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Summary
1. Land-use and climate change could alter the distribution of both native and exotic mosquitoes by changing abiotic and biotic characteristics of freshwater habitats. We initially studied the influence of land use on standing water habitats, and the subsequent effects on native and exotic mosquito and mosquito-predator presence. 
2. Associated with abiotic habitat characteristics, mosquito predator richness was highest in aquatic habitats of natural land uses (forest and grassland), and lowest in human-modified land uses (pastoral and urban), and the opposite relationship was true for mosquito presence.  3. Based on the outcome of the field survey we investigated the potential effects of climate-induced habitat warming and drying on interactions between invasive Aedes notoscriptus and native Culex pervigilans mosquitoes and native invertebrate predators affected by the land-use gradient. 
4. Predator presence, which is directly affected by both climate and land-use change, influenced both mosquito survivorship and behaviour. We found predation rates increased with temperature, but the magnitude of changes depended on both predator and prey identity. In general, higher temperatures increased mosquito pupation rates, but also made mosquitoes more susceptible to predation. Although invasive Ae. notoscriptus were more susceptible to predation, increased temperature resulted in shorter life cycles, thereby reducing the net effect of increased predation caused by higher temperatures. 
5. Overall, our results suggest interactions between temperature, land use and predator identity will be important in determining mosquito distributions, and will likely differ between mosquito species. Such interactions and species-specific responses will be particularly important if environmental changes facilitate range expansion of invasive mosquito species that vector disease.
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Introduction
Anthropogenic habitat modifications such as urbanisation and agricultural intensification alter the potential for biotic invasions by increasing propagule pressure (Lockwood, Cassey & Blackburn, 2009; Zacharias & Zamparas, 2010; Blackburn et al., 2013), and by altering habitat quality or availability (Vermonden, Leuven & Van Der Velde, 2010). This is likely to be particularly important for invaders like mosquitoes because of their potential to transmit disease. Mosquito invasion is closely associated with human influences due to these increasing availability of larval mosquito habitats (Petrić et al., 2014). These distribution changes are likely to be further augmented by temperature and precipitation changes associated with climate change (Lockwood, Cassey & Blackburn, 2009; Zacharias & Zamparas, 2010; Blackburn et al., 2013). 
Unravelling potentially complex interacting influences on mosquito distribution will be an important step in both prevention and control of mosquito invasions. Land-use change has the potential to alter mosquito distributions via its effects on larval habitat availability and quality. Urbanisation and agricultural intensification result in increasing artificial container habitats for mosquitoes, and altered shade and nutrient levels (Leisnham et al., 2004, 2006; Townroe & Callaghan, 2014). These changes can directly affect mosquito distributions by providing more suitable habitats, and indirectly by altering biotic community composition within altered habitats. Alterations to habitat characteristics from land-use and climate change, such as drying and warming, can generally change both the strength and pattern of interactions between species within affected habitats (Zacharias & Zamparas, 2010), influencing the potential for an exotic species such as a mosquito to become established. For example, in aquatic systems frequent drying disturbances can decrease habitat size and permanence (Brooks, 2009), decreasing population survival and overall biotic community complexity (McHugh et al., 2015; White, McHugh & McIntosh, 2016). Smaller and more temporary aquatic communities are also less likely to include top predators than large permanent habitats (Srivastava et al., 2008). This change in biotic pressure may increase the potential for an invader to persist in communities in small, temporary habitats, especially if the invader is tolerant to disturbance (Romanuk et al., 2009). Both land-use and climate change alter abiotic habitat characteristics, and both affect mosquito distributions (Leisnham et al., 2004, 2006; Rochlin et al., 2013; Proestos et al., 2015). However, whether altered abiotic characteristics driven by land-use change and climate change influence predator-prey interactions differently for native and exotic mosquito species is unclear.
Mosquitoes spend the majority of their life cycle in standing water and the presence of aquatic predators can be an important factor controlling larval mosquito survival (Chase & Shulman 2009). Examining predator-prey interactions between invasive mosquitoes and their potential predators in different abiotic contexts will help reveal likely controls on distribution. The outcome of these predator-prey interactions will be habitat-specific, because different habitat characteristics (e.g., habitat permanence and temperature) usually support different predator assemblages (Wellborn, Skelly & Werner, 1996). For example, permanent habitats are more likely to contain longer-lived mosquito predators such as fish, dragonflies and damselflies, whereas temporary habitats will only contain predators that are able to complete their life cycle in the short time before habitats dry, such as backswimmers and beetles (Verberk, Siepel & Esselink, 2008; Wissinger, Greig & McIntosh, 2009; Greig, Wissinger & McIntosh, 2013). Moreover, predicted increases in extreme weather events under climate warming will affect both habitat drying and warming in freshwater ecosystems, likely altering biotic community composition, including predator presence (Chase, 2007; Ministry for the Environment, 2008; Pimm, 2009; Diez et al., 2012; IPCC, 2014). Thus, likelihood of mosquito invasion will ultimately depend on a combination of abiotic (e.g., climatic) and biotic (e.g., predator presence) conditions. 
Understanding how mosquito distributions are influenced by these habitat changes is important because of mosquitoes’ potential to transmit new diseases into areas that previously did not have them. For example, none of the mosquito fauna currently in New Zealand vector any serious human diseases (Weinstein, Laird & Browne, 1997; Derraik, 2004), however, the likelihood that New Zealand will receive more mosquito invaders (and therefore the diseases that they vector) is high, as shown by the invasion and subsequent eradication of the salt marsh mosquito, Aedes camptorhynchus, and interceptions of many more non-native mosquitoes at New Zealand ports (Weinstein et al., 1997; Derraik, 2004; Disbury & Cane, 2011).
