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Sex in the kitchen: non-additive effects of competition for food and reproductive interference on coexistence outcomes between closely related species

Competition for food and negative interspecific sexual interactions (reproductive interference) have been identified as major drivers of species exclusion. These interactions likely do not act independently, as they often involve the same actors and may be modulated by the same underlying traits. However, how they determine competitive dominance when acting in combination has not yet been studied. Here, we address this issue using two closely related species, the spider mites Tetranychus urticae and T. cinnabarinus. First, by measuring species interactions in small-scale experiments, we revealed that the strength and symmetry of reproductive interference between species changed in presence of food competition. Next, using a population model, we showed that such non-additive effects induce significant changes in predicted competitive outcomes, specifically, a change in priority effects from favouring the inferior competitor for food in the sole presence of reproductive interference to favouring the superior competitor instead. Finally, we confirmed the accuracy of the model predictions for short-term population dynamics in a large-scale experiment. Together, these lines of evidence show that food competition and reproductive interference have non-additive effects on the population dynamics of interacting species, and highlight the necessity of incorporating both mechanisms to better predict competitive outcomes.

Introduction

Competitive interactions between organisms, be they for food, mates, or hosts, shape population dynamics and affect species distributions. Indeed, all these interactions generally have negative consequences for population growth of one or both species involved. They are also often modulated by the same underlying traits. For example, size is a mediator of competition for food, but also for mates [START_REF] Pollo | The better, the choosier: A meta-analysis on interindividual variation of male mate choice[END_REF][START_REF] Kvarnemo | The dynamics of operational sex ratios and competition for mates[END_REF][START_REF] Grainger | Rapid evolution of life-history traits in response to warming, predation and competition: A meta-analysis[END_REF][START_REF] Tan | Body size and shape responses to warming and resource competition[END_REF] . Still, despite all the potential for interaction among these types of competition, they have mostly been addressed in disparate bodies of literature [START_REF] Rodrigues | Integrating Competition for Food, Hosts, or Mates via Experimental Evolution[END_REF] .

The impact of competition for food (i.e., exploitative competition) in shaping species coexistence has been predicted and analysed by means of modern coexistence theory [START_REF] Macarthur | Species Packing and Competitive Equilibrium for Many Species[END_REF][START_REF] Amarasekare | Interference competition and species coexistence[END_REF][START_REF] Chesson | Updates on mechanisms of maintenance of species diversity[END_REF][START_REF] Spaak | Mapping species niche and fitness differences for communities with multiple interaction types[END_REF][START_REF] Chesson | Mechanisms of maintenance of species diversity[END_REF] . This framework posits that two species can coexist when niche differences, arising when intraspecific competition exceeds interspecific competition, are greater than fitness differences (i.e., differences in species' intrinsic growth rate weighted by their overall sensitivity to competition). Otherwise, the species with higher fitness outcompetes the inferior competitor.

Alternatively, priority effects can occur when species limit their competitor's growth more than their own (negative niche differences). In that case, the species that arrives first in a community, or is at an initial higher frequency, dominates it locally [START_REF] Amarasekare | Interference competition and species coexistence[END_REF][START_REF] Ke | Coexistence theory and the frequency-dependence of priority effects[END_REF] .

Although the validity of this framework to predict the population dynamics of interacting species has been shown in a wide variety of biological systems [START_REF] Godoy | Phenology effects on invasion success: Insights from coupling field experiments to coexistence theory[END_REF][START_REF] Narwani | Experimental evidence that evolutionary relatedness does not affect the ecological mechanisms of coexistence in freshwater green algae[END_REF][START_REF] Fragata | Specific sequence of arrival promotes coexistence via spatial niche preemption by the weak competitor[END_REF][START_REF] Grainger | Applying modern coexistence theory to priority effects[END_REF][START_REF] Li | Niche and fitness differences determine invasion success and impact in laboratory bacterial communities[END_REF] , it has largely overlooked competition for other types of resource beyond food. This is at odds with the fact that other types of competition can arise between those same individuals that are competing for food. For instance, closely related species are likely to engage in competition for food, due to sharing similar niches [START_REF] Denno | Interspecific Interactions in Phytophagous Insects: Competition Reexamined and Resurrected[END_REF] , and they can also compete for mates. This can result in reproductive interference, i.e., any sexual interaction between genetically differentiated organisms with negative fitness consequences for at least one of them, ranging from signal jamming to hybrid infertilty [START_REF] Burdfield-Steel | Reproductive interference[END_REF][START_REF] Gröning | Reproductive Interference Between Animal Species[END_REF] . Several laboratory [START_REF] Kishi | Reproductive interference in laboratory experiments of interspecific competition[END_REF] and field studies [START_REF] Whitton | Co-occurrence of related asexual, but not sexual, lineages suggests that reproductive interference limits coexistence[END_REF][START_REF] Liu | Asymmetric Mating Interactions Drive Widespread Invasion and Displacement in a Whitefly[END_REF][START_REF] Konishi | Impact of Asymmetrical Hybridization Followed By Sterile F1 Hybrids on Species Replacement in Pseudorasbora[END_REF] have shown that reproductive interference is an important mechanism driving exclusion, precluding interacting species from long-term persistence [START_REF] Whitton | Co-occurrence of related asexual, but not sexual, lineages suggests that reproductive interference limits coexistence[END_REF][START_REF] Hochkirch | Sympatry with the devil: Reproductive interference could hamper species coexistence[END_REF][START_REF] Ting | Demographic consequences of reproductive interference in multi-species communities[END_REF] . Indeed, species are increasingly affected by reproductive interference as they become rarer due to reduced encounter rates with conspecifics [START_REF] Gröning | Reproductive Interference Between Animal Species[END_REF] .

