water also was provided to the flies. Eggs laid in substrates were collected and 
counted after 24 hours. This substrate had already been used successfully in a previous study to assess the fecun-
dity of Tephritidae species56,57,61. Before each experiment, all equipment was soaked in a detergent bath (TFD4, 
Dominique Dutscher SAS, Brumath, France) for 1 hour and then rinsed with running water. To verify that 
females were not laying eggs haphazardly (e.g. due to sensory problems or an overload of eggs), but because they 
discriminated the fruit, we put an empty substrate to compare the number of eggs laid in the empty vs. the fruit 
substrate. In 90% trials, no eggs were laid in the empty substrate, with a maximum of four eggs found in one trial.

To assess adult preference, we performed no-choice experiments where females were allowed to oviposit on 
29 host plants belonging to 15 families that are abundant and commonly attacked by Tephritidae species on La 
Réunion (Table 1). In the no-choice trials, flies were presented with a single fruit at a time. Five females were put 
in an upside down plastic glass (h = 15 cm, bottom diameter = 9.5 cm, top diameter = 6 cm). For each Tephritidae 
and fruit species combination, six replicates were run. For choice experiments a smaller subset of eight fruits 
(Table 1) was used to evaluate whether the number of eggs laid in a single-fruit environment was indeed an ade-
quate substitute for the preference hierarchy observed when flies had a choice between fruits. Here, 10 females 
were put in a cubic cage (height, length and width of 47 cm) with nine substrates in total: eight containing a piece 
of a different fruit and an empty one considered as a negative control. For each species, 12 replicates were run with 
substrates randomly placed in the cage for each replicate. The comparison of oviposition preference (estimated 
as number of eggs laid) between choice and non-choice experiments showed a significant positive correlation 
for all Tephritidae species except for two species. This supports our use of the number of eggs laid in no-choice 
environments as a reasonable measure of oviposition preference, similar to procedures described by others62. 
This correlation was significant for specialist species (D. demmerezi: r = 0.38, p-value < 0.001; Z. cucurbitae: 
r = 0.43, p-value < 0.0001) and for two generalist species (C. capitata: r = 0.29, p-value = 0.003; B. zonata: r = 0.39, 
p-value < 0.0001), while positive but not significant for the two others (C. catoirii: r = 0.12, p-value = 0.24; C. 
quilicii: r = 0.12, p-value = 0. 24) (Supplementary Fig. S2).
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Larval performance.  Larval performance was assessed by measuring larval survival for the six Tephritidae 
species on the 29 host plants by placing one neonate larva of each species in 5 g of a diet made from 250 g of fruit 
pulp without peel and seed, 4 g of agar-agar and 100 ml of a solution with 0.35 g of sorbic acid potassium salt in 
100 ml of distilled water for N. cyanescens, Z. cucurbitae and D. demmerezi and a solution of 4% Nipagin/sodium 
benzoate solution for the other species. Every 48 h during 60 days, all cups were examined and pupae collected. 
Larval survival was recorded as the proportion of pupae recovered from each host. For each combination of 
fruit and Tephritidae species, between 30 and 50 replicates were performed, except for 3 combinations where 9 
(watermelon/C. quilicii), 11 (Indian almond/C. quilicii) and 11 (rose apple/C. quilicii) replicates were made due 
to rearing problems. Details of the experimental set-up were previously reported in the study of Hafsi, et al.35.

Statistical analyses.  We first evaluated whether our classification of the six species as specialists or gener-
alists based on the reported number of host plant families they attack is robust for our community of Tephritidae 
(because some generalist species may show differences at the population-level in number of hosts attacked, i.e. 
level of specialisation40,63). We did this by calculating the alpha diversity, which represents the diversity of host 
plants in the preference and performance of each tephritid species, using our own oviposition and survival data. 
This also allowed us to move beyond the dichotomous assignment into one category or the other, providing a 
measure of the degree of specialisation. We calculated the alpha diversity as numbers equivalents of Shannon 
entropy using the VEGETARIAN package64. The numbers equivalents correspond to the number of equally likely 
elements needed to produce the given value of the diversity index. This means that the alpha host diversity of each 
tephritid species is essentially in the units of the number of equally common host plants65. For example, a fly spe-
cies having 10 hosts used heterogeneously but an equivalent number of alpha diversity of 2,08 means that this fly 
species could be equally distributed in 2,08 plant species. To be able to calculate mean alpha diversity values and 
estimate variances around those means, we calculated 1,000 separate interaction matrices by randomly sampling 
one replicate (oviposition) or five replicates (survival) per combination of fruit/fly species. This generated an 
interaction matrix of 29 rows (plants) and 6 columns (fly species). We calculated the linear correlation between 
the alpha diversity of the adult preference and of the larval performance using the Pearson correlation index (r). 
We then used the same correlation index (r) to assess the linear correlation between the number of eggs laid in 
the choice and the no-choice experiments. Given the correlations found (see Results/Supplementary Fig. S2) 
hereafter the number of eggs laid under no choice conditions is used as our measure of oviposition preference.