To investigate the potential for land use and associated abiotic characteristics to alter both mosquito predator and mosquito presence, we surveyed for two mosquitoes with similar habitat preferences, exotic Aedes notoscriptus and endemic Culex pervigilans, in standing water habitats across different land uses in the South Island of New Zealand. Native Cx. pervigilans mosquitoes have evolved in the variable New Zealand climate where frequent rainfall and drying events are common, and exotic Ae. notoscriptus have invaded from Australia, where periods between rainfall events are typically longer than in New Zealand (Williams & Rau, 2011; van Uitregt, Hurst & Wilson, 2013). Because habitat disturbance and modification can significantly influence abiotic characteristics and community structure, we expected less diverse communities in standing water habitats within highly modified urban and pastoral land uses, and that these would be more likely to contain mosquitoes and fewer predators. We also expected invasive Ae. notoscriptus would be more prevalent in more disturbed urban and pastoral land uses, and that native Cx. pervigilans would be more common in forest and grassland habitats than the invasive mosquito. 
To investigate further the effects of the most pertinent abiotic drivers revealed in the field studies, habitat drying and warming, we conducted two predator-prey interaction experiments involving native Cx. pervigilans and exotic Ae. notoscriptus mosquitoes, and three predatory invertebrates selected to represent predators found across a range of habitats. Any land-use- and climate-induced alterations to habitat characteristics such as temperature, size or permanence will likely alter the distributions of predatory invertebrates by changing the proportion of temporary to permanent habitats, thereby affecting the potential for predator-prey interactions involving different predator species to influence mosquito invasion success. We predicted that introduced Ae. notoscriptus mosquitoes may more successfully respond to habitat drying than Cx. pervigilans by altering anti-predator behaviour and growth rate because they likely experience more habitat drying in their native habitat. Aedes notoscriptus has been present in New Zealand for less than 100 years, and is not yet fully established throughout the country (Belkin, 1968; Holder, Browne & Bullians, 1999), and it is unclear whether this exotic mosquito has adapted to New Zealand conditions. We also predicted that native and introduced mosquito larvae would respond differently to the combined pressures of temperature change, habitat drying and predation, with overall success (emergence), of Ae. notoscriptus being greater than that of Cx. pervigilans, because of the habitat drying and warming regimes in the species’ native ranges.
Methods
Survey of mosquito distributions across land uses
We surveyed 190 potential mosquito habitats and measured both biotic communities and a range of key abiotic variables during austral spring through early austral summer (October to December) in 2013 in Canterbury and the West Coast, South Island, New Zealand (Supplementary Fig. S1). Both regions support a range of land uses, including native forest, pastoral, urban and natural tussock grasslands, and sites sampled were spread across these four land-use categories, and spanned the large climatic gradients from the wet west coast to the drier east coast. Thirty-three sites were visited, with a minimum of one and maximum of seven habitats sampled at each site (Table 1). We visually searched the site area for standing water, and if there were more than seven standing water habitats within 100 m, the closest seven to the centre-point were sampled.  Potential mosquito habitats were defined as any standing water habitat (Laird, 1988; Norris, 2004).
Land uses at sampling sites were classified as either: (1) pastoral, consisting of open cultivated exotic pasture grasses generally stocked with cattle; (2) urban, consisting of mainly suburban land use with a range of exotic and native flora and fauna; (3) native forest, being either beech or podocarp forest with few exotic species; or (4) grassland, consisting of mainly ungrazed tall tussock grasslands, primarily native but with some invasive grass species (Supplementary Table S1). Land uses were defined using visual assessments both on-site and with Google Earth.
For each standing water habitat, surface area (m2), mean depth (m) and shade level (three categories: full shade, partial shade and full sun) were estimated, and dissolved oxygen (mg O2 L-1, ± 0.01, DO), pH (± 0.01), specific conductivity (μS25 cm-1, ± 0.01), and temperature (± 0.1°C) were measured. Conductivity and pH were measured using a YSI 63 meter, and temperature and DO using a YSI 55a meter (YSI, Yellow Springs, USA). Latitude, longitude and altitude were also recorded at each habitat. Surface area was estimated by measuring width and length of each habitat, and depth was measured from the average of three random measurements. Habitat volume was calculated using these area and depth measurements, and for habitats too large to measure, a visual estimate was made of both area and depth. 
Biotic invertebrate communities were sampled through three D-net (1-mm mesh; for habitats 0.3 m wide or larger) or aquarium net (1-mm mesh; for habitats between 0.13 and 0.3 m wide) sweeps targeted in different representative micro-habitats. For habitats that were too small for either of the nets (< 0.13 m wide), the entire contents of the habitat were removed using a turkey baster and washed through the aquarium net. Samples were stored in 70 % ethanol, and all invertebrates counted and identified in the laboratory using relevant keys (mosquitoes: Belkin, 1968; other insects: Winterbourn, Gregson & Dolphin, 2006; Crustacea: Chapman, Lewis & Winterbourn, 2011). Invertebrates were classified as predators based on Greig (2008). 
Estimates of particulate organic matter (POM; > 250-µm diameter) were calculated from the biotic community samples after removal of invertebrates. Samples were oven dried (50 °C for 72 h), weighed, ashed (550 °C for 4 h) and reweighed.
Experiment One: Drying, predator type and mosquito species
Based on the information gained from the field survey, that temperature, habitat permanence and biotic interactions were important predictors of mosquito presence, two experiments were conducted to elucidate effects of different climate scenarios on predator-prey interactions affecting mosquito survival. Firstly, we conducted a six-day mesocosm experiment to investigate the effects of both short- and long-term drying on vulnerability of exotic Ae. notoscriptus and native Cx. pervigilans mosquito larvae to predation by Anisops wakefieldi backswimmers, Austrolestes colensonis damselfly nymphs, and Procordulia smithii dragonfly nymphs. These predators were selected because they vary in habitat drying tolerance (Greig 2008; Wissinger et al. 2009), and represent predation pressures experienced in temporary (annual drying), semi-temporary (bi-annual or less frequent drying) and semi-permanent (only occasional drying) habitats, respectively (Fig. 1). Backswimmers are found in a large range of freshwater habitats, from very temporary to permanent, whereas A. colensonis are rarer in temporary compared to permanent habitats (Greig, 2008; Wissinger et al., 2009). Procordulia smithii are restricted to more permanent habitats (Wissinger et al., 2009). Short-term drying was simulated in mesocosms by applying three different drying rates: no drying, slow drying or fast drying.
The experiment was set up outside in an enclosure on the University of Canterbury campus, in Christchurch, New Zealand (43°31'22.77''S, 172°34'59.21''E). Because mesocosms were subject to natural diurnal temperature and light fluctuations, we measured shade intensity and temperature hourly for the duration of the experiment, using data loggers (Onset HOBO pendant loggers UA-002-64, Bourne, MA, USA). 
