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Abstract. 
Habitat isolation occurs when habitat preferences lower the probability of mating between individuals associated with differing habitats. While a potential barrier to gene flow during ecological speciation, the effect of habitat isolation on reproductive isolation has rarely been directly tested. Herein, we first estimated habitat preference for each of six populations of the gall wasp Belonocnema treatae inhabiting either Quercus virginiana or Q. geminata. We then estimated the importance of habitat isolation in generating reproductive isolation between B. treatae populations that were host specific to either Q. virginiana or Q. geminata by measuring mate preference in the presence and absence of the respective host plants. All populations exhibited host preference for their native plant, and assortative mating increased significantly in the presence of the respective host plants. This host-plant-mediated assortative mating demonstrates that habitat isolation likely plays an important role in promoting reproductive isolation among populations of this host-specific gall former.
 

1. Introduction
 Ecological speciation describes the process by which reproductive isolation evolves as a consequence of divergent natural selection between environments [1, 2]. Studies of ecological speciation seek to associate the origin of specific reproductive isolating barriers that reduce gene flow with sources of divergent selection [3]. Throughout the modern synthesis, biologists described a central role of ecological adaptation in the speciation process [4–6]; however, it was not until a recent renaissance of empirical study that specific ecological barriers have been experimentally shown to contribute to reproductive isolation. In strong support of the role of ecology in speciation, a comparative study across many plant and animal taxa provided evidence that ecological adaptation generally contributes to the evolution of reproductive isolation [7].
 Recent studies of the role of ecology in speciation have documented a central role of divergent natural selection in the speciation process among a diverse set of taxa (e.g., Rhagoletis fruit flies [8], Littorina snails [9], Neochlamisus leaf beetles [10], Gasterosteus aculeatus sticklebacks [11], Gambusia fishes [12], Timema walking sticks [13], Mimulus monkeyflowers [14], and cynipid gall wasps [15]). Moreover, these studies have documented that a diversity of both prezygotic and postzygotic reproductive barriers can arise as a result of divergent ecological adaptation [3, 16], including temporal isolation [17], sexual isolation [18], cryptic isolation [19], and extrinsic (ecological) postzygotic isolation [20, 21].
The study of ecological speciation has been especially informed by studies of herbivorous insects [22, 23]. The intimate interactions between herbivorous insects and their host plants suggest a strong role for divergent natural selection in promoting diversification. Herbivorous insects tend to be highly specialized in their use of host plant taxa [24], and specialized insect herbivores can exhibit pronounced geographic variation in, and rapid evolution of, host plant preference and performance traits (e.g., [25, 26]). The increased rates of speciation associated with herbivory among insects provides evidence that host plant ecology may generally contribute to the speciation process [27, 28].
 Walsh [29] was one of the first to associate phenotypic variation among insects with the host plants upon which they were found and Bush [30] was one of the first to argue for a direct role of host-plant-associated selection in the genesis of new insect species. Continued work has since highlighted the role of divergent selection due to host plant use among taxa where gene flow is possible (e.g., [8, 10, 13, 17, 31, 32]). A critical barrier to gene flow among specialist herbivore insect taxa is “habitat isolation” [8, 16, 30]. Habitat isolation for host-specific phytophagous insect species describes the process by which the differing habitat preferences of insect populations associated with alternative host plants reduces the frequency of encounters and thus the likelihood of mating between individuals from the differing host-associated populations. For example, Nosil et al. [33] examined 27 populations of Timema cristinae walking sticks feeding on Ceanothus or Adenostoma host plants. Populations of walking sticks on different host plants expressed stronger divergence in host plant preference than populations on the same host plant. These differences likely result in reduced encounters among individuals preferring different hosts. Similar inferences regarding the role of host plant preference in speciation have been made for leaf beetles [10], pea aphids [32], ladybird beetles [34], Rhagoletis fruit flies [8, 35], and Eurosta galling flies [36].
However, rarely has the effect of observed differences in host plant preference on reproductive isolation been tested directly [23]. Field studies of the apple and hawthorn host races of Rhagoletis pomonella found evidence that host plant preference could generate habitat isolation [8]. Here, the apple and hawthorn host races returned to their natal plant species when released in the presence of both apple and hawthorn trees. Because these host races mate on their host plant it is likely that host preference translates into host-associated assortative mating that restricts gene flow between the ecologically divergent populations. In a direct laboratory-based test of habitat isolation, Funk [10] performed mating assays among ecologically divergent host forms of the leaf beetle Neochlamisus bebbianae. To isolate the role of the host plant on overall sexual isolation, the host plant of each individual was included in half of the mating assays. Results from Funk [10] were mixed, with one of the four different host comparisons of N. bebbianae populations exhibiting a significant increase in assortative mating due to host plant presence.
 In the present study, we use a combination of habitat preference and mate preference assays among ecologically divergent populations of the gall wasp Belonocnema treatae (Hymenoptera: Cynipidae) to test for (a) variation among host-associated populations in habitat (i.e., host plant) preference and (b) an explicit role for habitat isolation in overall reproductive isolation. We test these hypotheses using populations of B. treatae that inhabit two sister species of live oak, Quercus virginiana and Q. geminata, which geographically overlap in the southeastern United States. The habitat of each oak differs slightly, with Q. virginiana occurring in moister, more nutrient rich, and higher pH sites than Q. geminata [37], and the oaks themselves differ in leaf morphology and flowering times [38]. Populations of B. treatae that inhabit these oak species exhibit significant differences in root gall structure and adult body size that are associated with host use, and gall wasp populations exhibit host-associated assortative mating [15].
2. Methods
2.1. Study System and Sampling
 Belonocnema treatae is a host-specific gall former [39] that exhibits regional specificity (Ott and Egan, personal observation) on species of live oak, Quercus, within the Virentes series of the genus [40]. Belonocnema treatae exhibits a heterogonous life cycle with temporally segregated sexual and asexual generations [39]. The asexual generation develops within single-chambered, spherical galls on the undersides of leaves during the summer and fall and emerges in the winter. The sexual generation develops within multichambered galls on the root tissue, and males and females emerge during the spring. We collected root galls containing the sexual generation from six allopatric populations in central Florida in April 2010 (three Q. geminata and three Q. virginiana populations; see Table 1 for location information). Galls were husbanded under common laboratory conditions (12 : 12 light  : dark, 23°C), and upon emergence adults were sorted by sex and population for host preference and mating assays, which took place within 48 hours of emergence.
Table 1: Locations and host plant associations of the six B. treatae populations from central Florida used in the present study.
	