We analysed oviposition preferences (expressed by the number of eggs) using a Poisson log-linear model 
(analysis of deviance with quasi-Poisson error structure to account for overdispersion) as a function of fruit 
species and alpha diversities (as an estimate of the degree of specialisation) and the interaction between these two 
variables.

Using the rate of survival of larvae as a measure of performance, we assessed the effect of the degree of spe-
cialisation on the relationship between preference and performance using a Poisson log-linear model exactly as 
above, but also including larval performance as a predictor variable. Finding a significant effect of the degree of 
specialisation, we then further examined specialists and generalists independently using two separate models. In 
each case, oviposition preference was analysed using a Poisson log-linear model as a function of larval survival, 
species and their interaction.

References
	 1.	 Ødegaard, F. How many species of arthropods? Erwin’s estimate revised. Biol. J. Linn. Soc. 71, 583–597 (2000).
	 2.	 Jaenike, J. On optimal oviposition behavior in phytophagous insects. Theor. Popul. Biol. 14, 350–356 (1978).
	 3.	 Jaenike, J. Host specialization in phytophagous insects. Annu. Rev. Ecol. Syst. 21, 243–273 (1990).
	 4.	 Gripenberg, S., Mayhew, P. J., Parnell, M. & Roslin, T. A meta-analysis of preference-performance relationships in phytophagous 

insects. Ecol. Lett. 13, 383–393 (2010).
	 5.	 Futuyma, D. J. & Moreno, G. The evolution of ecological specialization. Annu. Rev. Ecol. Syst. 19, 207–233 (1988).
	 6.	 Singer, M. S. Evolutionary ecology of polyphagy in Specialization, speciation, and radiation: the evolutionary biology of herbivorous 

insects (ed K. J. Tilmon) 29–42 (University of California Press, Berkeley, 2008).
	 7.	 Poisot, T., Bever, J. D., Nemri, A., Thrall, P. H. & Hochberg, M. E. A conceptual framework for the evolution of ecological 

specialisation. Ecol. Lett. 14, 841–851 (2011).
	 8.	 Ferry-Graham, L. A., Bolnick, D. I. & Wainwright, P. C. Using functional morphology to examine the ecology and evolution of 

specialization. Integr. Comp. Biol. 42, 265–277 (2002).
	 9.	 García‐Robledo, C. & Horvitz, C. C. Parent–offspring conflicts, “optimal bad motherhood” and the “mother knows best” principles 

in insect herbivores colonizing novel host plants. Ecol. Evol. 2, 1446–1457 (2012).
	10.	 Craig, T. P., Itami, J. K. & Price, P. W. A strong relationship between oviposition preference and larval performance in a shoot‐galling 

sawfly. Ecology 70, 1691–1699 (1989).
	11.	 Keeler, M. S. & Chew, F. S. Escaping an evolutionary trap: preference and performance of a native insect on an exotic invasive host. 

Oecologia 156, 559–568 (2008).
	12.	 Du, Y. et al. Host preference and performance of the yellow peach moth (Conogethes punctiferalis) on chestnut cultivars. PloS One 