All predators were collected from the Groynes Recreation Reserve, Christchurch, New Zealand (43°27'01.88''S, 172°36'20.32''E), through repeated D-net (1-mm mesh) sweeps in the littoral zone. Second to fourth instar larvae of the two species of mosquito, Ae. notoscriptus and Cx. pervigilans, were collected in a range of locations in the Christchurch area using targeted D-net or aquarium net (< 1-mm mesh) sweeps. First instar larvae are difficult to identify to species so were not used. 
Experimental mesocosms were 24 15-L (38 × 27 cm) plastic containers, containing 12 L water, including a 2-L microorganism inoculum (water collected from artificial container habitats containing mosquito larvae and detritus filtered through a 40-ʮm sieve). Two crushed pellets of rabbit food (Weston Milling Stock feed) were added to the water 24 hours prior to the experiment as an additional food for mosquito larvae. Mesh emergence traps were attached to the top of the containers to eliminate colonising mosquitoes and to contain emerging mosquitoes.
Each 15-L mesocosm contained one predator (either P. smithii, A. colensonis or A. wakefieldi), and either 100 Cx. pervigilans or 100 Ae. notoscriptus (instars two to four, identified using Belkin, 1968). Water level was manipulated by altering the angle of a pipe that drew water from the bottom of the experimental container, and habitat structure was included in each mesocosm to provide refuges for both Ae. notoscriptus and Cx. pervigilans (rocks and plastic aquarium plants). Drying was manipulated twice a day, with the slow drying treatments reduced by one litre of water per day, and the fast drying two litres per day. The aim here was to investigate the effects of drying, not dewatering, on the interaction between the predators and their prey, so the fast-drying treatments finished the experiments with two litres (~ 5 cm) of water remaining.
One replicate of all predator combinations was run at a time, including a predator-free control for each drying and mosquito species combination, with a total of four replicates of all treatment combinations. Predators were starved for 24 hours prior to the experiment, and both predators and prey were acclimatised for one hour in closed containers before being released into the mesocosm. Based on a preliminary trial that measured predator satiation at different prey densities, 100 prey per container was selected as the optimum prey density to ensure that predation rate was not affected by changes in encounter rate over time. 
Adult mosquitoes were removed daily using an aspirator for the six-day experiment. At the conclusion of the experiment dead mosquito larvae, pupae, live larvae and adults, and mosquito predators were counted. Larvae and pupae were stored in 70% ethanol, and adults were frozen.
Experiment two: Warming and mosquito species 
To further investigate the effect of temperature on the interaction between predatory A. wakefieldi found in the most temporary habitats and the two mosquito species, we conducted a habitat-warming experiment. Experimental mesocosms were constructed from 15 five-litre containers (180 mm × 180 mm × 180 mm) containing 4.5 L of ground water, each including a 1-L microorganism inoculum and one pellet of rabbit food (Weston Milling Stock feed). The mesocosms were set up in a temperature control room (photoperiod LD 14:10 hours, 13 °C) at the University of Canterbury, Christchurch, NZ, where containers were placed in water baths heated using an aquarium heater (Aqua One, 100-W Heater, Australia). Mean water bath temperature ranged from 13.5 °C to 30.4 °C. Each bath contained two mesocosms, one with a predator and one predator-free control. Habitat structures (rocks and plastic aquarium plants) were included to provide refuges for both Ae. notoscriptus and Cx. pervigilans.
Each mesocosm contained one predatory A. wakefieldi, and 25 Cx. pervigilans and 25 Ae.  notoscriptus mosquito larvae as prey. Predators were starved for 24 hours prior to the experiment, and both predators and prey were acclimatised for one hour in closed containers before being released into the mesocosm. After 48 hours, the number of dead mosquito larvae, pupae, live larvae and adults was counted. Larvae were counted and stored in 70% ethanol, and adults frozen. Remaining pupae were kept and reared to adult stage, where they were identified to species using Belkin (1968). 
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To evaluate the differences in community composition in different regions and under different land-use scenarios, a non-metric multidimensional scaling (NMDS) ordination of communities was carried out using Bray-Curtis dissimilarity with 50 restarts, using the ‘vegan’ package in R (Oksanen et al., 2015). Environmental variables were related to the NMDS ordination axes using an analysis of similarities (ANOSIM) to identify underlying habitat gradients in community structure, and ellipses representing the 95 % C.I. of sites with and without predators were fitted.
To determine which habitat characteristics likely influenced mosquito and mosquito-predator presence, we conducted generalised linear mixed models (GLMMs) with binomial distributions for model selection, using the ‘lme4’ package in R (Bates et al., 2015), with sampling site as a random effect, and the measured abiotic and biotic variables as fixed effects (Zuur et al., 2009). We used an information theoretic approach to evaluate which of the measured habitat variables were most important in determining mosquito and mosquito predator distributions, with model selection conducted in the R package ‘AICcmodavg’ (Mazerolle, 2015). In cases where a high degree of model uncertainty was evident (multiple models with ΔAICc < 2), we implemented model averaging using the R ‘MuMIn’ package (Burnham & Anderson, 2002; Barton, 2015). 
Mosquitoes were found almost entirely in pastoral and urban sites (Supplementary Fig. S2), so we also tested how abiotic variables determined mosquito presence in just these two land uses using GLMMs with binomial distributions. To evaluate how abiotic habitat characteristics changed with changing land use we conducted a multivariate analysis of variance (MANOVA).
For the drying experiment (Experiment One), the effects of three categorical (drying rate, predator identity and mosquito species) and one continuous covariate (mean temperature) on predation and mosquito pupation rates were analysed using GLMMs, with ‘time’ as the random factor (experiments were not run simultaneously). Two treatment combinations experienced unusually cold temperatures well outside the range of the other combinations, so were therefore excluded from the model. We used the estimated coefficients from the summary output using the lme4 package to plot effects of predator identity, mosquito species and temperature on predation rate.
Due to low adult emergence, the number emerged was added to the number of pupae. Although predators do prey on pupae, pupation is often used as a measure of adult productivity, being the penultimate stage before adult emergence (Leisnham et al. 2005). Therefore, we refer to ‘pupae’ as the total number of pupae plus total number of adults. Because we were interested in determining how pupation rates altered both independently of, and combined with, predation rates in changing conditions, we conducted analyses using both the final counts of both pupae (‘pupation rate’) and using responses adjusted to account for changes in mosquito abundance due to predation (‘adjusted pupation rate’). Adjusted pupation rate was calculated as: 