Theoretically, reproductive interference is thus predicted to cause priority effects, thereby leading to the exclusion of the initially less common species [START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF] . However, theoretical studies also predict that the outcome of reproductive interference may change depending on its interplay with trophic interactions [START_REF] Kishi | Reproductive interference in laboratory experiments of interspecific competition[END_REF][START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF][START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] .

It is thus clear that the integration of trophic interactions such as competition for food and sexual interactions such as reproductive interference is key to our understanding of species dynamics and distribution [START_REF] Gómez-Llano | When Ecology Fails: How Reproductive Interactions Promote Species Coexistence[END_REF] . Some theoretical and empirical developments have been done in this direction [START_REF] Kishi | Reproductive interference in laboratory experiments of interspecific competition[END_REF][START_REF] Kuno | Competitive exclusion through reproductive interference[END_REF][START_REF] Yoshimura | Population Dynamics of Sexual and Resource Competition[END_REF][START_REF] Kishi | Reproductive interference determines persistence and exclusion in species interactions[END_REF][START_REF] Takafuji | Reproductive interference and its consequences on the competitive interactions between two closely-related Panonychus spider mites[END_REF] . They predict that both interactions may act synergistically to accelerate exclusion, but if both processes are asymmetric in opposite directions (such that the species most affected by food competition is equally less affected by reproductive interference and vice-versa), coexistence is possible [START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF][START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] . However, these theoretical models assumed that food competition and reproductive interference operate independently from one another, whereas mechanisms involved in both interactions may interact or be correlated, which should result in non-additive effects when both act in combination.

Food competition and reproductive interference may directly or indirectly affect each other's intensity if the same (or correlated) traits are involved in both interactions (e.g., body size [START_REF] Okuzaki | Resource partitioning or reproductive isolation: The ecological role of body size differences among closely related species in sympatry[END_REF] ), or due to density-dependent behaviours affecting the strength of both interactions [START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] (e.g., increased dispersal and/or conspecific aggregation [START_REF] Ruokolainen | Stable coexistence of ecologically identical species: Conspecific aggregation via reproductive interference[END_REF][START_REF] Kyogoku | Species coexist more easily if reinforcement is based on habitat preferences than on species recognition[END_REF] ). In line with this, several empirical studies revealed that food competition can affect the reproductive success of individuals [START_REF] Fisher | Female swordtail fish use chemical cues to select wellfed mates[END_REF][START_REF] Sigurjónsdóttir | Food competition among Scatophaga stercoraria Iarvae with emphasis on its effects on reproductive success[END_REF] , or reciprocally, that different reproductive strategies may result in different investment in food competition [START_REF] Boussens-Dumon | Sex, competition and mimicry: an ecoevolutionary model reveals unexpected impacts of ecological interactions on the evolution of phenotypes in sympatry[END_REF][START_REF] Anderson | Non-additive effects of intra-and interspecific competition between two larval salamanders[END_REF] . However, these studies have largely focused on intraspecific interactions, whereas trophic and sexual interactions can also simultaneously occur between closely-related species, and jointly affect their traits [START_REF] Boussens-Dumon | Sex, competition and mimicry: an ecoevolutionary model reveals unexpected impacts of ecological interactions on the evolution of phenotypes in sympatry[END_REF] . In addition, while both empirical and theoretical studies investigated the impact of non-additivity between different types of trophic interactions (e.g., intra-and interspecific competition [START_REF] Anderson | Non-additive effects of intra-and interspecific competition between two larval salamanders[END_REF] , food competition, predation, or parasitism [START_REF] Lai | Non-additive biotic interactions improve predictions of tropical tree growth and impact community size structure[END_REF][START_REF] Morin | Functional Redundancy, Non-Additive Interactions, and Supply-Side Dynamics in Experimental Pond Communities[END_REF][START_REF] Coors | Synergistic, antagonistic and additive effects of multiple stressors: Predation threat, parasitism and pesticide exposure in Daphnia magna[END_REF] ) on species growth rates, potential non-additive effects between trophic and sexual interactions, such as between food competition and reproductive interference, have been considered only very recently in coexistence theory [START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] , and remain to be tested experimentally.