11, 1–17 (2016).
	13.	 Zhang, P.-J., Lu, Y.-b., Zalucki, M. P. & Liu, S.-S. Relationship between adult oviposition preference and larval performance of the 

diamondback moth. Plutella xylostella. J. Pest. Sci. 85, 247–252 (2012).
	14.	 Jallow, M. F. A. & Zalucki, M. P. Relationship between oviposition preference and offspring performance in Australian Helicoverpa 

armigera (Hübner) (Lepidoptera: Noctuidae). Aust. J. Entomol. 42, 343–348 (2003).
	15.	 Clark, K. E., Hartley, S. E. & Johnson, S. N. Does mother know best? The preference–performance hypothesis and parent–offspring 

conflict in aboveground–belowground herbivore life cycles. Ecol. Entomol. 36, 117–124 (2011).
	16.	 Nyman, T., Paajanen, R., Heiska, S. & Julkunen‐Tiitto, R. Preference–performance relationship in the gall midge Rabdophaga 

rosaria: insights from a common‐garden experiment with nine willow clones. Ecol. Entomol. 36, 200–211 (2011).
	17.	 Roslin, T. & Salminen, J. P. Specialization pays off: contrasting effects of two types of tannins on oak specialist and generalist moth 

species. Oikos 117, 1560–1568 (2008).
	18.	 MacArthur, R. H. Geographical Ecology: Patterns in the Distribution of Species. (Princeton University Press, 1972).



www.nature.com/scientificreports/

8Scientific REPOrTS | 7: 16934  | DOI:10.1038/s41598-017-17231-2

	19.	 Remold, S. Understanding specialism when the jack of all trades can be the master of all. Proc. R. Soc. Lond., B, Biol. Sci. 279, 
4861–4869 (2012).

	20.	 Liu, Z., Scheirs, J. & Heckel, D. G. Trade-offs of host use between generalist and specialist Helicoverpa sibling species: adult 
oviposition and larval performance. Oecologia 168, 459–469 (2012).

	21.	 Balagawi, S., Drew, R. A. & Clarke, A. R. Simultaneous tests of the preference-performance and phylogenetic conservatism 
hypotheses: is either theory useful? Arthropod Plant Interact. 7, 299–313 (2013).

	22.	 Janz, N. & Nylin, S. The role of female search behaviour in determining host plant range in plant feeding insects: a test of the 
information processing hypothesis. Proc. R. Soc. Lond., B, Biol. Sci. 264, 701–707 (1997).

	23.	 Schäpers, A., Nylin, S., Carlsson, M. A. & Janz, N. Specialist and generalist oviposition strategies in butterflies: maternal care or 
precocious young? Oecologia 180, 335–343 (2016).

	24.	 Friberg, M., Posledovich, D. & Wiklund, C. Decoupling of female host plant preference and offspring performance in relative 
specialist and generalist butterflies. Oecologia, 1–12 (2015).

	25.	 Kelly, C. A. & Bowers, M. D. Preference and performance of generalist and specialist herbivores on chemically defended host plants. 
Ecol. Entomol. 41, 308–316 (2016).

	26.	 De Meyer, M. et al. A review of the current knowledge on Zeugodacus cucurbitae (Coquillett)(Diptera, Tephritidae) in Africa, with 
a list of species included in Zeugodacus. ZooKeys 540, 539–557 (2015).

	27.	 White, I. M. & Elson-Harris, M. M. Fruit Flies of Economic Significance: Their Identification and Bionomics. (CAB International, 
1992).

	28.	 Dhillon, M., Singh, R., Naresh, J. & Sharma, H. The melon fruit fly, Bactrocera cucurbitae: A review of its biology and management. 
J. Insect Sci. 5, 1–16 (2005).

	29.	 Charlery de la Masselière, M. et al. Changes in phytophagous insect host ranges following the invasion of their community: Long-
term data for fruit flies. Ecol. Evol. 7, 5181–5190 (2017).

	30.	 Quilici, S. & Jeuffrault, E. Plantes-Hôtes des Mouches des Fruits: Maurice, Réunion, Seychelles. (PRMF/COI, Imp. Graphica, 2001).
	31.	 Duyck, P.-F., David, P., Pavoine, S. & Quilici, S. Can host-range allow niche differentiation of invasive polyphagous fruit flies 

(Diptera: Tephritidae) in La Réunion? Ecol. Entomol. 33, 439–452 (2008).
	32.	 Duyck, P.-F. et al. Importance of competition mechanisms in successive invasion by polyphagous Tephritids in la Réunion. Ecology 

87, 1770–1780 (2006).
	33.	 Jacquard, C. et al. Population structure of the melon fly, Bactrocera cucurbitae, in Reunion Island. Biol. Invasions 15, 759–773 (2013).
	34.	 Duyck, P.-F., David, P. & Quilici, S. Climatic niche partitioning following successive invasions by fruit flies in la Réunion. J. Anim. 

Ecol. 75, 518–526 (2006).
	35.	 Hafsi, A. et al. Host plant range of a fruit fly community (Diptera: Tephritidae): does fruit composition influence larval performance? 