where was the adjusted pupation rate for each mesocosm, n pup the number of pupae, and n larv the number of larvae remaining at the end of the experiment. All responses in the drying experiment met the assumptions of normality and homogeneity of variances.
For the warming experiment (Experiment Two), the effect of A. wakefieldi backswimmer predator on predation and pupation rates of Ae. notoscriptus and Cx. pervigilans at different temperatures were arcsin-square-root-transformed and analysed using analyses of covariance (ANCOVA). All statistical analyses were performed in the programme ‘R’ version 3.1.1 (R Core Team 2015). 

Results
Mosquito distributions across land uses
Ordinations of standing water body invertebrate communities and associated ANOSIM showed the composition of communities was connected to gradients of abiotic conditions; lower axis 1 scores were associated with open, sunny habitats, higher axis 2 scores were associated with larger habitat volume, and lower axis 2 scores reflected lower DO levels (NMDS, k = 2, stress = 0.235; Fig. 2a; Table 1b). Invertebrate communities also changed according to land use, with less variability in composition associated with forest compared to both pastoral and urban habitats (Fig. 2b, Table 1a). Invertebrate taxon richness varied between the four land uses, with habitats in grassland and forest containing the most taxa, and those in urban areas the least (P < 0.001, Supplementary Fig. S3, Supplementary Table S2). Moreover, predatory invertebrates were more likely to be found in grassland and forest habitats than in urban and pastoral habitats (Supplementary Table S2).
Subsequent NMDS ordinations and ANOSIMs of the same communities, but with mosquitoes and mosquito predators excluded, showed that communities with and without predators were significantly different, but communities with and without mosquitoes were not different (Fig. 2c & 2d, Table 1c).  Communities containing predatory invertebrates were more likely to occur in habitats in natural grassland, forest and pastoral areas, and were less likely to occur in habitats in urban land use (NMDS, k = 2, stress = 0.229; Table 1; Fig. 2c). Predators included odonate nymphs (Aeshnidae, Corduliidae, Lestidae and Coenagrionidae), and both adult and larval Hemiptera (Anisops sp.) and Coleoptera (Dytiscidae and Hydrophilidae). The species ordination containing mosquitoes indicated both mosquito species were associated with high axis 1 scores (Fig 2a), so mosquito presence was associated with sheltered, small habitats.  The ordination without mosquitoes and mosquito predators indicated communities associated with native Cx. pervigilans, although variable, were similar to those associated with exotic Ae. notoscriptus mosquitoes (Fig. 2d).
The effects of habitat characteristics incorporating data from all four land uses on both mosquito and mosquito predator presence were subsequently investigated using generalised linear mixed models (GLMMs). The most important predictors of mosquito presence in all four land uses were predator presence, habitat volume, shade and water temperature (Table 2a). Mosquitoes were associated with warm, small, sheltered habitats that contained few or no predators; only five of 190 habitats sampled contained both mosquitoes and predators (Fig. 2d, Supplementary Fig. S2). Species ordination of communities that contained mosquitoes showed that communities containing Cx. pervigilans were significantly different than those containing Ae. notoscriptus (Fig. 2e).
Mosquitoes were almost entirely found in urban and pastoral land uses (only one grassland site contained mosquitoes and this site was within 2 km of a large urban centre), so further insight into drivers of mosquito distribution was gained by conducting another GLMM using only data from within urban and pastoral land uses. Within those land uses where mosquitoes were found, the most important predictors of mosquito presence were shade intensity, temperature, and an interaction between habitat volume and predator presence (Table 2b; Fig. 3a, c & e). Increasing habitat volume resulted in an increased likelihood of mosquito presence, except where predators were present; probability of mosquito presence declined with habitat volume when predators were present (Table 2b, Fig. 3a). Fully shaded habitats were also more likely to contain mosquitoes compared to those only partially shaded or in the sun, and warmer water was more likely to contain mosquitoes than cooler habitats (Table 2b, Fig. 3c & e).
When considering predictors of predator presence, habitat volume was the most common predictor in all models, with particulate organic matter (POM), shade intensity, DO and temperature also all included in the best candidate models (Table 2c; Fig 3b, d & f; best candidate models were those with ∆AICc < 2). Overall, predators were more likely to occur in larger and more open habitats with lower levels of POM (Table 2c; Fig. 3b, d & f). These conditions were in turn associated with particular land uses. Habitats within urban land use were the coolest, and grassland habitats were large and sunny (Supplementary Table S3; supplementary Fig. S4a, b & d). Urban habitats had variable amounts of organic matter, and grassland had the lowest POM level (Supplementary Table S3; supplementary Fig. S4c). Thus, the overall effects of shade intensity and habitat volume on both mosquito and predator presence were likely due to the strong effect of land use on habitat shade (Supplementary Table S3; supplementary Fig. S4a & b).
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The number of mosquito larvae consumed by predators in Experiment One was influenced by a three-way interaction between predator type, mosquito species and average temperature (Fig. 4; Table 3a), and AICc was lowest when drying rate was excluded from the candidate models (Table 3a). Subsequent analyses indicated this three-way interaction occurred because the effects of mosquito species and temperature changed according to predator. Procordulia smithii and A. colensonis consumed a similar number of Ae. notoscriptus mosquito larvae to A. wakefieldi (Fig. 4), but consumption of Cx. pervigilans was greater in the P. smithii and A. colensonis treatments than those with A. wakefieldi. Moreover, while temperature was consistently associated with an increase in predation rate by P. smithii and A. colensonis, in the A. wakefieldi treatment increasing temperature only caused increased consumption of Ae. notoscriptus but not Cx. pervigilans (Fig. 4c).  Thus, the two odonates had similar patterns of predation on the two mosquito species at varying temperatures, while the effect of temperature on predation by backswimmers varied with mosquito species. There was no effect of habitat drying in any treatment.
Model selection indicated the number of Experiment One mosquito larvae developing to pupae (adjusted) depended on mosquito species, and possibly temperature and predator species (Table 3b).  Mosquito species identity was included in all important models because Ae. notoscriptus pupated at consistently faster rates than Cx. pervigilans (Supplementary Fig. S6).  There were comparatively small increases in pupation rates in both species associated with the ~ 3ºC temperature range, and slight pupation rate increases when mosquitoes were exposed to A. wakefieldi compared to A. colensonis and P. smithii (Supplementary Fig. S6), reflecting the variable inclusion of the temperature and predator effects in models (Table 3b). The temperature effect was investigated further, across a much large temperature range, in Experiment Two.
The number of pupae remaining at the end of the experiment (i.e. unadjusted) depended only on mosquito species, with Ae. notoscriptus pupating at significantly faster rates than Cx. pervigilans (Table 3c).  Thus, predator identity, drying rate and mean temperature all had no effect on overall pupation rate (unadjusted for predation), but mosquito species had a large influence (Table 3c).
[bookmark: _Toc412837701]Experiment Two: Warming and mosquito species 
In the experiment investigating A. wakefieldi predation on the two mosquito species over a wide range of temperatures, the number of prey consumed by A. wakefieldi was influenced by mosquito species and temperature (Fig. 5, Table 4a). Predation by A. wakefieldi increased with temperature, and was consistently higher for exotic Ae. notoscriptus than native Cx. pervigilans regardless of temperature (Fig. 5a). Both mosquito species and temperature also affected adjusted pupation rates (Fig. 5b), with mosquito pupation rate increasing with temperature (Table 4b), and being significantly different for Ae. notoscriptus and Cx. pervigilans (Table 4b). Thus, based on adjusted pupation rates, Ae. notoscriptus pupated at slightly faster rates than Cx. pervigilans across the ~ 20 °C range of temperatures in Experiment Two (Fig. 5b). Overall mosquito pupation rate (i.e. not adjusted) increased with temperature, but did not differ between mosquito species (Table 4c, Fig. 5c). The difference in effect of mosquito species on pupation and adjusted pupation rates was likely driven by the difference in predation rate on the two mosquito species (Fig. 5a); because Ae. notoscriptus were consumed at a greater rate than Cx. pervigilans, there were fewer overall to pupate. The adjusted pupation rate accounts for this and indicates what the likely pupation rate of the two species in the absence of a predator (but not accounting for behavioural differences).