	 Population	Host association	Latitude	Longitude
	

	Near Avon Park (AP)	Q. geminata	27° 36′ 00′′ N	81° 30′ 42′′ W
	Scrub field (S)	Q. geminata	27° 30′ 48′′ N	81° 20′ 16′′ W
	Archbold Biological Station (ABS)*	Q. geminata	27° 10′ 57′′ N	81° 21′ 08′′ W
	Near Hickory Hammock Natural Area (HH)*	Q. virginiana	27° 24′ 09′′ N	81° 06′ 42′′ W
	Gatorama (GR)	Q. virginiana	26° 55′ 30′′ N	81° 18′ 44′′ W
	Near Koreshan State Park (KSP)	Q. virginiana	26° 26′ 04′′ N	81° 48′ 56′′ W
	



                *Denotes populations used in the mate preference tests.


2.2. Host Preference Assays
 Trials took place within 25 × 8 cm clear-plastic cups stocked with a cutting of each host plant (Q. virginiana and Q. geminata). A single B. treatae was aspirated into each cup and then observed at five-minute intervals for one hour for a total of 12 observations. At each time point, we recorded the location (on Q. virginiana, on Q. geminata, or on the cup) of each individual. Both sexes were tested. Host preference was calculated for each individual as the relative time spent on one host plant species divided by the total time spent on both host plants during the trials (e.g., individual preference for Q. virginiana = (number of observations on Q. virginiana)/(number of observations on Q. virginiana + number of observations on Q. geminata)). We performed a total of 214 preference assays distributed across the six B. treatae populations (see Figure 1 for sample sizes per population).





































	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	



	
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	


	
	
	


	
	


	
	


	
	
	


	
	









	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	






	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	


	
	
		



	
	
	
	
	
	
	


	
	
	
	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


Figure 1: Host preference of individual B. treatae gall wasps expressed for each of three Q. virginiana and three Q. geminata host-associated populations during choice tests that paired each wasp’s native/natal host with the alternative oak species. Illustrated is the mean (±SE) of the proportion of time spent on the native host plant by each sex within each population. The dashed line highlights no preference (defined as 50% of time spent on each host). Note each population differed significantly from 50% (
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). Numbers above the SEs are the number of replicates. Note the reversed left and right 
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-axis.