BMC Ecol. 16, 40 (2016).
	36.	 Craig, T. P. & Itami, J. K. Evolution of preference and performance relationships in Specialization, Speciation, and Radiation. The 

Evolutionary Biology of Herbivorous Insects (ed K. J. Tilmon) 20–28 (University of California Press, Berkeley, 2008).
	37.	 Fernandez Da Silva, P. G. & Zucoloto, F. S. The influence of host nutritive value on the performance and food selection in Ceratitis 

capitata (Diptera, Tephritidae). J. Insect Physiol. 39, 883–887 (1993).
	38.	 Joachim-Bravo, I. S. & Zucoloto, F. S. Oviposition preference and larval performance in Ceratitis capitata (Díptera, Tephritidae). Rev. 

Bras. Zool. 14, 795–802 (1997).
	39.	 Fitt, G. P. The roles of adult and larval specialisations in limiting the occurrence of five species of Dacus (Diptera: Tephritidae) in 

cultivated fruits. Oecologia 69, 101–109 (1986).
	40.	 Clarke, A. R. Why so many polyphagous fruit flies (Diptera: Tephritidae)? A further contribution to the ‘generalism’ debate. Biol. J. 

Linn. Soc. 120, 245–257 (2017).
	41.	 Bernays, E. The value of being a resource specialist: behavioral support for a neural hypothesis. Am. Nat. 151, 451–464 (1998).
	42.	 Drown, D. M., Levri, E. P. & Dybdahl, M. F. Invasive genotypes are opportunistic specialists not general purpose genotypes. Evol. 

Appl. 4, 132–143 (2011).
	43.	 Kotler, B. P. & Mitchell, W. A. The effect of costly information in diet choice. Evol. Ecol. 9, 18–29 (1995).
	44.	 Janz, N. Evolutionary ecology of oviposition strategies in Chemoecology of insect eggs and egg deposition (ed M. and Meiners Hilker, 

T.) 349–376 (Blackwell 2002).
	45.	 Bernays, E. Neural limitations in phytophagous insects: implications for diet breadth and evolution of host affiliation. Annu. Rev. 

Entomol. 46, 703–727 (2001).
	46.	 Dall, S. R. & Cuthill, I. C. The information costs of generalism. Oikos 80, 197–202 (1997).
	47.	 Magalhães, S., Blanchet, E., Egas, M. & Olivieri, I. Are adaptation costs necessary to build up a local adaptation pattern? BMC Evol. 

Biol. 9, 182 (2009).
	48.	 Jaumann, S. & Snell-Rood, E. C. Trade-offs between fecundity and choosiness in ovipositing butterflies. Anim. Behav. 123, 433–440 

(2017).
	49.	 Prokopy, R. J. & Roitberg, B. D. Foraging behavior of true fruit flies: concepts of foraging can be used to determine how tephritids 

search for food, mates, and egg-laying sites and to help control these pests. Am. Sci. 72, 41–49 (1984).
	50.	 Aluja, M. & Mangan, R. L. Fruit fly (Diptera: Tephritidae) host status determination: critical conceptual, methodological, and 

regulatory considerations. Annu. Rev. Entomol. 53, 473–502 (2008).
	51.	 Dawit, G., Feredu, A. & Yibrha, B. Species composition of fruit flies (Diptera:Tephritidae) and extent of damage on mango fruit in 

eastern Ethiopia. Int. J. Inno. Sci. Res. 19, 95–102 (2015).
	52.	 Thompson, J. N. Evolutionary ecology of the relationship between oviposition preference and performance of offspring in 

phytophagous insects. Entomol. Exp. Appl. 47, 3–14 (1988).
	53.	 Bisognin, D. A. Origin and evolution of cultivated cucurbits. Ciência Rural 32, 715–723 (2002).
	54.	 Duyck, P.-F. & Quilici, S. Survival and development of different life stages of three Ceratitis spp.(Diptera: Tephritidae) reared at five 

constant temperatures. Bull. Entomol. Res. 92, 461–469 (2002).
	55.	 Duyck, P.-F., David, P. & Quilici, S. A review of relationships between interspecific competition and invasions in fruit flies (Diptera: 

Tephritidae). Ecol. Entomol. 29, 511–520 (2004).
	56.	 Dukas, R., Prokopy, R. J., Papaj, D. R. & Duan, J. J. Egg laying behavior of Mediterranean fruit flies (Diptera: Tephritidae): Is social 

facilitation important? Fla. Entomol., 665–671 (2001).
	57.	 Duyck, P.-F., David, P. & Quilici, S. Can more K-selected species be better invaders? A case study of fruit flies in La Réunion. Divers. 