Discussion
The results of our research highlight the importance of biotic interactions in mediating the effects of land-use and climate change on mosquito distributions in standing water habitats. We found land use was a significant predictor of species presence in potential mosquito habitats. Overall taxon and mosquito predator richness was highest in forest and grassland land uses, and lowest in more human-modified pastoral and urban land uses, while the opposite relationship was true for mosquito presence. Mosquitoes, both native and exotic, were almost entirely restricted to human-impacted environments (i.e. pastoral and urban land uses). Within these habitats, habitat volume, temperature and shade intensity were important in determining mosquito presence, likely due to their influence on the presence of mosquito predators. 
Informed by the results of the field survey, we conducted two experiments to unravel further the importance of interactions between abiotic and biotic drivers affecting mosquito distribution. We investigated whether altered habitat drying and increased temperature affected predation on native Cx. pervigilans and exotic Ae. notoscriptus mosquito larvae by predatory invertebrates. We found little evidence that short-term habitat drying affected interaction strengths of any of the predator-prey combinations, but strong evidence for temperature-mediated predation rates; predation rate generally increased with temperature, but the magnitude of change depended on both predator and prey identity. These results, together with other studies, indicate temperature is a decisive factor in mediating predator-prey interactions between mosquitoes and their predators (Williams & Rau 2011; van Uitregt et al. 2013), and that the strength of those interactions can be dependent on mosquito species. Although we only compared one native and one exotic species, our results indicate that there may be a difference in how native and exotic mosquitoes respond to altered temperature-driven predation. Further research using multiple native and exotic species would be useful in exploring this further. 
Overall, the ultimate driver of mosquito distribution appeared to be land use and its associated influences on aquatic invertebrate taxon richness and predator presence, primarily due to effects on habitat size. Predation pressure is a known determinant of mosquito persistence in freshwater habitats (Murdoch, Scott & Ebsworth 1984), and predator presence was significantly greater in forest and grassland sites, compared to pastoral and urban sites, with the opposite true for mosquitoes. Our finding that predator presence depended on habitat volume, supports other research indicating habitat size is an important influence on aquatic community structure (Greig, 2008; McHugh, McIntosh & Jellyman, 2010; Braoudakis & Jackson, 2016; White et al., 2016), but also highlights the importance of applying this knowledge in an invasion context. Because urban areas had smaller freshwater habitats than other land uses, the potential for non-native mosquito species to invade urban areas is likely greater than in other land uses characterised by deeper or more permanent habitats. Moreover, shallower habitats are more likely to dry more often than deeper habitats (Brooks, 2009), which can exclude species that need longer hydroperiods to complete their life cycles, such as many predatory aquatic invertebrates (Wissinger et al., 2009; Galatowitsch & McIntosh, 2016a; Galatowitsch & McIntosh, 2016b). Because invasion potential can be controlled by top predator presence within a habitat (Murdoch et al., 1984; DeRivera et al., 2005), the altered habitat volumes associated with changes in land use that we found will be an important influence on invasions. If habitat physical characteristics exclude predators, then they also increase the chance that an exotic species, strongly affected by biotic interactions, like mosquitoes, will successfully invade. 
Our results show that predicated temperature effects on predator-prey interactions involving mosquitoes will also depend on which predators are present in mosquito habitats. Thus, to understand how mosquito distributions will change with climate warming, we also need to know how altered habitat permanence will affect predator abundance and distribution. Although there was no effect of short-term habitat drying on predation rates in our first experiment, predicted climate change will significantly impact lentic freshwater systems through long-term drying, directly affecting which predators persist in a habitat. Climate models for New Zealand, for example, predict an increase in the variability and distribution of rainfall, and this is likely to increase the proportions of temporary (i.e. subject to drying) freshwater habitats (Bates et al., 2008; Ministry for the Environment, 2008; NZCCC, 2010). Decreases in the proportion of more permanent habitats will exclude those species that require longer hydroperiods to complete their life cycle, such as dragonflies (Greig, 2008; Wissinger et al., 2009; Galatowitsch & McIntosh, 2016b). Overall, our finding that rates of predation on mosquitoes depended on predator identity highlights the importance of understanding how climate-driven habitat permanence drives predator distributions and abundances. Because predators consume mosquito species at different rates, knowing which predators are present will be integral to identifying overall mosquito invasion success under a warming climate. This underlines the usefulness of evaluating effects on biotic interactions in addition to individual species’ responses to habitat warming (Höckendorff et al., 2015). 
Effects of temperature change on predation rates will likely be mediated by behavioural changes associated with altered temperature. In our experiments, temperature increases were associated with increased pupation rates of mosquito larvae and decreased development time for both species, but invasive Ae. notoscriptus pupated faster than native Cx. pervigilans when the higher predation on Ae. notoscriptus was taken into account. Temperature increases affect both short- and long-term life history strategies (Peckarsky et al., 2002; Ewald, Hartley & Stewart, 2013), which has implications for mosquito fitness. Although increased development rates could result in mosquitoes escaping predation faster and increased population productivity, faster development could decrease adult size, thereby decreasing adult fitness (McPeek & Peckarsky, 1998; Williams & Rau, 2011). The combined effects of predation and pupation in our warming experiment meant that overall success (i.e. development to penultimate adult stage) of the mosquito species was equal. In other words, the faster pupation rate of Ae. notoscriptus compared to Cx. pervigilans was balanced by the greater rate of predation on Ae. notoscriptus compared to Cx. pervigilans. While considerable research has been conducted on climate effects on interaction strengths (Kokkoris et al., 2002; Rall et al., 2010; Vucic-Pestic et al., 2011), few studies address life history dynamics of prey species that spend part of their development in the terrestrial environment, such as mosquitoes (but see McPeek and Peckarsky, 1998). Thus, our experiments also highlight the importance of temperature-driven life history and behaviour differences in determining overall effects on species with complex lifecycles. Moreover, climate warming effects on life history have the potential to alter community structure and function (Dossena et al., 2012; Höckendorff et al., 2015), so understanding how climate affects both life history and predation dynamics will be important for managing invaders like mosquitoes.
Potential mosquito invasion will also depend on availability of human-created habitats. How native and exotic species differ in vulnerability to predation will be important in directing management and control resources in urban environments, especially to reduce the likelihood of mosquito invasion. Because predators are an important control on mosquito populations, increasing the prevalence of suitable habitats for predatory invertebrates, and maintaining cool temperatures in these habitats, will increase biotic resistance to invasive mosquitoes. Little research addresses both restoration of natural systems, such as wetlands, and mosquito management (Dale & Knight, 2008), but our study shows that designing habitats to support mosquito predators will help restore and maintain invader-free freshwater systems, especially in urban situations. There are other factors that will also affect the potential for predators to successfully control mosquito populations, such as habitat complexity. Further research linking these areas will be an important step in finding the best solutions for invasion prevention in the face of global change.  
Although our research has focused on mosquitoes, an important invader of small standing water habitats, it illustrates a more important general issue: habitat modification due to land-use change, which affects biotic interactions, can have a profound influence on biodiversity. Ecosystems worldwide are facing a range of interacting anthropogenic-driven changes, including climate change, biotic invasions, urbanisation and land-use alterations, which can generate unexpected outcomes for biological communities (Sala et al., 2000; Saunders et al., 2002; Didham et al., 2007). In an era where multiple global changes are occurring, there is a need to learn more about how those changes affect resistance and resilience to biotic communities may respond. In general, habitat-size reductions which negatively affect predator presence are likely to both enhance the spread of invasive species and hasten the decline of native biodiversity.
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Table 1 Analysis of Similarities (ANOSIM) of small standing water invertebrate communities in Canterbury and the West Coast, New Zealand. Analyses include sites: (a) among four land uses (pasture, grassland, urban and forest), (b) varying in abiotic conditions (e.g., habitat volume, shade intensity), and with predators and mosquitoes removed from the ordination with, (c) with and without predatory invertebrates present, (d) with mosquito presence/absence, and (e) with only sites containing mosquitoes. Variables contributing significantly to community structure are indicated with *, and NMDS ordination axis associations are indicated.
	