Spider mites pose an ideal system to study the single and combined effects of food competition and reproductive interference on competitive outcomes. Some herbivorous species have been shown to compete for food when sharing host plants [START_REF] Fragata | Specific sequence of arrival promotes coexistence via spatial niche preemption by the weak competitor[END_REF][START_REF] Sarmento | A Herbivorous Mite Down-Regulates Plant Defence and Produces Web to Exclude Competitors[END_REF] , and some mites are closely related enough that reproductive interference can occur [START_REF] Takafuji | Reproductive interference and its consequences on the competitive interactions between two closely-related Panonychus spider mites[END_REF][START_REF] Clemente | Despite reproductive interference, the net outcome of reproductive interactions among spider mite species is not necessarily costly[END_REF][START_REF] Sato | Reproductive interference and sensitivity to female pheromones in males and females of two herbivorous mite species[END_REF][START_REF] Sato | Why do males choose heterospecific females in the red spider mite?[END_REF][START_REF] Smith | Spider Mites: Population Suppression by Interspecific Hybridization[END_REF] . Here, we used two such species, Tetranychus urticae and T. cinnabarinus, also often referred to as the green and red forms of T. urticae [START_REF] Auger | Evidence for synonymy between Tetranychus urticae and Tetranychus cinnabarinus (Acari, Prostigmata, Tetranychidae): Review and new data[END_REF] . These two share several host plants [START_REF] Xie | The two-spotted spider mite Tetranychus urticae Koch and the carmine spider mite Tetranychus cinnabarinus (Boisduval) in China mixed in their Wolbachia phylogenetic tree[END_REF] , on which they compete for food. In addition, reproductive incompatibilities between the two, owing to significant differentiation across their genomes [START_REF] Xue | Incomplete reproductive barriers and genomic differentiation impact the spread of resistance mutations between green-and red-colour morphs of a cosmopolitan mite pest[END_REF] , lead to variable degrees of unfit hybridization (i.e., from partial to complete hybrid sterility and hybrid breakdown [START_REF] De Boer | Partial hybrid sterility between strains of the arrhenotokous spider mite, Tetranychus urticae complex (Acari, Tetranychidae)[END_REF][START_REF] Sugasawa | Hybrid affinities between the green and the red forms of the two-spotted spider mite Tetranychus urticae (Acari: Tetranychidae) under laboratory and semi-natural conditions[END_REF][START_REF] Cruz | Wolbachia and host intrinsic reproductive barriers contribute additively to postmating isolation in spider mites[END_REF] ). This results in strong reproductive interference [START_REF] Smith | Spider Mites: Population Suppression by Interspecific Hybridization[END_REF] . With this experimental system, we used recent modelling advances rooted in coexistence theory [START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] and its recent extensions [START_REF] Ke | Coexistence theory and the frequency-dependence of priority effects[END_REF][START_REF] Grainger | Applying modern coexistence theory to priority effects[END_REF][START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] , and parameterised them with a set of experiments manipulating the presence or absence of food competition and reproductive interference. This combination of theory, modelling, and experiments allowed to predict their single and joint contribution to competitive outcomes. Such predictions were ultimately validated with an independent largescale cage population experiment, to distinguish which combination of food competition and reproductive interference best fit the observed population dynamics of interacting mite species.

Results

Food competition affects the strength and symmetry of reproductive interference.

Small-scale experiments, in which we assessed the strength of interactions by exposing females of each species to competition for food (Experiment 1), mates (Experiment 2), or both (Experiment 3), revealed large asymmetries between species. Indeed, females grown in absence of any competitors for food and heterospecific mates (controls) consistently differed in their intrinsic growth rates across all 3 experiments: T. cinnabarinus (Tc) females produced, on average, more offspring than T. urticae (Tu) females (λTc > λTu; Figures 1 and2a; Supplementary Table S1). When species competed only for food (Experiment 1), both species were more sensitive to heterospecific than to conspecific competitors (αTcTu > αTcTc and αTuTc > αTuTu), but Tc females were generally more sensitive to competition than Tu females, regardless of competitor identity (αTcTc*αTcTu > αTuTu*αTuTc ; Figures 1a and2b; Table S1). Conversely, when the two species were only exposed to reproductive interference (Experiment 2), Tu females suffered more from the presence of heterospecifics than Tc females (βTuTc > βTcTu; Figures 1b and2c; Table S1). Finally, when both interactions occurred simultaneously (Experiment 3), both species had lower intrinsic growth rates (λ) and were overall less sensitive to competition (α) than in the previous experiments (Figures 2a,b; see also Table S2 vs. S1), but the relationship between λ and α values was conserved, with Tc females producing more offspring and being more affected by competition than Tu females (Figure 2a,b). However, we found a drastic difference in the strength and symmetry of reproductive interference, as the sensitivity of Tc females to reproductive interference slightly increased, whereas that of Tu females strongly decreased. Thus, Tu females suffered less from reproductive interference (βTcTu > βTuTc; Figure 2c), and became overall less affected by the presence of heterospecific individuals than Tc females (Figure 1c; see also Table S2 vs S1).