Distrib. 13, 535–543 (2007).
	58.	 Piñero, J. C., Jácome, I., Vargas, R. & Prokopy, R. J. Response of female melon fly, Bactrocera cucurbitae, to host‐associated visual and 

olfactory stimuli. Entomol. Exp. Appl. 121, 261–269 (2006).
	59.	 Balagawi, S., Vijaysegaran, S., Drew, R. A. & Raghu, S. Influence of fruit traits on oviposition preference and offspring performance 

of Bactrocera tryoni (Froggatt)(Diptera: Tephritidae) on three tomato (Lycopersicon lycopersicum) cultivars. Aust. J. Entomol. 44, 
97–103 (2005).

	60.	 Dalby‐Ball, G. Influence of the odour of fruit, yeast and cue‐lure on the flight activity of the Queensland fruit fly, Bactrocera tryoni 
(Froggatt)(Diptera: Tephritidae). Austral Entomology 39, 195–200 (2000).

	61.	 Mayer, D. F. et al. Attraction of adult Rhagoletis indifferens (Diptera: Tephritidae) to unbaited and odor-baited red spheres and yellow 
rectangles. J. Econ. Entomol. 93, 347–351 (2000).



www.nature.com/scientificreports/

9Scientific REPOrTS | 7: 16934  | DOI:10.1038/s41598-017-17231-2

	62.	 Hill, R. Minimising uncertainty–in support of no-choice tests in Host specificity testing in Australasia: towards improved assays for 
biological control (ed Barton Browne, L., Stanley, J. & Withers, T. M.) 1–10 (Scientific Publishing, Queensland Department of Natural 
Resources, 1999).

	63.	 Li, Y. X. & Liu, T. X. Oviposition preference, larval performance and adaptation of Trichoplusia ni on cabbage and cotton. Insect Sci. 
22, 273–282 (2015).

	64.	 Charney, N. & Record, S. Vegetarian: Jost diversity measures for community data. http://cran.r-project.org/package=vegetarian 
(2009).

	65.	 Jost, L. Partitioning diversity into independent alpha and beta components. Ecology 88, 2427–2439 (2007).

Acknowledgements
We thank Jim Payet and Serge Glénac for the rearing of the Tephritidae species. We also thank Sarah Baldy, 
Sameline Richem, Laura Boissinot, Thomas Brequigny and Jim Payet for their assistance on the preference or 
performance experiments. We are grateful to Virginie Ravigné for the insightful discussions on the ideas of this 
paper. We are thankful to Ruth Hufbauer for fruitful discussions, help in analyses and revising the English. We 
also thank Frederic Chiroleu for his help in statistics. This work was funded by the European Union: European 
Regional Development Fund (ERDF), by the Conseil Régional de La Réunion and by the Centre de Coopération 
International en Recherche Agronomique pour le Développement (CIRAD). MCM was awarded a PhD grant by 
the Ecole Doctorale Sciences Technologie Santé (Université de La Réunion). Special thanks go to Serge Quilici, 
who initiated this study, but died on March 1, 2015, before its completion.

Author Contributions
P.F.D. conceived the project, M.C.M. did the preference experiment, A.H. and M.C.M. did the performance 
experiment, M.C.M., B.F. and P.F.D. analysed the data, all the authors wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17231-2.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://cran.r-project.org/package=vegetarian
http://dx.doi.org/10.1038/s41598-017-17231-2
http://creativecommons.org/licenses/by/4.0/

	Diet breadth modulates preference - performance relationships in a phytophagous insect community

	Results

	Classification into generalists and specialists. 
	Adult preference. 
	Larval performance and its relationship with adult preference. 

	Discussion

	Methods

	Studied species and rearing conditions. 
	Adult preference. 
	Larval performance. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Female preference and larval performance for each (a) specialist species: D.
	Figure 2 Relationship between the strength of the preference – performance relationship and the diet breadth of the Tephritidae species.
	Figure 3 Relationship between adult preference and larval performance for generalist and specialist species.
	Table 1 Fruit species tested to study the preference – performance relationship in six Tephritidae species.