	Variable
	R-squared
	P value
	NMDS ordination axis correlation

	(a)
	Land use (4 types)
	0.16
	0.001 *
	

	(b)
	Volume
	0.04
	0.022 *
	Axis 2 (+ve)

	
	DO
	0.04
	0.016 *
	Axis 2 (-ve)

	
	Temperature 
	0.04
	0.025 *
	Axis 2 (-ve)

	
	Shade 
	0.12
	0.001 *
	Axis 1 (-ve)

	
	POM
	0.00
	0.923
	

	(c)
	Predator presence
	0.15
	0.001 *
	

	(d)
	Mosquito presence
	0.01
	0.132
	

	(e)
	Mosquito species
	0.52
	0.001 *
	

	
	
	
	
	

	Units: Volume (m3), Dissolved Oxygen (DO, mg O2 L-1), Temperature (°C), Shade (3 levels), Particulate Organic Matter (POM, g m-2).





Table 2 Model selection for mosquito predator presence and mosquito presence in a survey of standing water habitats in Canterbury and the West Coast, New Zealand. Models with high importance (Δic < 2) are shown here. Parameters include habitat volume (V, m3), predator presence (P), shade intensity (S, 3 levels), water temperature (T, °C), dissolved oxygen (D, mg O2 L-1), particulate organic matter (O, g m-3). Degrees of freedom, df; log likelihood, Log(L); difference between model Akaike information criterion (AICc, adjusted for small sample size) and minimum AICc value, ∆i; and probability of model i being the best of this set of candidate models, Cum Wi.
	
	Response
	Model
	df
	Log (L)
	AICc
	∆i
	Wi
	Cum Wi

	(a)
	Mosquito presence (4 land uses)
	V * P + S + T
	8
	-84.49
	185.73
	0.00
	0.43
	0.43

	
	
	P + S + T
	6
	-87.21
	186.87
	1.13
	0.24
	0.67

	
	
	V * P + S + T + O + D * P
	11
	-82.06
	187.55
	1.82
	0.17
	0.84

	
	
	P + S + T + O
	9
	-86.54
	187.68
	1.95
	0.16
	1

	
	Relative variable importance (proportion models included in): P (1), S (1), T (1), V (0.6), V * P (0.6), O (0.33), D (0.17), D * P (0.17). 13)

	(b)
	Mosquito presence 
(2 land uses)
	V * P + S + T
	8
	-73.35
	163.77
	0.00
	0.27
	0.27

	
	
	V * P + S + T + P * T
	9
	-72.52
	164.39
	0.62
	0.20
	0.47

	
	
	V * P + S + T + D + O
	10
	-71.69
	165.11
	1.33
	0.14
	0.61

	
	
	V * P + S 
	7
	-75.20
	165.24
	1.46
	0.13
	0.74

	
	
	V * P + S + T + O + D * P
	11
	-70.60
	165.27
	1.50
	0.13
	0.87

	
	
	V * P + S + P * T + D + O
	11
	-70.66
	165.39
	1.62
	0.12
	0.99

	
	Relative variable importance (proportion models included in): V (1), P (1), S (1), V * P (1), T (0.87), D (0.39), O (0.39), P * T (0.32), D * P (0.13)

	(c)
	Predator presence (4 land uses)
	S + O + V
	7
	-64.56
	143.72
	0.00
	0.19
	0.19

	
	
	S + O + V + D
	8
	-63.57
	143.92
	0.20
	0.17
	0.36

	
	
	O + V + D
	5
	-66.98
	144.27
	0.55
	0.14
	0.50

	
	
	O + V
	4
	-68.07
	144.35
	0.63
	0.14
	0.64

	
	
	S + V
	6
	-66.20
	144.83
	1.11
	0.11
	0.75

	
	
	V
	3
	-69.39
	144.90
	1.18
	0.11
	0.86

	
	
	O + V + T
	5
	-67.65
	145.63
	1.91
	0.07
	0.92

	
	
	S + O + V + T
	8
	-64.46
	145.70
	1.98
	0.07
	0.99

	
	Relative variable importance (proportion models included in): V (1), O (0.79), S (0.54), D (0.32), T (0.14)




Table 3 Results of generalized linear mixed effects (GLMM; a & b) and linear mixed effects (LMER; c) model selection analyses on (a) predation rate, (b) adjusted pupation rate and (c) pupation rate of exotic Ae. notoscriptus and native Cx. pervigilans mosquitoes (mosquito sp., categorical treatment) subjected to predation by A. wakefieldi, A. colensonis or P. smithii predators (predator treatment, categorical treatment) over a six day mesocosm experiment (Experiment One) in which temperature varied (mean temp, continuous covariate).  Pupation rate is final number of pupae, and adjusted pupation is rate adjusted for predation. P values < 0.05 are indicated with *. Models with high importance (Δic < 2) are shown here. Parameters include mosquito species (M; 2 levels), predator species (P; 3 levels) and water temperature (T, °C). Habitat drying was also included in analyses but was never included in any of the top models. Total number of model parameters including intercept and residual variance, K; Log likelihood, Log(L); Difference between model Akaike information criterion (AICc, adjusted for small sample size) and minimum AICc value, ∆i; and probability of model i being the best of this set of candidate models, Cum Wi.
	