The non-additivity of food competition and reproductive interference impacts theoretical predictions for coexistence

Interaction strength estimated from the aforementioned experiments subsequently served to parameterise a population model that predicted the long-term consequences of both types of interaction. This model is a generalization of a Lotka-Volterra model that describes changes in population abundances over time as a function of species intrinsic growth rates (λ) and the negative linear effects of competition for food (α) and reproductive interference (β) due to the presence of competitors [START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] . Therefore, non-additive effects between competition for food and reproductive interference can only arise from changes in the strength of the estimated parameters (rather than from an interactive term of these two effects within the population model; see Eq. 1).

We found that when acting alone, food competition should promote positive densitydependent effects (denoted as negative niche differences), as each species was more affected by heterospecifics than by conspecifics. This result, combined with the fact that fitness differences between the two species were large enough (both for 3 replicate populations and for all data), should lead to the exclusion of Tc (but note that we also found high variability among replicate populations, suggesting that priority effects are also possible; Figure 3a). We also found that, in absence of food competition, reproductive interference should always generate priority effects, such that the outcome should depend on the combination between the relative 'fecundity differences' between the two species (cf. Eq. S6 in supplementary Box S3) and their initial relative frequency (Figure 3b). However, in our system (i.e., with the parameter values we measured experimentally), we predicted that Tc should be favoured even when rare, as Tu should be excluded not only when both species are initially at equal relative frequency (as in our experimental conditions), but also when it is initially twice as abundant as Tc (predicted for all data and 3 replicate populations; Figure 3b). Thus, food competition and reproductive interference are, overall, predicted to generate rather opposite outcomes when acting in the absence of each other.

Then, to determine how both interactions would jointly affect long-term population dynamics, we performed simulations in which they would have either additive (using parameters estimated from Experiment 1 and 2) or non-additive (using parameters estimated from Experiment 3) effects on species growth rates. In both cases, and as predicted for reproductive interference alone, we found priority effects, as the identity of the species that excludes the other depended on the initial conditions (both initial relative frequency and absolute density in this case; Figure 3c,d). However, when considering that the two interactions had additive effects, reproductive interference should counterbalance the asymmetries in food competition, with the weaker competitor for food (Tc) excluding the stronger competitor (Tu) when the former is initially more abundant (Figure 3c; see Figure S1 and S2 for variation among replicate populations). In contrast, when accounting for the non-additive effects of the two interactions, reproductive interference should have a much lower buffering effect against the effects of food competition. In this case, Tu always excluded Tc, except when extremely rare (Figures 3d; see Figures S1 andS3 for variation among replicate populations).

The model accurately predicts dynamics in cage populations

Finally, to validate our hypothesis that accounting for non-additive effects of food competition and reproductive interference improves the accuracy of model predictions, we performed a large-scale experiment in which we followed, in 5 replicate cage populations, the short-term dynamics of the two species starting at equal initial densities (Experiment 4). We also extended the population model to fit the procedure used in this experiment (cf. Methods and Box S4) and predict the production of sterile hybrid females along with Tu and Tc females. Then, we parameterised the model using estimates obtained either in Experiments 1 and 2 or in Experiment 3, to predict population dynamics with additive or non-additive effects of food competition and reproductive interference, respectively. In the experiment, all replicate populations showed very consistent dynamics, with Tc and hybrids being fully excluded by Tu by the 6 th and 8 th generations, respectively (Figure 4a; Table S3). A similar pattern was also predicted by the model, both when accounting for additive or non-additive effects of food competition and reproductive interference. However, simulated population dynamics considering only additive effects showed extremely large variance, indicating a strong uncertainty concerning which species should exclude the other (Figure S4a). Conversely, predictions showed much lower variance when including non-additive effects instead, with Tu always excluding Tc (Figure S4b). Hence, these results further confirmed the importance of incorporating non-additivity in the model to better predict population dynamics. Still, as compared to experimental observations (Figure 4a), the model predicted lower proportions of hybrids (from generations 2 to 6), and a faster exclusion of Tc. Thus, to improve these predictions, we performed additional simulations in which we varied the sensitivity of hybrid females to food competition, as compared to purebred females, and quantitatively compared observed and predicted data with linear regressions. These analyses revealed that hybrid females should be at least 10 times less sensitive to food competition than purebred ones (Figure 4b; Table S3) to obtain the best fit between observed and predicted dynamics (Figure 4c, Table S4).

Discussion

Our study provides the first empirical evidence that reproductive interference interacts in a non-additive way with food competition, such that their combined effect on population dynamics and competitive outcomes could not be predicted by their independent action. The species that benefitted most from this non-additivity in our system was the superior competitor for food (Tu), which also became the least sensitive to interference.