2.3. Assays of Sexual Isolation with an Explicit Test of Habitat Isolation
 No-choice mating trials were conducted to test for assortative mating as a function of population of origin between one population (ABS—Archbold Biological Station, FL) of B. treatae reared from galls that developed on Q. geminata and one population (HH—near Hickory Hammock State Natural Area, FL) reared from galls on Q. virginiana (
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 total; see Figure 2 for sample sizes per treatment). Trials again took place within 25 × 8 cm clear-plastic cups. In half of the trials we placed a small, defoliated, dried twig for the wasps to walk on as a control. Alternatively, in half the trials a small leaf-bearing section of stem of the species of oak representing each individual’s host plant was added. One male and one female were then aspirated into each cup (replicate). Each pair was observed at five-minute intervals for one hour for a total of 12 observations. At each survey we recorded each individual’s location (on Q. virginiana, on Q. geminata, or test arena) and whether the pair was copulating. Copulations were defined as males having mounted the female with abdomens in contact. An additional estimate of host plant preference was calculated during these mating trials based on the proportion of time (
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 observation periods) that wasps of each sex were observed on each host plant. Estimates were then converted to a relative value of host preference as previously described. For interpopulation pairings, the average host preference of males and females was compared to the probability of a successful hybrid mating (i.e., copulation).

















	


	
	
	


	
	
	


	
	
	


	
	
	


	


	
	
	
	


	
	
	
	


	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


Figure 2: Mean (±SE) of copulation frequency among B. treatae individuals from their own host-associated population or the alternative host-plant-associated population when host plants were absent or present. Sexual isolation is indicated by a difference between copulation frequency when paired with an individual from the “same” host plant population versus a “different” host plant population. The additional effect of habitat isolation is indicated by a shift in the magnitude of the difference between same and different host pairings when the host plant is present during the mating assay. Numbers above the SEs are the number of replicates.


2.4. Statistical Analyses
 To test for differences in host plant preferences of individual wasps between the sexes, among populations, and their interaction, we conducted an ANOVA on individual relative preference for Q. virginiana (1-preference for Q. geminata) followed by Tukey’s HSD test to compare means among populations. Population was treated as a random effect; sex was treated as a fixed effect. A similar analysis of host preference expressed by individual wasps from the two population sources when the sexes were paired for the mating assays was also performed. We also compared each population’s relative preference for its native host to a value of 0.5 by means of a t-test. The value 0.5 indicates equal time spent on each of the two host plants and characterizes “no preference.”
 To test for assortative mating, we used logistic regression to examine the effects of male host plant, female host plant, the presence/absence of the host plant, and their interactions on copulation frequency in the mating assays. The two-way interaction term, female host plant × male host plant, tests for overall assortative mating whereas the three-way interaction term, female host plant × male host plant × host plant present/absent, tests the effect of habitat preference on assortative mating. To examine the role of habitat isolation on sexual isolation further, we compared the host preference expressed by the male and female in each interpopulation mating assay when host plants were present between those assays that resulted in a “hybrid” copulation and those that did not by means of a standard t-test.
3. Results
3.1. Habitat Plant Preference
 Geographic variation in relative host plant preference among the six B. treatae populations is evidenced by the significant population term in the ANOVA of host preference assays (Table 2). The difference in preferences among the populations is clearly associated with the host plant from which the B. treatae populations were collected (Figure 1). Each population preferred its native host, as shown by the highly significant difference between relative preference for native host and the no-choice expectation of equal time (t-test of population mean versus 0.5: 
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 for all comparisons). There was also significant variation among Q. virginiana associated populations in the degree of preference for the native host plant. The KSP and HH populations exhibited stronger preferences than the GR population as shown by Tukey’s HSD test following the ANOVA (KSP = 0.71 ± 0.02SE, HH = 0.70 ± 0.02SE, GR = 0.60 ± 0.02SE; Tukey’s HSD test: [KSP = HH] > GR, 
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; Figure 1). The three populations of B. treatae associated with Q. geminata did not differ in their degree of native host preference (ABS = 0.33 ± 0.02SE, S = 0.28 ± 0.03SE, AP = 0.29 ± 0.03SE; Tukey’s HSD test: ABS = S = AP], 
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; Figure 1). Females consistently expressed stronger host preference than did males for their native host plant across all six populations (Figure 1). The significant population × sex interaction term in the ANOVA (Table 2) demonstrates that the degree of difference between males and females in host preference varied by population. For example, males and females from KSP preferred their native host Q. virginiana similarly, but males and females from HH varied by over 30%, with females expressing strong host preference for Q. virginiana and males spending a similar amount of time on each host plant (Figure 1).
Table 2: ANOVA: sources of variation in relative host plant preference of individual B. treatae assessed from no-choice preference assays.
	