	Response
	Model
	K
	Log(L)
	AICc
	∆i
	Wi
	Cum Wi

	(a)
	Predation rate (GLMM)
	M * P * T
	13
	-188.12
	410.15
	0.00
	0.99
	0.99

	
	

	(b)
	Adjusted Pupation rate (GLMM)
	M + P
	6
	-242.84
	498.82
	0.00
	0.269
	0.517

	
	
	M
	3
	-246.76
	499.84
	1.02
	0.162
	0.431

	
	
	M + P + T
	7
	-242.51
	500.56
	1.74
	0.113
	0.544

	
	
	
	
	
	
	
	
	

	
	
	M + P
	4
	-246.10
	500.73
	1.91
	0.104
	0.648

	
	

	
	
	Model
	K
	Residual Log (L)
	AICc
	∆i
	Wi
	Cum Wi

	(c)
	Pupation rate (LMER)
	M
	4
	90.98
	-173.44
	0.00
	0.953
	0.953

	
	




Table 4 Results of ANCOVAs on (a) predation rate by predatory A. wakefieldi, on Ae. notoscriptus and Cx. pervigilans mosquitoes (arcsine square-root transformed data, categorical treatment), (b) adjusted pupation rate (arcsine square-root transformed data), and (c) mosquito pupation rate over a 48-hour laboratory mesocosm experiment where temperature (continuous covariate) was manipulated. Adjusted pupae are the proportion of mosquitoes to pupate of those remaining to pupate (i.e. controlling for predation), and unadjusted pupae are counts of pupae remaining at the end of the experiment. P values < 0.05 are indicated with *. Mean Squares, MS; Degrees of freedom, df; F statistic, F; and P is significant at < 0.05
a) Predation rate
	Variable
	MS
	df
	F
	P

	Mean temperature
	0.036
	1
	10.80
	0.003 *

	Mosquito species
	0.311
	1
	93.41
	< 0.001 *

	Error
	0.003
	27
	
	


b) Adjusted pupation rate
	Variable
	MS
	df
	F
	P

	Mean temperature
	0.015
	1
	60.36
	< 0.001 *

	Mosquito species
	0.002
	1
	6.81
	0.015 *

	Error
	0.0002
	27
	
	


c) Pupation rate
	Variable
	MS
	df
	F
	P

	Mean temperature
	349.6
	1
	63.64
	< 0.001 *

	Mosquito species
	9.6
	1
	1.75
	0.197 

	Error
	5.5
	27
	
	




Supplementary Table S1 Number of sites and samples taken in a survey of potential mosquito habitats in four land-use types in Canterbury and the West Coast, South Island, New Zealand.  
	Land use
	Pasture
	Urban
	Native forest
	Grassland

	n sites
	11   
	11
	  5
	  6

	n samples
	70   
	72
	26
	30

	
	
	
	
	




Supplementary Table S2 Taxa found in a survey of standing water habitats in Canterbury and the West Coast, New Zealand. Very common (VC) indicates taxon found ≥ 70 % sites, common (C) < 70 % and > 10 %, rare (R) ≤ 10 %, and blank spaces indicate taxon was absent. 
	Taxon
	Grass
	Forest
	Pasture
	Urban

	Diptera
	
	
	
	

	Aedes notoscriptus
	
	
	R
	C

	Anisopodidae
	
	
	
	R

	Ceratopogonidae 
	C
	C
	C
	R

	Chironomidae
	
	
	R
	R

	Chironominae
	C
	C
	C
	C

	Chironomus zealandicus 
	C
	C
	C
	C

	Culex pervigilans
	R
	
	C
	C

	Diamesinae
	R
	
	
	

	Diptera pupae 
	C
	C
	C
	C

	Empididae
	
	
	R
	

	Ephydridae
	
	
	R
	R

	Ephydrella
	
	
	R
	R

	Eriopterini 
	R
	R
	
	

	Hexatomini
	R
	C
	
	R

	Limonia sp.
	R
	R
	R
	R

	Molophilus
	
	R
	
	

	Muscidae
	
	R
	C
	R

	Nothodixa sp.
	
	R
	
	

	Orthocladiinae
	C
	C
	C
	C

	Paradixa sp.
	
	C
	R
	R

	Psychodidae
	
	R
	R
	C

	Sciomyzidae
	R
	R
	
	

	Stratiomydae 
	C
	
	R
	R

	Syrphidae
	
	
	
	R

	Tanypodinae
	C
	C
	C
	R

	Tipulidae
	
	R
	R
	

	Odonata
	
	
	
	

	Austrolestes colensonis
	C
	C
	R
	R

	Procordulia sp.
	R
	R
	R
	

	Xanthocnemis zealandica
	C
	R
	C
	R

	Trichoptera 
	
	
	
	

	Hydroptilidae
	R
	R
	R
	

	Oxyethira albiceps
	C
	R
	R
	R

	Paroxyethira sp.
	C
	R
	R
	

	Oeconesus sp.
	
	R
	
	R

	Hudsonema sp.
	
	
	
	R

	Triplectides sp.
	C
	C
	R
	R

	Oecetis sp.
	R
	
	
	

	Elmidae
	R
	
	
	

	Hydrophilidae 
	C
	R
	R
	R

	Paracymus sp.
	R
	R
	R
	

	Berosus sp.
	
	
	R
	

	Coleoptera
	
	
	
	

	Dytiscidae
	
	
	
	

	Antiporus spp.
	C
	
	R
	

	Liodessus spp.
	C
	
	C
	

	Rhantus spp.
	C
	
	R
	

	Lancetes lanceolatus
	
	
	
	

	Scirtidae indet.
	C
	C
	R
	

	Hemiptera
	
	
	
	

	Anisops spp.
	C
	R
	R
	R

	Microvelia spp.
	C
	C
	C
	R

	Sigara spp.
	C
	R
	C
	R

	Diaprepocoris zealandiae
	R
	R
	R
	

	Mollusca
	
	
	
	

	Gyraulus sp.
	