Why food competition directly affected both the strength and the symmetry of reproductive interference could be explained by a positive correlation between traits involved in each of these interactions, or by the same traits being involved in both interactions [START_REF] Maan | Ecology, sexual selection and speciation[END_REF] . One such trait that could explain our results is body size [START_REF] Okuzaki | Resource partitioning or reproductive isolation: The ecological role of body size differences among closely related species in sympatry[END_REF] . Indeed, because food availability can affect body size in spider mites [START_REF] Li | Does size matter? Fecundity and longevity of spider mites (Tetranychus urticae) in relation to mating and food availability[END_REF] , and Tu individuals were less sensitive than Tc to food competition, the size of Tu individuals might also be less negatively affected by food competition than that of Tc individuals. This, in turn, could reduce the sensitivity of Tu to reproductive interference while increasing that of Tc, because bigger spider mite males are generally superior competitors for mates [START_REF] Potter | Aggression and Mating Success in Male Spider Mites[END_REF][START_REF] Enders | The effect of male size and operational sex ratio on male mating success in the common spider mite, Tetranychus urticae Koch (Acari: Tetranychidae)[END_REF] , and bigger females preferred over smaller ones [START_REF] Zahradnik | Choosy males in a littorinid gastropod: Male Littorina subrotundata prefer large and virgin females[END_REF][START_REF] Edward | The evolution and significance of male mate choice[END_REF] . Another possibility could be that reduced food availability (or quality) leads to slower offspring development in spider mites as in other systems [START_REF] Teng | Development and Survival of Immature Aedes albopictus and Aedes triseriatus (Diptera: Culicidae) in the Laboratory: Effects of Density, Food, and Competition on Response to Temperature[END_REF][START_REF] Wilson | Plant-Quality Effect on Life-History Parameters of the Twospotted Spider Mite (Acari: Tetranychidae) on Cotton[END_REF] , such that under competition for food, males of the superior competitor (Tu) develop faster and secure conspecific mates, before males of the inferior competitor (Tc) became sexually mature. Moreover, although our experiments aimed at revealing whether food competition affected the strength of reproductive interference, non-additive effects may also occur in the opposite direction. For instance, male mating harassment 63 could either decrease or increase the intensity of food competition by inducing changes in female feeding behaviour (e.g., reduced female feeding time to escape males [START_REF] Bancroft | Allocating time between feeding, resting and moving by the two-spotted spider mite, Tetranychus urticae and its predator Phytoseiulus persimilis[END_REF] , or increased spatial aggregation to create refuges from males [START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] ). Theoretically, such density-dependent phenomenological effect of reproductive interference on the intensity of food competition can cause changes in niche differences, thereby shifting competitive outcomes from coexistence to priority effects, or the reverse [START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] . However, the long-term consequences of the opposite (i.e., changes in the strength of reproductive interference in response to food competition) had not yet been investigated theoretically.

Our ability to inform population models with such detailed experiments allowed us to predict the long-term consequences of the interaction between food competition and reproductive interference. Following principles from modern coexistence theory, we observed that food competition promoted a combination of reduced niche differences and fitness differences favouring Tu. Thus, predicted ecological outcomes based on the effect of food competition alone showed that Tc should overall be excluded, although in some replicate populations, Tc could exclude Tu when initially present at a higher frequency. Reproductive interference was instead found to promote priority effects [START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF][START_REF] Kyogoku | When does reproductive interference occur? Predictions and data[END_REF] that should favour Tc over Tu. Indeed, we predicted that Tc should exclude Tu except when the latter was initially much more abundant. Our findings are thus in line with several studies reporting reproductive interference as a mechanism of exclusion, whether based on theory [START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF][START_REF] Takafuji | Reproductive interference and its consequences on the competitive interactions between two closely-related Panonychus spider mites[END_REF][START_REF] Kyogoku | Heterospecific mating interactions as an interface between ecology and evolution[END_REF] , or on empirical data for a variety of systems [START_REF] Whitton | Co-occurrence of related asexual, but not sexual, lineages suggests that reproductive interference limits coexistence[END_REF][START_REF] Hochkirch | Sympatry with the devil: Reproductive interference could hamper species coexistence[END_REF][START_REF] Ting | Demographic consequences of reproductive interference in multi-species communities[END_REF][START_REF] Kishi | Reproductive interference determines persistence and exclusion in species interactions[END_REF][START_REF] Takakura | Alien dandelion reduces the seed-set of a native congener through frequency-dependent and one-sided effects[END_REF] . However, although food competition and reproductive interference acting asymmetrically in opposing directions is a condition previously predicted to favour stable coexistence [START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF] , this was not the case in our system.