	 Source	df	SS	F	P
	

	Population	5	2124.1	29.88	<0.0001
	Sex	1	10.1	0.71	0.4009
	Population × sex	5	585.7	8.24	<0.0001
	Error	203	5803.1		
	



3.2. Host Plant Effects on Mating Preference
 Patterns of B. treatae copulation frequency (number of copulations/number of mating trials) revealed strong evidence of host-associated sexual isolation between individual gall wasps from the HH Q. virginiana and the ABS Q. geminata source populations. Importantly for the hypothesis that habitat isolation drives reproductive isolation, B. treatae gall wasps were more likely to copulate when paired with individuals from the same host plant than from the alternative host plant as shown by the significant interaction term, female host × male host (Table 3, Figure 2). Moreover, the magnitude of sexual isolation significantly increased in the presence of the host plant (three-way interaction: female host × male host × host plant; Table 2). This result is explained in part by the 47% decrease in the frequency of between-host matings when host plants were present during the mating assays (Figure 2). This result is likely due to the intrinsic effect of habitat isolation arising from host preference that is effective even within the confines of the small enclosures used for the mating assays.
Table 3: Logistic regression analysis of sources of variation in mating preferences of male and female B. treatae assayed from no-choice mating trials. This analysis evaluates the influence of the male and female B. treatae source population and the presence versus the absence of the host plant during mating trials on the probability of mating. Foliage = present or absent; male and female host = host plant species from which each sex was collected (Q. geminata or Q. virginiana).
	

	 Source	df	Likelihood ratio 
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	Foliage	1	1.76	0.1841
	Male host	1	5.40	0.0202
	Female host	1	0.06	0.7946
	Foliage × male host	1	0.40	0.5256
	Foliage × female host	1	1.87	0.1710
	Male host × female host	1	60.76	<0.0001
	Male host × female host × foliage	1	6.48	0.0109
	



 The average host preference expressed by paired male and female B. treatae during mating trials was similar to that revealed by the testing of individuals shown in Figure 1. However, if a mating did occur between B. treatae from different host plants, the average host preference expressed by a pair of individuals was associated with the degree of sexual isolation among them. Interestingly, this appeared to be driven by variation of the male preference (t-test: t = 3.875, df = 62, 
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; Figure 3(A)) rather than the female preference (t-test: t = −0.49, df = 63, 
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; Figure 3(B)). 











	


	
	
	


	
	
	


	
	
	


	
	
	


	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	


	
	


	
		
	















	


	
	
	


	
	
	


	
	
	


	
	
	


	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	


	
	


	
	
	
	


	
		
	



Figure 3: Mean (±SE) of relative host preference expressed by individual (A) males and (B) females in the interpopulation (Q. geminata × Q. virginiana) mating trials as a function of copulation success. The greater observed host preference of males in those mating trials that did not result in a copulation further support the role of habitat isolation as an important premating reproductive barrier among gall wasp populations.