	R
	R
	R

	Physa 
	C
	R
	R
	R

	Potamopyrgus antipodarum
	C
	R
	R
	R

	Sphaeriidae 
	C
	R
	R
	R

	Austropeplea sp. 
	C
	
	R
	

	Amphipoda 
	R
	R
	R
	R

	Cladocera 
	C
	R
	C
	R

	Copepoda 
	C
	C
	C
	R

	Ostracoda 
	C
	C
	C
	R

	Acari 
	VC
	C
	VC
	VC

	Collembola
	C
	C
	C
	C

	Cnidaria
	
	
	
	

	Hydra spp.
	C
	
	
	R

	Oligochaeta
	VC
	C
	C
	C

	Playthelminthes 
	C
	R
	R
	R

	Nematode
	VC
	C
	C
	C

	Lepidoptera
	
	
	
	

	Hygraula nitens
	R
	
	
	

	Ephemeroptera
	
	
	
	

	Deleatidium sp.
	R
	
	
	

	Neozephlebia sp. 
	
	R
	
	





Supplementary Table S3 Results of a multivariate analysis of variance (MANOVA) of the effect of land use (pasture, urban, forest and grassland) on four abiotic variables in a survey of potential mosquito habitats in Canterbury and the West Coast, New Zealand. Responses include habitat volume (m3), shade intensity (3 levels), water temperature (°C) and particulate organic matter (POM, g m-3). Mean Squares, MS; Degrees of freedom, df; F statistic, F; and P is significant at < 0.05
	Parameter
	        MS
	df
	         F
	     P

	Volume
	530.6
	3
	40.78
	< 0.001

	Error
	13.01
	191
	
	

	Shade intensity
	11.19
	3
	24.01
	< 0.001

	Error
	0.47
	191
	
	

	Temperature
	0.97
	3
	24.65
	< 0.001

	Error
	0.04
	191
	
	

	POM
	18.56
	3
	3.75
	0.012

	Error
	4.95
	191
	
	




Figure Legends
Fig. 1 Established habitat permanence requirements for three New Zealand predatory invertebrates, A. wakefieldi backswimmer, A. colensonis damselfly, and P. smithii dragonfly, based on Wissinger et al. (2009). Highly temporary habitats dry at least once annually, and permanent habitats do not dry. Increasing lentic freshwater habitat permanence is also associated with greater predator diversity (Greig, 2008, Wissinger et al., 2009)
Fig. 2 Non-Metric Multidimensional Scaling (NMDS) ordinations for communities in small standing water habitats in Canterbury and West Coast, New Zealand, showing: (a) species and vectors from ANOSIM indicating direction and strength of association with abiotic variables (most abundant species’ names shown, and plus symbol indicating less abundant species); (b) species in relation to four land use types, and with the mosquito predators and mosquitoes removed from the ordination; (c) sites with predatory invertebrates present (open triangles) and absent (closed circles); (d) sites with (open triangles) and without (closed squares) mosquitoes present; and finally (e) sites with Ae. notoscriptus (open triangles) and Cx. pervigilans (closed triangles) along with three sites containing both Cx. pervigilans and predators (shaded yellow). Ellipses in (b), (c) and (e) indicate significant (95 % CI) groupings of communities according to land use, predator presence/absence or mosquito species.
Fig. 3 Probability of mosquito presence (a, c & e) and probability of mosquito predator presence (b, d & f) in habitats of different volume (a & b), temperature (c), particulate organic matter concentration (d) and shade intensity (e & f) in a survey of potential mosquito habitats in Canterbury and the West Coast, New Zealand. Relationships in (a) and (b) involve data from urban and pastoral habitats where the vast majority of mosquitoes were found. Shade intensity relationships are from habitats within all four land uses surveyed (urban, pastoral, native grassland and forest).
Fig. 4 Predation rates by (a) P. smithii, (b) A. colensonis, and (c) A. wakefieldi on exotic Ae. notoscriptus (black triangles) and native Cx. pervigilans (grey circles) across different temperatures in a mesocosm experiment. Solid line indicates significant effect of temperature on predation rate in (a) and (b) for both mosquito species, and (c) for Ae. notoscriptus. Dashed line is mean response for Cx. pervigilans across the temperature range where linear regression was not significant. Multiple R2 were 0.480, 0.543, and 0.520 for (a) to (c), respectively.
Fig. 5 Predation rate on exotic Ae. notoscriptus and native Cx. pervigilans mosquitoes by backswimmers (a), and adjusted pupation (b) and unadjusted pupation rates (c) across different temperatures in a 48-hour laboratory mesocosm experiment. Lines indicate significant linear regression fits (Ae. notoscriptus: black and Cx. pervigilans: grey line). Adjusted pupae are the proportions of mosquitoes to pupate out of those remaining to pupate (i.e. controlling for predation by A. wakefieldi), and unadjusted pupae are counts of pupae remaining at the end of the experiment. Lines fitted by ANCOVA. Multiple R2: (a) 0.753, (b) 0.713 and (c) 0.689.
Supplementary Fig. S1 Locations of 33 sampling sites in a survey of potential mosquito habitats in Canterbury and the West Coast, New Zealand.
Supplementary Fig. S2 Percent of sampled habitats containing mosquitoes and mosquito predators from four land-use types in a survey of potential mosquito habitats in Canterbury and the West Coast, New Zealand. 
Supplementary Fig. S3 Mean taxon richness (+/- SE) in standing water habitats in a survey of potential mosquito habitats in different land uses in Canterbury and the West Coast, New Zealand.
Supplementary Fig. S4 Shade intensity, habitat volume, particulate organic matter (POM) and temperature in four land-uses from a survey of 190 standing water habitats in Canterbury and the West Coast, New Zealand. Box and whisker plots show medians and ranges and bar graph shows means and standard error.
Supplementary Fig. S5 Pupation adjusted for predation (a) and unadjusted pupation rates (b) of Aedes notoscriptus (black triangles) and Culex pervigilans (grey circles) across different temperatures in a six-day mesocosm feeding experiment. Adjusted pupae are the proportion of mosquitoes to pupate of those remaining to pupate (i.e. controlling for predation), and unadjusted pupae are counts of pupae remaining at the end of the experiment. Mean and SE adjusted mosquito pupation rates in the four treatments (Procordulia; upside-down triangles; Austrolestes, triangles; Anisops, diamonds; and no-predator control, square) are shown in (a). Regression lines were fitted using values from coefficients table generated in summary output in R package ‘lme4’ for (a), and fitted by ANCOVA for (b) (Ae. notoscriptus: black and Cx. pervigilans: grey line). Multiple R2 =0.821.
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