In this study, we provided the first experiment-based predictions of modern coexistence theory incorporating both food competition and reproductive interference. Our simulated population dynamics revealed that priority effects driven by reproductive interference remained even in the presence of food competition. Hence, reproductive interference is a key determinant of population dynamics in this system, whereas food competition determined which species was dominant by reducing the threshold frequency at which the superior competitor for food (Tu) was able to invade. Moreover, we showed that non-additive effects of the two interactions increased the importance of food competition relative to that of reproductive interference in determining competitive outcomes in this system, as the lower sensitivity of the superior competitor (Tu) to reproductive interference served as a buffer against priority effects. This was evidenced by an even greater reduction of the threshold frequency required for Tu to exclude Tc. The apparent discrepancy between this result and previous theoretical predictions, whereby coexistence should be possible via a trade-off between reproductive interference and food competition [START_REF] Kishi | Analysis of species coexistence co-mediated by resource competition and reproductive interference[END_REF] , lies in the fact that we found negative niche differences in our system, a scenario yet unexplored until very recently. Indeed, recent theoretical work showed that only a shift towards positive niche differences, due to changes in food competition intensity mediated by reproductive interference, could drive coexistence in systems in which niche differences are initially negative [START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] . Finally, using independent data for model parameterisation and validation, we demonstrated, for the first time, the importance of accounting for non-additive effects between trophic and sexual interactions to accurately predict coexistence outcomes between closelyrelated species. These findings further showed that it is possible to generate very accurate predictions for population dynamics using a simple model that incorporates all possible mechanisms of reproductive interference [START_REF] Burdfield-Steel | Reproductive interference[END_REF][START_REF] Gröning | Reproductive Interference Between Animal Species[END_REF] , without explicitly modelling each individual mechanism (i.e., the concept of 'demographic reproductive interference' [START_REF] Ting | Demographic consequences of reproductive interference in multi-species communities[END_REF] ). Interestingly, we also show that including the ecological impact of hybrids by adjusting their sensitivity to food competition further improved our ability to predict the system's dynamics. Indeed, since hybrid females are mostly sterile in our system [START_REF] Cruz | Wolbachia and host intrinsic reproductive barriers contribute additively to postmating isolation in spider mites[END_REF] , they may require much less resources than purebred females. A direct consequence of this, predicted by our model and observed experimentally, is an increased relative frequency of hybrid females in the populations. This, in turn, may generate cascading density-dependent effects, potentially affecting both reproductive interference and food competition's intensities. Thus, while studies of speciation mainly focus on the ecological impact of hybrids in the context of adaptation [START_REF] Seehausen | Hybridization and adaptive radiation[END_REF][START_REF] Gow | Ecological selection against hybrids in natural populations of sympatric threespine sticklebacks[END_REF] , our results highlight how even hybrids that do not contribute genetically to the following generations may have a significant ecological impact through competitive interactions.

In conclusion, our results highlight that food competition and reproductive interference interact in a non-additive way. Such results, which were overlooked by ecological theory, have significant consequences for understanding the short-term population dynamics of interacting species as well as their long-term competitive outcomes. We believe these non-additive effects are not specific to spider mites, but can rather be a general feature of many other ecological systems, as has recently been proposed [START_REF] Yamamichi | Frequency-dependent community dynamics driven by sexual interactions[END_REF] . In fact, this can be expected in any system where the same (or correlated) traits are involved in both sexual and trophic interactions (cf. above), and even more particularly in systems where the two types of interactions are intertwined, such as in species with sexual cannibalism [START_REF] Fea | Fatal attraction: sexually cannibalistic invaders attract naive native mantids[END_REF] . The potential ubiquity of such non-additive effects should be considered in future work for two main reasons. From a theoretical perspective, it indicates that studies accounting for several types of interactions, such as the combination of trophic and sexual interactions [START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] , or exploitative and apparent competition [START_REF] Chesson | The interaction between predation and competition[END_REF] , must more systematically explore theory beyond assuming simple additive effects [START_REF] Thompson | Species interactions cause non-additive effects of multiple environmental stressors on communities[END_REF] . From an empirical perspective, it highlights the necessity to consider several types of interactions in isolation and together to better understand the magnitude of non-additive effects. In sum, species interactions have been intensively studied for more than a century as a major determinant of species distribution and competitive outcomes. Yet, our results collectively show that we are still in the infancy of understanding how different mechanisms interact to determine the population dynamics of interacting species. Combining theoretical and empirical progress is still needed to obtain a more holistic view of the causes and consequences of species interactions. heterospecific males. This was done over 2 generations to encompass the costs resulting from the production of sterile F1 hybrids (Figure 5b). Third, to quantify the combined effect of food competition and reproductive interference on the growth rate of each species, we assessed their per capita production of daughters when they interacted sexually and shared a common resource over 3 generations (Figure 5c). In all three experiments, controls with no competitors for food (nor heterospecific mates) were also used to estimate the individual growth rate of each species in absence of any interactions.