4. Discussion
4.1. Host Preference, Mating Preference, and Population Differentiation
 Spatially divergent selection among populations leading to local adaptation is recognized as being central to initiating the divergence of incipient species [41]. However, dispersal and gene flow among populations experiencing differing selective regimes is antagonistic to local adaptation, population differentiation, and speciation [42]. Habitat isolation arising from the evolution of habitat preferences can reduce dispersal between contrasting habitats and promote adaptive divergence [8, 10, 33, 36, 43]. Perhaps nowhere is this more evident than among herbivorous insect specialists, who tend to oviposit, feed, rest, develop, and mate on their host plants [23]. In the present study, we demonstrated that multiple populations of the gall former B. treatae, each inhabiting either of two closely related oak species [37, 38] each express strong preferences for their natal host plant species. This preference was especially apparent among females as shown in Figures 1 and 3. Our results are consistent with partial habitat isolation in gall wasps evolving as a byproduct of adaptation to different hosts, as has now been demonstrated in a number of plant-insect systems [8, 10, 20]. Our experimental assays of host preference demonstrated that (a) each host-associated population accepts its native oak more than the alternative sister species of oak, (b) populations vary in the degree of host preference exhibited, and (c) individuals within host-associated populations vary in the strength of their preference, a proxy for ecological specialization. In light of the spatial distribution of the two species of oaks throughout central Florida, our results suggest an active role for habitat isolation in the ongoing evolution of reproductive isolation in this species of gall former. Given that the expansive geographic range of B. treatae (Florida to Texas) spans the geographic ranges of the six species of closely related live oaks that constitute the series Virentes [37, 38, 40], our results hint at the as yet unexplored prospect of replicated regional differentiation in host preference within B. treatae.
 An underlying assumption of our current measurement of host preference is that time spent on a host plant is correlated with mating and oviposition decisions, as has been shown in other host-associated and ecologically divergent insect populations [44]. However, we consider residence time in our study to be a conservative measure of host preference, as in two other species that form host-associated populations, E. solidaginis and R. pomonella, the insect is more likely to sit on the alternate host plant than to mate or oviposit on it [8, 44].
 Through mating assays we showed that individual B. treatae prefer to mate with individuals from their natal oak population rather than individuals from the alternative oak species. Most important to the present study was our explicit test of the role of host preference, an estimate of habitat isolation, on the degree of sexual isolation among these ecologically divergent host-associated populations. Here, comparing sexual isolation with and without host plants being present in the experimental arena does just this [10, 23]. We found that the presence of the host plant during mating trials increased the degree of sexual isolation among B. treatae reared from different host plants by reducing between-host matings by 47%. Moreover, we found this effect to be associated with variation in the host plant preference exhibited by males as most matings occurred on the female’s host plant, regardless of the type of cross (interpopulation or intrapopulation).
 Our mating assays constituted “no-choice” conditions where females were paired with males from one of two possible populations. An alternative approach can involve “choice” experiments, in which individuals can choose between inhabitants from each population. “Choice” tests can offer a different perspective of mate choice, commonly observing stronger preferences than “no-choice” tests [45]. In our assays, we imagined the biologically relevant scenario to be one in which an individual on its native host plant encountered a single migrant in a “no-choice-” type scenario.
 All adults assayed in both the host and mate preference trials were reared directly from their native host hence we cannot rule out host environment as a contributing factor to the observed patterns of host and mate preferences. Reciprocal transplant experiments, repeated across populations, will be needed to distinguish genetic and environmental contributions to the observed differences in habitat and mating preferences and assess the adaptive nature of these traits through measurements of the fitness of each population on the two host species. However, the observed differences in host preference, even if due to host environment, would still be expected to contribute to divergence of B. treatae populations, as parental generation migrant wasps would be predicted to be averse to settling on, or mating with individuals from, the alternative host plant. Thus, our experiments support a critical role for host plant use in promoting reproductive isolation among populations of B. treatae regardless of the underlying basis for preference variation. Future work will test additional populations in mate choice assays to assess the generality of the current support for the hypothesis that habitat isolation directly contributes to sexual isolation during mate choice.
4.2. Habitat Preference and Speciation
 Divergent habitat (e.g., host plant) preferences can promote the speciation process in two ways: (a) directly by reducing encounters between potential mates and driving assortative mating and (b) indirectly by generally reducing gene flow, which facilitates overall adaptive divergence and increases the opportunity for postzygotic barriers to arise. Habitat preference is considered to act directly as a form of reproductive isolation; however, to date, only a modest number of studies have actually demonstrated that habitat preference results in assortative mating and reduced gene flow. Cage experiments show increased assortative mating between host-associated populations of Eurosta solidaginis gall flies when host plants are present relative to when they are absent [36]. Mark-recapture studies of hawthorn and apple host races of Rhagoletis pomonella flies suggest that the tendency of flies to reproduce on the same host species used in earlier life cycle stages strongly reduces gene flow between the races [8, 10]. Most convincingly, a combination of field and molecular data indicates that variation in host plant choice reduces gene flow between clover- and alfalfa-adapted populations of Acyrthosiphon pisum pea aphids [32].
 Habitat preferences can also indirectly contribute to the speciation process by (a) reducing the constraining effects of gene flow on adaptive divergence in ecologically important traits [13, 33], (b) promoting postzygotic isolation through less fit hybrids [46–48], and (c) increasing the opportunity for Dobzhansky-Muller postzygotic barriers to arise [49]. Thus, when divergent habitat preference acts as a barrier to gene flow, additional prezygotic and postzygotic reproductive barriers can evolve via the byproduct model of ecological speciation [1, 10, 23, 50]. Under this model, reproductive barriers evolve as an indirect consequence of reduced gene flow rather than as a direct result of selection.
4.3. Conclusions
 While habitat isolation is thought to play a critical role in premating reproductive isolation among herbivorous insect populations and, in general, among all taxa undergoing ecological divergence and speciation, very rarely is the role of habitat selection directly tested [23]. In the present study, we used a combination of habitat preference and mate preference assays among ecologically divergent populations of the gall wasp Belonocnema treatae to document variation among populations in habitat (i.e., host plant) preference and examine the role of habitat isolation to overall reproductive isolation. Overall, all populations examined showed habitat fidelity and habitat preference decreased the probability of mating between individuals from alternative host plants. The increase in the degree of assortative mating due to the presence of the host plant during mate choice provides an example of the importance of habitat isolation in promoting reproductive isolation between host-plant-associated populations of herbivorous insects.
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