Theoretical approach for parameter estimations and to predict the outcome of interactions between populations

To estimate key interaction coefficients from data obtained in each of the experiments described above, we adapted a discrete-time population model developed by Schreiber et al [START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] , in which a reproductive interference term was added to the Beverton-Holt function used to predict population dynamics under food competition [START_REF] Godoy | Phenology effects on invasion success: Insights from coupling field experiments to coexistence theory[END_REF] . In this model, the number of individuals of a species i (Ni) is predicted at each generation t, accounting for interactions with individuals of a species j (Nj), with the following equation:

N i, t+1 = N i,t δ λ i • ! 1+α ii (N i,t -1) + α ij N j,t • N i,t N i,t + β ij N j,t (Eq. 1)
In this equation, the leftmost term represents population growth in absence of limiting interactions for species i. The δ, corresponds to the oviposition period in days, and λi is the percapita daily intrinsic growth rate of species i in absence of any type of interactions. The middle term represents the effect of food competition. αii and αij are, respectively, the per capita effects of food competition with N i -1 competitors of species i (we excluded the focal individual here as the quantity of food provided to single individuals in our experiments is not limiting: we assume its growth to be limited only by the presence of competitors), and N j competitors of species j (i.e., intraspecific and interspecific competition, respectively). The rightmost term represents the per capita effect of reproductive interference, where βij is the per capita effect of interspecific sexual interactions with N j individuals of species j on the growth rate of species i.

Detailed procedure used for estimations of parameter values (and their 95% confidence interval) in each of the experiments 1, 2 and 3, is provided in the Supplementary Box S3. Estimated parameter values were then used to compute three different key metrics allowing to infer the impact of food competition and reproductive interference in the long-term: the average fitness differences (k j /k i computed using the λ and α parameters), which refers to the competitive advantage of one species over the other; the niche overlap (ρ computed using the α parameters), which represents the degree to which each species limits its own growth as compared to how it limits the growth of the competitor species 10 ; and the relative strength of reproductive interference (γ computed using the β parameters), which corresponds to the degree to which one species is more sensitive to reproductive interference than the other [START_REF] Schreiber | When rarity has costs: coexistence under positive frequency-dependence and environmental stochasticity[END_REF] . Equations used to compute these key metrics, as well as analytical solutions and numerical analyses used to predict the long-term outcome of interactions between species (when food competition and reproductive interference act alone or simultaneously, respectively), are fully described in the Supplementary Box S3.

Empirical test of model predictions: Dynamics in cage populations

To determine whether our estimated interaction coefficients enable accurate predictions of short-term population dynamics, we performed a larger-scale experiment (Experiment 4) in which we followed the relative frequencies of Tu and Tc female mites, as well as that of hybrid females, in cage populations over eight discrete generations (Figure 6 and detailed procedure in Box S4). We also adapted our mathematical model to fit the procedure used in the population cage experiment (cf. details and equations in Box S4). In short, the model was extended to account for random sampling of the females used to start each new generation, and for the differences between species when populations only compete for food or depending on the relative strength of reproductive interference and fecundity differences when populations only interact during reproduction, respectively. In (A), the two solid black lines define the space in which species can coexist (grey area) or enter alternative stable states (priority effects; white area). Otherwise, the species with higher fitness will exclude the other. In (B), due to priority effects, coexistence is possible if reproductive interference equalises the fecundity differences between populations at equal initial frequency of both species (solid line: NTu/NTc = 1), or if the initial frequency of the inferior competitor is sufficiently high to compensate for the combined effects of its fecundity disadvantage and/or higher sensitivity to reproductive interference (dotted lines from left to right: NTu/NTc = 2/1, 4/3, 3/4, and 1/2). In (A) and (B), grey circles and black diamonds are means (± 95% confidence intervals) for each replicate population and for all data, respectively. Note that negative parameter values and confidence intervals are not displayed. (C) and (D) show predicted outcomes for different initial absolute densities and relative frequencies of the two species, obtained from simulations using parameters estimated with all data (cf. Figure S1 for each replicate population) when both types of competition had additive or non-additive effects, respectively.

In both panels, heat maps show that the identity of the remaining species after 20 generations depends on the initial conditions due to priority effects (see also Figures S2 andS3 for the full population dynamics). Red area: Tc excludes Tu; Blue area: Tu excludes Tc (only for equal initial frequency of the two species in panel B). (C) The combined effect of food competition and reproductive interference were measured across three consecutives generations (G1 to G3) by using common (food and mating) patches for the entire life cycle of the individuals. As females mated with males from their own population were used at the onset of the experiment, the first generation (G0 to G1) allowed re-estimating food competition in absence of reproductive interference (to correct for testing time). The next generations of offspring (G2 to G3) allowed re-estimating reproductive interference in the presence of food competition. Red: Tc females; Blue: Tu females; Purple: hybrid females. 

Figure 1 .

 1 Figure 1. Single and combined effects of food competition and reproductive interference on the daily per capita production of daughters by Tetranychus urticae (Tu) and T. cinnabarinus (Tc) populations. In (A), lines represent the average number of females produced under increasing densities of either conspecific or heterospecific competitors (dark and light colours, respectively) on a common food patch, but in absence of reproductive interference. In (B), lines represent the average number of females produced in absence or presence of heterospecific individuals (dark and light colours, respectively) on a common mating patch, in absence of food competition. In (C), violin plots show the distribution of mean number of females produced when individuals competed for the same food and shared their mating patches over 3 generations. In all panels, individual points show the mean number of females produced daily by a single female (per capita) for each of 5 different replicate populations. Red: Tc females; Blue: Tu females.

Figure 2 .

 2 Figure 2. Comparison of parameter values estimated across experiments for both Tetranychus urticae (Tu) and T. cinnabarinus (Tc) populations. (A) Intrinsic growth rate (λ) estimated as the mean number of daughters produced daily by single isolated females, averaged for Experiments 1 and 2, or measured in Experiment 3. (B) Per capita effect of food competition (α) estimated from Experiments 1 and 3. (C) Per capita effect of reproductive interference (β) estimated from Experiments 2 and 3. In all panels, dots show parameter values (± 95% confidence intervals) estimated across 5 replicate populations, dark and light colours represent within-and between-species effects, respectively, and parameter values for Tc and Tu are displayed in red and blue, respectively.

Figure 3 .

 3 Figure 3. Theoretical predictions for the outcome of competition between Tetranychus urticae (Tu) and T. cinnabarinus (Tc) populations. (A) and (B) show predicted outcomes depending on the niche and fitness
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Figure 4 .

 4 Figure 4. Observed and predicted dynamics of Tetranychus urticae (Tu), T. cinnabarinus (Tc), and of their hybrids, in cage populations over 8 generations. (A) Observed proportions of females in experimental cage populations. Dots show the observed proportions in each replicate population, and coloured lines and shaded areas show the averages and associated 95% confidence intervals across all replicate populations. (B) Predicted proportions of females assuming non-additive effects of food competition and reproductive interference (parameters estimated from Experiment 3), and hybrid females 10 times less affected by food competition than purebred females. Coloured lines and shaded areas show predicted proportions and associated 95% confidence intervals using parameters estimated across all replicate populations. (C) Linear regression between observed and predicted proportions. Dots show each replicate population, the solid line shows the linear regression between observed and predicted proportions, and the dashed line shows the 1:1 relationship between values in the two axes. Blue: Tu females; Red: Tc females; Purple: hybrid females.

Figure 5 .

 5 Figure 5. Experimental procedures used to quantify the effects of food competition and/or reproductive interference on Tetranychus urticae (Tu) and T. cinnabarinus (Tc) offspring production. (A) Food competition in absence of reproductive interference was measured by placing females mated with conspecific males on food patches where their juveniles would develop. The two different types of competition, intraspecific

Figure 6 .

 6 Figure 6. Experimental procedure used to follow the dynamics of Tetranychus urticae (Tu) and T. cinnabarinus (Tc) populations simultaneously interacting through food competition and reproductive interference. Common plants were used for the entire life cycle of individuals of both species. This procedure enabled food competition between females and developing juveniles, as well as reproductive interference between virgin adult individuals of both species. The figure depicts the initial installation of mated females (G0), the transfer of 400 randomly sampled mated females to start each subsequent discrete generation (G1 onward), as well as random sampling and phenotyping of 50 virgin females every two generations. Red: Tc females; Blue: Tu females; Purple: hybrid females.
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Methods

Spider mite populations

We used one population of T. urticae ('Tu') and one of T. cinnabarinus ('Tc'), for which preand post-zygotic isolation were previously assessed: heterospecific crosses result in fully sterile hybrids (most hybrid females do not lay eggs and the few eggs laid do not hatch [START_REF] Cruz | Wolbachia and host intrinsic reproductive barriers contribute additively to postmating isolation in spider mites[END_REF] ), but males of both colour forms prefer to mate with red females (i.e., red males mate assortatively, while green males mate disassortative; Cruz et al. in prep.). Such incomplete pre-zygotic isolation, coupled with strong post-zygotic isolation, is expected to result in strong reproductive interference when populations of these two species share the same environment [START_REF] Gröning | Reproductive Interference Between Animal Species[END_REF][START_REF] Smith | Spider Mites: Population Suppression by Interspecific Hybridization[END_REF] . Prior to performing experiments, we ensured that both populations were free of endosymbionts, and either fully homozygous for the presence (Tu) or absence (Tc) of a recessive nonsynonymous mutation that can be used to differentiate populations of each species (see detailed procedure in Supplementary Box S1).

Measuring food competition, reproductive interference, and their combined effects

To determine whether food competition and reproductive interference have additive or nonadditive effects on the growth of interacting species, we derived 5 replicate populations from each of the Tu and Tc populations, and performed a set of three different experiments (cf. detailed procedure in Box S2). First, to quantify how food competition affected the growth of both species in absence of reproductive interference, focal females that had already mated with conspecific males were exposed to increasing densities of conspecific and heterospecific competitors [START_REF] Hart | How to quantify competitive ability[END_REF] , and their number of descendants was counted (Figure 5a). Second, to quantify the strength of reproductive interference while restricting competition for food, we counted the number of offspring produced by females isolated on individual food patches after they interacted sexually with only conspecific males (control), or with both conspecific and